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HECLASSIFIED

effective rod wavelength of tapered dielectric rods is somewhat in doubt and not available
from the present theory. A rough measurement by means of a small travelling dipole
yielded Ar = 0.97X, for uniform-taper rods complying with the aperture criterion, indi-
cating a critical radiator length of 161,, and a maximum directivity of 18-19 db. Such a
length is impracticable for general airborne application even with the large apertures
which are afforded by the lowest dielectric constants. The increase of gain is relatively
slow above L = 7.5, for which 17.4 db was obtained with uniform tapering.

The use of odd multiples of the critical length as an end-fire rod array is impractic-
able because of rapid field depletion, as well as rod shielding and mechanical difficulties.
However, broadside arrays are quite practical because of the small apertures involved,
and the induction and radiation coupling between rod elements is low.

Impedance Considerations

Adopting Schelkunoff’s definition of wave impedance as the ratio of the electric to
the magnetic field strength normal to the direction of propagation, Wegener has
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Figure 6 - Theoretical feed and radiator
impedances vs, aperture dimension for
uniform polyrods of circular and square
apertures

shown that for uniform dielectric cylinders
the impedance of the HE ;, wave is, to

a good approximation, Z,. = Zoxr/xo,where
Z,= 377 ohms. The same form Zg =
Zokg/ho, applies to the H ; and H , waves
in the square and circular feed guides,
respectively.

Figure 6 shows impedances normalized
to Z, for circular and square aperture poly-
rods. Considering d = 0.45 X (or v = 0.402,),
which is favorable to radiation from uniform-
taper rods, we note that Zg/Zy is on the
order of 1.25 for equal rod and feed apertures.
This theoretical vswr approximately checks
measurements of the corresponding rods,
Enlarging the feeds corresponds to approach-
ing higher mode cutoff in the feeds; however,
enlargement of the radiator above the feed
dimensions causes little change in the rod
impedance or the mismatch.

The impedance discontinuity at the feed
junction of uniform rods may be expressed
by the voltage reflection coefficient I{ =
(Zy - Zg)/(Zr + Zg), assuming that the shunt
susceptance introduced by the discontinuous
conducting surfaces is negligible. Meas-
urements of polystyrene rods in an attempt
to determine the degree of this discontinuity
showed them to be practically resistive, indi-
cating the field along the initial portion of
the dielectric to be substantially that within
the feed except for the slight change in
resistance. The theoretical and measured
magnitude of the voltage reflection is shown

figs
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STUB FEED POLYSTYRENE

guided wave propagating radially along the

disc, rather than in a single preferential

direction. Very little work was done with
the antenna though enough was accomplished
COAXIAL GONNEGTOR to indicate promise of excellent perform-

(@) POLYDISC ANTENNA ance as an airborne beacon antenna, yield-
ing uniform radiation throughout a single
plane or arbitrary surface. Especially in

TAPERED POLYGLAS contrast to a conventional microwave bea-

SPRAYED METAL HOOD

/1',"/4///// e con array of dipoles or slots, or to a
——E== ’u ————— - biconical horn, the disc-type antenna is
MOUNTING RING \FUSELAGE suitable for high-velocity aircraft because

of the short projection from the fuselage
and the gradual contour of streamlined

Figure 9 - Experimental toroidal beam shape.
antennas, section views

{b) HOODED MANTLE ANTENNA

: The antenna affords convenient means
of controlling the radiation of a stub feed toward the horizon. As the disc radiusis in-
creased the beamwidth of the horizon lobe sharpens, and the elevation angle decreases,
probably much in the manner of Mallach’s half-aperture rods (10). Conceptually, the
beam elevation is also controllable by suitable shaping of the mounting plate.

Polydiscs were constructed according to the image principle at S- and X-bands, being
2o /4 thick and having a radius of 1.4, and 4 2,,respectively. The support plates were
of radius 4.8 A; and 4 Mo so that, in effect, the smaller model was working against a large
fuselage. Much better results were obtained in this case, showing the importance of a
large reflector and a small disc radius. Without tapering, the minor lobes were 6 db
below the main-beam level, and the elevation angle of the main beam, as well as the beam-
width, were on the order of 20 degrees. The larger model yielded very low gain, many
elevation lobes appearing above and below the antenna of greater power than the mainbeam.
Tapering this model yielded some improvement. A 12 db variation from omnidirectional
radiation was recorded in the horizontal plane even though the elevation beam was not
smooth. Further work was discontinued at this point.

