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9616 Owensmouth Avenue

Chatsworth, CA 91311

ABSTRACT

Over a decade ago the author developed a unique conically scanning tracking antenna feed
(RADSCAN) with only one moving part and extremely high reliability. While the system
had many advantages over single-channel monopulse (SCM), there were two
disadvantages: one was weight due to the drive motor; the other was the fact that the scan
speed was constant.

EMP is just completing the development of a conscan tracking feed which is pneumatically
driven (Pneu-Scan) - thus eliminating the heavy electric drive motor. Since most telemetry
tracking antennas require a dehydrator/pressurizer for environmental reasons, no additional
drive power is required to scan the feed since the pressurized air from the dehydrator
system is used to drive the feed. In addition, the scan speed is proportional to the
continuously varying pressure. If increased reliability is required, then redundant
dehydrators can be used. The feed system has only one moving part constructed from
graphite fiber that weighs less than an ounce. The feed is driven by a small lightweight
impeller.

An S-band tracking feed of this design is less than five inches in diameter - as compared to
12 inches for an SCM feed. It is also considerably lighter than an SCM feed. Decreased
aperture blocking - by more than a factor of two enhances sidelobe levels and maximizes
gain.

The new feed illuminates a lightweight 5-foot diameter graphite-epoxy constructed
paraboloidal reflector positioned by an elevation-over-azimuth pedestal. Both the elevation
and azimuth assemblies of the pedestal are constructed of graphite fiber composite
material - which greatly reduces both weight and cost as compared with the conventional
steel or aluminum construction.



An inflatable rotodome surrounds the elevation assembly and rotates with azimuth. The
rotating sphere has minimum wind induced torque thereby minimizing the required drive
power. The weight of the entire system is less than 135 pounds - yielding an extremely
light weight, low cost, versatile two-axis telemetry tracking system.

INTRODUCTION

In the late 70’s it became evident that the cost of telemetry tracking systems were
increasing well beyond existing budgets. Because of the cost of airborne vehicles, both
aircraft and missiles, it was becoming essential to go to real-time flight testing. The
solution to the problem was to design an extremely low cost, lightweight telemetry
tracking system.

In 1981 EMP announced the design of their GTS-04C. This was a single-axis tracker with
a low and high-gain antenna to cover most all tracking scenarios. The system was
constructed using graphite fiber techniques which considerably lowered the cost and
weight. This system has fulfilled more than 60% of the airborne real-time tracking
requirements. The systems have been produced in quantity and are performing all over the
world.

Certain applications require a two-axis tracking system, however in addition certain
requirements require a little more gain than the GTS-04C system in order to close the data
loop. The GTS-04C system utilizes a four-foot diameter reflector which was the largest
reflector that could be used to be driven with a low cost, lightweight, d-c driven motor and
uses a low cost commercial gear train. EMP modifies the gear train for military
applications.

For the last several years EMP has been studying the design of a lightweight, low cost
two-axis tracking system. When tracking in elevation is required, single-channel
monopulse is not desirable because of high sidelobes so a con-scan system is desirable.
EMP has conceived of a design of a modification of the design of the RADSCAN system
to lower the cost, improve the performance, and reduce the weight. This new feed is called
Pneu-Scan.

The GTS-04C system was extremely light weight due to the graphite fiber construction. It
was constructed as a laminate. Recently EMP has performed considerable research on
graphite fiber composite material and has developed two techniques, one using graphite
fiber skins on a two pound density polyurethane foam core and the other using a
honeycomb core. These techniques offer considerably more strength and lower weight than
the laminated graphite technique. EMP recently delivered two airborne tracking systems
using both the foam and honeycomb core techniques. These systems have successfully



passed MIL-E-5400 vibration tests and have exceeded all our expectations. These
techniques are used in the new lightweight, low cost two-axis tracking system.

In order to have an extremely low cost system the four-foot diameter reflector was
maximum size without the use of a radome. Since it was required to build a larger system
low cost radomes were investigated. A radome that covers the entire antenna pedestal
assembly is very large and expensive. Since a rotating sphere has a minimal wind load it
was decided to use a rotodome.

By the use of a rotodome the same low-cost drive and gear reduction system can be used
with a reflector five feet in diameter. The additional one foot increase in diameter increases
the area by greater than 50% which is a 2 dB increase in gain. Based on additional
efficiencies an increase in G/T of almost 4 dB is anticipated.

Several years ago people started using inflatable radomes because of low cost 
considerations. Since most tracking systems should use a dehydrator for reliability - and
also since this air pressure is required for the Pneu-Scan feed - the pressure for the
inflatable radome comes without any additional cost. A special low cost inflatable radome
built out of Dacron sail-cloth was designed to further lower the cost of the system. A
drawing of the system is shown in Figure 1.