Although the hooded mantle antenna was not constructed, by analogy to the multiple-
taper rods, it should yield lower minor lobes than the present polydiscs because of the
rapid taper in the feed region, and the improved type of feed. The sprayed metal hood
should perform as a parallel plate radial transmission line between the stub feed and the
disc radiator, thereby reducing the excitation of higher order modes and suppressing the
extraneous elevation lobes. The supporting ring should not affect the radiation appreciably.

End-Fire Radiators

Most of the rod-, tube-, and horn-type radiatorslisted in Figure 1 were constructed, and
measurements of their performance indicated the superiority of the rod type for sharp beam
radiation. Flaring the tubes in the manner of horns caused sidelobes to rise. Considerable
work was undertaken to investigate the effects of tapering long rods (in order to reduce the
sidelobe radiation) and the effects of several means of reinforcement, Metallic reinforcement

~proved feasible,as did wrapping the junction of the radiator and feed with dielectric material,

During the course of the work, it was evident that short rods and tubes of large aperture yield
fair impedance match, directivity, and low sidelobes without the necessity of tapering. These
types were not so thoroughly investigated as long rods, but the characteristics of several models
are compared in Figure 10and Table 2, where the symbols have the meanings previously set

forth in Table 1.
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TABLE 2
Comparison of Polystyrene Antennas -
Antenna L/t 8/ 14, /h | G BW SL
GUIDE ANTENNAS
Uniform-Taper Rod 7.5 | 7.5 | 0.45 | 17.4 | 21.5 | -10.0
Two-Taper Rod 7.5 | 4,3 | 0.45 | 17.2| 25,5 | -15.8
Three-Taper Rod * 7.5 | 4.3 | 0.45 { 17,6 | 25,5 | -19.5
Uniform Rod 3.0 - | 0.85 6 52 -6
‘ Stepped Rod 3.0 - | 0.85 | 13 29 -12
LENS-GUIDE ANTENNAS
Uniform Rod 1.5 - | 1.8 14.9 | 30.5 | -26 .
Uniform Tube t 1.5 - | 1.8 16.4 | 26.5 | -18

* Diameter over Fiberglas wrapping = 0.65), ll=-1.0)\g
T Wall thickness = 0.692,

Waveguide-fed rods of symmetrical aperture were constructed with a tapered
dielectric section within a tapered metal guide to match the aperture dimensions and
impedance of standard waveguide to those of the rod. A short uniform section of dielectric-
filled metal guide provides internal support to the radiator. The antenna thus can
be assembled by inserting the rod into the feed mouth so that the tapered surfaces fit
snugly within. The many advantages of this type feed will be discussed later. Dipole- or
probe-fed rods require no taper within the metallic cap.

Asymmetrical rods possess advantages for applications requiring an asymmetrical
beam pattern, or for use with or without a side plate, as for scanning in a single plane.
The designs illustrated in Figure 11 are representative of such applications, and their
performance is considered subsequently.

Broadside arrays of end-fire radiators are attractive because of the small rod aper-
tures (2) (4) (5) (7) (10). The element spacings of uniform arrays should be chosen so that
nulls of the array factor correspond to the higher sidelobes of the individual rods. Sidelobes
of long rods are so numerous as to make this operation difficult, so that in some instances
fairly short rods are more feasible.

The effects of mounting rod antennas near o %
metallic fuselages were also investigated. :w. 4@/

=

() H-PLANE VIEW, SYMMETRIGAL

GEOMETRIC PARAMETER EFFECTS

Before considering the design of rod radi- i w'j] ZE / /

atprs ‘with assurance, certain factors con- (B H~-PLANE VIEW, LOPSIDED
tributing to the electrical performance were

investigated. For this geometrical configu-

ration study, a series of polyrods was con- Lz 5 A
structed with the parameters shown in Figure () E—PLANE VIEW OF EITHER ANTENNA

12,

Figure 11 - Asymmetrical antennas,
The optimum dimensions of the section views

uniform-taper rods were completely
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caused to break only at accelerations greater than those stipulated by the standard aircraft
test (23). The rod finally broke at the-rod-feed junction where the metal feed-aperture edges
were not rounded as in subsequent models. Stress calculations show that this is the weakest
portion of the antenna because of the cantilever construction, indicating the advisability of
dielectric wrapping over this section for external-mount aircraft applications.

Square- and round-aperture rods possess greater strength under aerodynamic loading
than asymmetrical shapes. Also, the strength of the square-aperture rods is one-half that
of the circular at the most severe angle of attack, i.e., when the aperture diagonal is
normal to the slipstream (8).

Pertinent weather characteristics include moisture absorption, surface water, icing, and
temperature effects. Although dielectric losses are greatly increased, with consequent loss
in gain, when moisture is absorbed, dielectric rods may be coated with a thin layer of water-
proofing agent of low power factor. Polystyrene has negligible moisture absorption and
adhesion is minimized with highly polished surfaces.

A thin layer of water or ice upon the rod surfaces will degrade the radiation character-
istics. Measurements of gain upon 7.5) , square- and circular-aperture rods indicated
losses in gain of 18 db and 9 db, respectively, with a maximum amount of water clinging to
the surfaces, Flat surfaces allow the water to gather in puddles, which greatly increases
the effective dielectric constant and loss. However, under flight conditions the effect should
be negligible (9), because the airstream tends to maintain clean surfaces. Thin ice layers
may adhere, altering the effective dielectric constant and breaking the rod because of the
increased drag.

Single rods or broadside arrays of end-fire rods may be partially recessed within
single- or multiple-slot turrets for hemispherical scanning, allowing only the dielectric to
extend into the airstream. This is preferable to the use of a radome, providing the
dielectric elements can withstand the consequent loading. Substitution of a two- or four-
element array, of equivalent directivity, greatly shortens the antenna projection—thereby
increasing the strength capacity, If a streamlined radome is used, the array substitution
permits reduction in the required scanning space (radius), and the strength problem is
solved at the expense of poorer radiation performance and greater drag upon the aircraft.

Reinforcement

Various methods of increasing the aerodynamic strength of the dielectric rod at X-band
have been tried, as indicated in Figure 28 (a) and (b).

Figure 28 (b) illustrates a highly successful method, in which Owens-Corning ECC-11B
Fiberglas tape is impregnated with Selectron 5003, wrapped snugly over the feed-rod junction
in many layers, and dried by localized heating. The metal contact surface should previously
be sand-blasted. The Fiberglas section is then machined along the rod for approximately
one wavelength. The dimensions given in Figure 28 (d) were determined empirically and will
be found to not only strengthen the rod junction but also to suppress sidelobe radiation.

The bending experienced by the rod under aerodynamic loading occurs most sharply at
this junction before reinforcement. The wrapping eliminates the sharp discontinuity in
rigidity through the junction and secures the internal support from loosening at low tem-
peratures. The wrapping also serves as a pressure seal and should be coated to prevent
moisture absorption,

Stiffening the remainder of the rod is best accomplished, in lieu of improved plastics
or ceramics, with a thin metal septum or an I-beam laid symmetrically within the radiator
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(a)METAL INSERT ROD (H-PLANE VIEW)} A METAL VANE STIFFENER
3——\\7___ [ POLYSTYRENE RADIATOR
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Figure 28 - Symmetrical reinforced antennas of square or

circular aperture, section views

(in the H-plane of linear polarized antennas) as in Figure 28 (a). This degrades the gain and
pattern only slightly., Successful fabrication is rather difficult unless the rod is moldad.
Complete Fiberglas wrapping of the radiator as in Figure 28 (c¢) is not recommended as the
gain is appreciably reduced. However when dielectric tape of lower loss tangent becomes
available, complete wrapping should greatly reduce the deflection of the rod at high velocities.