The system characteristics are presented in Table 1.

ANTENNA

A mechanically rotated, conically scanned primary feed has demonstrated superior
performance to single channel monopulse for two-axis tracking systems.

The drive motor is usually an integral part of the primary feed assembly and, therefore,
mounts forward of the parabolic reflector. An important design criteria is the achievement
at first, and off times, second order dynamic balance of the scanning system about its axes
of rotation. The extended frontal position of the conically scanned primary feed assembly
makes it imperative that its weight be minimized. A pneumatic motor provides a drive that
has an optimum power to weight and size ratio.

Pneumatic motors have been extensively used in the design of lightweight, relatively high
power, hand held tools such as drills and rotary sanders. These are of a “vane”
configuration and operate at input air pressures of 40 to 100 psig. In most models, 4 vanes
are used; however, as many as 8 vanes are sometimes employed. Power capabilities are in
the order of .25 to 5 hp. Rotational rates vary from 5,000 to 20,000 rpm. Their overall 



efficiency in terms of drive motor power to run the compressor relative to the power output
of the pneumatic motor is 10 to 20 percent.

The newly designed pneumatic motor is to operate at an air pressure of 7 to 30 psig; i.e.,
from the internal waveguide pressure. In this way the exhaust air bleeds to a sealed radome
and re-enters the pressurization input port. A pressure regulator maintains the internal
pressure within the radome at a nominal value of 0.5 pSig. External air is allowed to enter
the system, as may be required, to replace any escaped air. In this way the dried and
filtered air is recirculated.

It is also desired to increase the efficiency of the system to as great an extent as possible.
In conventional air motor designs, a considerable portion of the working air is bypassed
around the vanes and does no useful work. To minimize this loss, nominal gap dimensions
have been reduced 0.002 inches.

Conventional pneumatic motors are continually lubricated through a drip system. This
“wet” system cannot be tolerated in this design and a dry lube technique is utilized. To
reduce weight the motor is constructed of aluminum alloy 6061-T6. The working surfaces
are hard anodized, dry lube plated, and honed to a finish dimension. Two surface
treatments (black anodization 0.001 inches and molydisulfide dry lube .0003 inches) build
up the surface approximately .0013 inches in depth. After plating, approximately .001 inch
is honed off the critical surfaces.

A cutaway drawing of the motor is shown in Figure 2. The central tube, 1.3780 inches in
diameter, is part of an existing primary feed design. The microwave transmission lines pass
through this tube. The tube is terminated in the conical scan radiating horn structure. The
rotor portion of the pneumatic motor mounts around this tube between the two support
bearings. Four spring loaded vanes are held within the rotor’s slots and bear on the stator
cylinder. Two air ports are symmetrically located and the motor can be rotated in either
direction depending upon which port is used for the air input.

Cross-sectional view diagrams show how the round rotor is offset from the round stator.
The distance between centers is 0.08 inches. This implies that the maximum distance
between the stator rotor is 0.08 inches. The vane is approximately 1.5 inches in length
which provides a working area of 0.12 square inches. The maximum working torque is a
function of this area and the input air pressure. The plot of motor torque versus speed is
shown in Figure 3.



PEDESTAL

The new pedestal consists of a spur-gear driven elevation axis yoke assembly mounted on
a spur-gear driven azimuth rotator subassembly. The stiff 10 pound yoke assembly is a
foam-filled graphite fiber lay-up structure. All cables to the antenna, drive motor and
elevation axis data pack are molded within the structure. The azimuth rotator subassembly
supports the yoke assembly and provides a 2.3 inch diameter through hole for a cable
wrap. All electrical elements of the antenna pedestal are interconnected via multi-
conductor control cables and low loss coaxial cables. Connection to the unit is via three
SMA to Type N coax transition lines and a 26-inch long hard-wired 26 conductor control
cable.

The pedestal features dry lubricated, steel spur-gear reducers in both axes that are set into
machined aluminum castings. All bearings are lubricated for the pedestal life span which
exceeds ten years of normal operation. The lightweight pedestal (30 pounds) features a
pinion gear-coupled explosion-proof drive motor assembly and a synchro position sensor
with limit cam assembly on each axis. The unit accepts velocity commands from, and
provides angle reference signals (single speed synchro) to, the Servo Amplifier Unit.