DESIGN PROCEDURE

The foregoing design considerations allow one to suggest the following steps to achieve
a particular radiator design.

First, choose a dielectric material according to the desired frequency of operation. The
characteristics of useful dielectrics are presented in Table 3 for application throughout
microwaves. The work reported herein is chiefly X-band where, at the time, polystyrene
proved to be the best choice of material. Other materials are available seemingly having
advantages for radiators requiring greater flexural strength and rigidity at both S- and
X-bands. At the lower frequencies a high dielectric-constant material may be used to
reduce the antenna thickness and weight but not the length. For operation above X-band, no
material is known which will provide appreciable strength for external mounting.

Second, choose the type antenna to be used according to the required characteristics
of gain, beamwidth, and maximum acceptable sidelobes. Figures 20 and 21 give the char-
acteristics of uniform-, two-, and three-taper rods to aid in this decision. Arrays are
requiredtoobtain gain greater thanabout 17.6 db, beamwidth less than 21 degrees plus maxi-
mum acceptable sidelobes below -10 db, and beamwidth less than 25 degrees plus maximum
acceptable sidelobes below -20 db. Array design has already bzen discussed, and Figure 26

el
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18
— Seventh, choose a method of strengthening,
17 if required. The aerodynamic strengths of
6 < 1 polyrods of v?.rious lengths and forms are
— >(UNIFORM—TAPER RODS estimated (Figure 27) for speeds of 220 to 580

knots at sea level. The Fiberglas wrapping
technique (Figure 21) is recommended as it
further reduces the sidelobes, assures gain
13 after rod-failure, secures the rod-feed junc-
A RADIATOR LENGTHS (L/ o) tion, provides a pressure seal, and stiffens
the rod, all with simple means of fabrication.
Long rods may require internal I-beams or a

[N—TWO~TAPER RODS

DIRECTIVITY (db)
>

ey
| et 0.005
— ___.’——'____-—-— 0003
I

ob== 0.001 FREE-SPACE MEASUREMENTS
4RADIAT03 LENGT|-6| (L/)\o)7

5 * |_—Ton S-=0.020 very thin layer of reinforcement tape over all.
2 3 Another solution is the use of a radome to

s | 1 oo protect the rod, or rods, from action of the

'3; = — wind stream.

2

o

RADIATOR

Tapered rod antennas were constructed
in several lengths and the following sections
give the results of measurements of electrical
3 performance, including radiation patterns, gain,
beamwidth, sidelobes, impedance, power capac-
2 ity, bandwidth, and polarization. Other antennas
of interest are included. The technique used
tan 8 =0.020 in making these measurements is described in

0.0t0 N
0 = the Appendix. -
! 2 3 4 5 6 7 8 9 o]
RELATIVE DIELEGTRIC CONSTANT (e)

DISSIPATION tdb)

FEED

. _ . . Uniform Rods
Figure 30 - Data allowing gain prediction

for uniform-taper and two-taper dielectric

B The uniform dielectric rod possesses
roas

unnecessarily high sidelobes as shown in the
patterns of Figure 31, and others not shown,
As the length or aperture area is increased above optimum the following progression is
noticed. The sidelobes approach the main beam, both in magnitude and direction, the first
sidelobes merge with the main beam and finally a null appears dead ahead. This final stage
is an indication that the antenna contributes out-of-phase energy in this direction. Further
enlargement alternately causes maxima and minima on axis, additional sidelobes are formed
and continue to rise, and the gain alternately rises and falls. Apertures and lengths smaller
than optimum cause beam broadening and lowering of gain (Figure 5).

There is an optimum inverse relationship between aperture and length for short uniform
rods. Uniform rods of length L. > 3A ; are normally not useful because of the high sidelobes
and low gain obtained with reasonably large apertures.

Uniform-Taper Rods

Linear tapering (diameter or width) according to the aperture criterion resulted in the
best designs for single rod applications where sharp beamwidth is more important than low
sidelobes (Figure 32). These patterns apply to the H-plane for either circular or square
shapes, but apply only to within * 40 degrees for E-plane radiation. Beamwidth sharpens
more rapidly with length than the rate of minor lobe rise, resulting in rising gain with length,

—
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reduces the mismatch (vswr = 1.15).