The elevation yoke is a “U” shaped graphite fiber over foam lay-up, gusseted for optimum
longitudinal stiffness. A one-inch thick foam core plate is epoxied across the back of the
structure to laterally stiffen the assembly. In cross section, the yoke is a completely
enclosed rectangular box structure having a high inertia leading to a flexibility of less than
5 x 10-5 inches/pounds. The yoke rotates about the azimuth axis and supports the antenna
assembly via two angle brackets, one of which is driven about the elevation axis by the
bull-gear driven elevation drive shaft. Each yoke arm ear supports a sealed steel ball
bearing, each having a radial and thrust load capacity of 400 pounds. The bearing bores
are precisely located in azimuth plane by line boring and epoxying the two aluminum
bearings in place while on an alignment tool. An axis orthogonality of .015 degrees is
maintained.

The bearings are preloaded in duplex fashion via the antenna assembly which further
stiffens the yoke assembly. The idler side of the yoke arm encloses a bearing-supported
idler shaft capable of accepting a 2.5-inch diameter rotary joint. The drive side torque tube
is machined to accept a size 15 elevation synchro transducer whose rotor shaft engages a
clamp on the elevation gear box cover. The stainless steel gear box cover is supported and
located by a machined aluminum tube which environmentally protects the enclosed bull
gear and data takeoff gear. The gear motor/tachometer assembly and elevation limit cam
assembly are mounted to this cover plate.



The elevation limit switch subassembly contains three cam actuated microswitches.
Engagement of a switch causes a diode to be inserted between the ACU and the servo
amplifier thus severely attenuating the motor drive command causing dynamic braking.
Overdrive of the switch is inhibited by a polyurethane mechanical stop that safely absorbs
the kinetic energy stored in the rotating antenna/feed assembly. The mechanical limits are
machined for the limits of +20 to -25 degrees. The elevation yoke subassembly is secured
to azimuth rotator’s torque tube via four 3/8-16 machine bolts. Stainless steel hardware is
used throughout this subassembly.

The azimuth rotator provides the mechanical interface between the rotating elevation
yoke/antenna and the stationary housing of the pedestal. The body of the azimuth rotator is
also constructed of one inch foam with graphite fiber skins. The rotator is furnished with a
single-speed size 18 control transmitter synchro with three section limit cam subassembly,
a 24 V gear motor assembly, and a hollow torque tube to which a rotary joint and slip
rings can be mounted or it can accommodate a cable wrap system.

The rotating turntable is a 1/2-inch thick aluminum plate, measuring 9 inches in diameter,
into which the hollow drive shaft is pressed. The drive shaft is a 2.3-inch ID stainless steel
tube having a 0.15 inch thick wall held in an aluminum bearing housing via a pair of
preloaded duplexed ball bearings. The bearings are protected by grease seals and
permanently lubricated with wide temperature grease per MIL-G-23827A. The
combination bull gear and the data gear is pinned to the lower end of the drive shaft. The
bearings are preloaded via wave springs which bears on the upper face of the bull gear.
The bull gear is driven by a pinion gear to which the motor/tachometer is permanently
attached. Both the bull gear and pinion are dry lubricated with molybdenum disulfide per
MIL-L-46010A.

The gear cover assembly is a stainless steel plate pinned to an aluminum alignment tube.
Provisions are made for mounting the gear motor assembly and data package to the plate.
The gear cover attaches to the bearing housing via the aluminum alignment tube. Thus, all
gear meshes are concentrically aligned and environmentally protected by the tube. The
plate has provisions for adjusting the backlash between the bull gear and the gear motor
assembly’s pinion gear. Since all gears and mounting plates are constructed of steel, the
preset backlash will remain constant over a wide temperature range.

The 1/20 HP permanent magnet dc motor with integral tachometer mounted on a diecast
gear box is used. The motor torque (12 oz-in maximum) is multiplied by a planetary gear
train having a speed reduction ratio of 150:1. A pinion gear, pinned to the gear box output
shaft, meshes with the rotator’s bull gear with a speed reduction ratio of 6:1. Shielded,
permanently lubricated ball bearings are used throughout the assembly. A wide
temperature grease is employed in the gear box to lubricate the steel gears.



SERVO AMPLIFIER

The Servo Amplifier is composed of a pedestal-protected power supply and one plug-in
PC board which is bolted to the finned access hatch. The PC board complement consists of
two servo amplifier IC’s and all circuitry required to interface the antenna control unit with
the pedestal motor/tachometer. The plate mounted linear (unregulated) power supply
module provides plus and minus 22 volts dc at 3 Amps peak for powering the servo
amplifiers. All assemblies are fitted with ample test points. No adjustment potentiometer is
required.

The Dual Servo Amplifier is the interface between the control unit and the
antenna/pedestal. It accepts the velocity command signals for controlling the pedestal
servo motors. Each all solid-state servo amplifier is current limited, thermally protected
and sized to provide the power required to drive a pedestal servo motor at full rated
capacity. Heat from the power amplifiers is dissipated through a finned heat sink via
conduction means.

CONTROL UNIT

The low cost tracking system can interface with one of two Antenna Control Units. When
using a simple analog system such as the EMP ACU-1 the cost of the entire tracking
system is targeted for under $100,000. When used with a microprocessor control unit such
as the EMP ACU-6. The system can be computer controlled or set up to be an unattended
system. Due to its lightweight and low drive power, the system could be helicopter
dropped to an inaccessible mountain top, powered by solar cells, and operated via a
microwave data link.

ROTODOME

EMP has developed an inflatable rotodome that is rugged, has negligible transmission loss,
operates over a wide bandwidth, provides protection to the enclosed antenna against
adverse environmental effect, and is cost effective.

It is a spherical cover made of Dacron sail-cloth. It is appropriately sized to maintain air
tightness, water resistivity and ultra-violet protection. As presently designed it is internally
pressurized to 0.5 psig and is a stable structure in winds up to 130 mph.

It is manufactured from sixteen gores and the material has a tear strength of 300 pounds
per linear inch. A 6 foot radome can be inflated up to 2 psig to provide a rigid structure in
winds up to 340 mph.



The spherical radome section terminates in a 24-inch diameter cylindrical section at its
lowermost minor circle, supported internally by a 72-inch diameter rim that extends from
this 24-inch diameter mounting cylinder around the great circle of the radome. The radome
is made in one piece; however, in order to place it over the internal great circle mounting
ring it is necessary to split it up one side such that the resulting gap, with the radome
deflated, is greater than 72 inches across. It is therefore split up one side to within
14-inches of the horizontal equatorial diameter. After it is slipped over the internal ring and
wrapped around the lower cylindrical section it is held in place with 1/8-inch diameter
aircraft cables. The cylindrical mounting surface is 1-inch long and has a central half circle
groove around its periphery. A cable mounts in this grooved area and is tightened so as to
maintain pressure integrity.

The great circular mounting ring has a similar groove in its mounting surface. The two
gores that provided the access slit for installation have overlapping flaps. With the
mounting cable in place and placed in tension the flap areas are sealed and pressure
integrity retained. Once installed the internal pressure is maintained over the operating life
of the antenna. This provides a stiff durable structure.

CONCLUSION

The EMP GTS-04C system has proven itself to be a lightweight, low cost system capable
of meeting over half of the tracking requirements for real-time flight testing.

The Pneu-Scan presented herein, using the inflatable rotodome and two-axis graphite
pedestal, can be used to fill the gap between the GTS-04C system and much larger
systems which sell for over a quarter of a million dollars.



TABLE 1

SYSTEM CHARACTERISTICS

Frequency Range: 2.2 to 2.4 GHz
Polarization: RHCP, LHCP Simultaneous
Antenna Gain: 28 dBi Nominal
Sidelobe Level: 23 dB below Peak Nominal
Beamwidth (1/2 Power): 6 Deg Nominal
Power Capability: 50 Watts Continuous
Input VSWR: 1.5:1 Maximum
Pedestal Type: Elevation-Over-Azimuth
Angle Coverage:

Azimuth: 710 Degrees
Elevation: -5 to 92 Degrees

Antenna Velocity: 30 Deg/Sec Minimum
Antenna Acceleration: 60 Deg/Sec/Sec Minimum
Servo Characteristics: Type II (Ka = 12 sec-2 Minimum)
Autotrack Error: 0.5 Degrees Peak
Environmental Capability:

Antenna/Pedestal:
Temperature Range: -20 Deg to +55 Deg C
Humidity: To 100% with Condensation
Vibration: 5 to 500 Hz at 3 G’s

(Method 514.2 cat. b.1)
Shock: 6 G’s 1/2 sine, 11 msec

(Method 516.2-2)
EMI/RFI: Notice 3 of MIL-STD-461

Servo Amplifier Unit:
Temperature Range: -20 to +55 Deg
Humidity: To 95%
Vibration: 5 to 500 Hz at 5 G’s
Shock: 12 G’s 1/2 Sine

Antenna Control Unit:
Temperature Range: +10 to +50 Deg C
Humidity: To 95%
Vibration: 5 to 500 Hz at 2 G’s
Shock: 5 G’s 1/2 Sine

Weight:
Antenna/Pedestal Servo: 125 Pounds

Primary Power: 110 or 220 V rms, 50 or 60 or 400 Hz



FIGURE 1.



FIGURE 2.  PNEUMATIC MOTOR



FIGURE 3.  TORQUE OUTPUT VS. SPEED