Power Capacity

SECLASSIFED
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A single impedance-matching device in either feed will effectively match all rods of the
aperture criterion providing the aperture and taper are similar to the uniform-taper rods.
The square-section rod (vswr = 1.20) is somewhat better matched than the circular (vswr =
1.39). Wrapping the rod-feed junctions of these rods with properly dimensioned Fiberglas

The power capacity of polyrod antennas is limited by voltage breakdown in the feed.
The standard waveguide should break down before the square feed, providing the dielectric
sections and the charged surfaces are in intimate contact with the current-conducting sur-
faces, The circular feed has a lower breakdown than the square form, since a portion of
the charged dielectric is slightly separated from the current-carrying walls of the wave-
guide taper section. Both feeds were found to transmit at least 50 kilowatts peak power or

40 watts average at X-band frequencies.

Bandwidth

Since the phase velocity of directive dielectric rods changes fairly rapidly with fre--
quency, these antennas are somewhat frequency sensitive. No attempt was made to

measure the full bandwidth as it is more than adequate for most requirements.

Halliday and Kiely (5) claimed t20 percent bandwidth on the basis of marked pattern
deterioration, sidelobes rising with shorter wavelengths, and beamwidth and back radiation
mounting with longer wavelengths. Mallach (9) claimed t30 percent on the basis of half-

power reduction in gain.

Polarization

The rod antenna will radiate and receive either linear or circular polarization depending
on the design of the feed. Linearly polarized antennas designed by the aperture criterion
have a cross-polarization sensitivity of approximately minus 28 db; a circularly polarized
antenna of uniform-taper form was designed with the results shown in Table 5. The pattern
and gain were slightly degraded from the corresponding linear form, mostly due to the
unnecessarily large connector flange close tothe feed aperture. With the polarizing wedge
located at 45 degrees to the E-vector, 1.6 db ellipticity was obtained, but the wedge could

be relocated to obtain circular polarization or various degrees of ellipticity. With circularly-

polarized antennas finding wider use in radar, guided missiles, countermeasures, and other
applications, the circularly polarized polyrod should be considered for many of these

applications.

FUSELAGE PROXIMITY MEASUREMENTS

Microwave antennas of large aperture
are known to be sensitive to fuselage re-
flections, especially under conditions near
grazing incidence. Polyrods possess such
small apertures that it became desirable to
measure the radiation effects caused by
nearby reflectors, in order to establish
whether the additional physical clearance

TABLE 5
Linearly and Circularly Polarized Antennas, L= 4xo
Gain Beamwidth Sidelobe Depth
Polarization (db) (deg) (db)
Circular 11.5+1.6 34 -12
Linear 15.4 31 -13
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two principal planes of polarization are much alike, and only the H-plane patterns are shown.
The pattern destruction is serious over most of the range of antenna angle. Destruction is
quite marked in the main beam for ¢4 much less than 60 degrees, and is perceived in the
sidelobes even with the antenna pointing directly away from the fuselage (¢A =90°. The
latter patterns (¢, =90°) are very similar to the free-space patterns, due to the low back-
lobes of the polyrod. The fuselage effect will decrease, of course, for greater mounting
distances over the range of ¢, . The effects of absorbent material and smaller reflector
spans were measured only for ¢, = 0, but the qualitative results are obvious and quantita-
tive data can be approximated for other antenna angles.

Tracking Tests

Tracking records were obtained by rotating only the fuselage, maintaining the polyrod
pointed directly at the transmitting antenna (Figure 43). The antenna angle, ¢A , equals the
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directivity, and the radiation will suffice for many purposes. Uniform- and multiple-tapered
rods are recommended as affording better over-all performance than other forms of dielec-
tric guides. Design may be facilitated by use of the incorporated generalized information.
The polyrod should be considered for wider application in radar, guided missiles, counter-
measures, etc., where linear or circular polarization is desired. Further modeling tests
are recommended for dielectric tubes and discs, and further development of low-constant
dielectrics, strengthening methods, and means of pattern control are recommended for end-
fire dielectric rods.
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