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ABSTRACT

This final report describes the results of a program to reduce the size
of antennas while still maintaining the usual frequency operating range for
each type of antenna involved. The work described has been in part theoretical
analysis and in other parts largely experimental. The work has been divided
into four tasks,

Task I on ferritc loaded conical spirals has dealt with the development
of a ferrite loaded conical spiral antenna covering a range from 200 to 600
MHz. Several design procedures have been considered. Under this task an
appropriate type of design has resulted which will fulfill the original task
requirement.

In Task II the objective has been to use ferrite loaded slot elements in an array
and to utilize the control possible with such elements associated withabiasing
magnetic field. Time has permitted only a preliminary assembly of the array without
any complete determination of the functional possibilities. A novel antenna of
reduced size, the "interdigital array',has been developed.

Under Task III a detailed analysis has been made of ferrite rod antennas.
Numerous experiments have been performed. The studies therein indicate that
a ferrite tube or hollow rod antenna has more desirable characteristics than the
solid rod antenna.

Under Task IV detailed studies have been made of various loading and
miniaturization techniques suitable for frequencies down to 30 MHz. The
studies under this task indicate the influence of the various techniques of winding,
loading and fabrication upon the antenna characteristics.

The need for further work on some of the tasks is clearly recognized in
this report. Much of the required future work is covered in the renewal contract

(F33615-68-C-1381).
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I
INTRODUCTION AND SUMMARY

This final report describes the activities and accomplishments associated with
each of four assigned technical tasks of this project. A separate section considers
the activity under each task.

Section II deals with the task of showing the design feasibility of a ferrite loaded
conical spiral antenna of reduced size capable of operating over the frequency range 200
to 600 MHz. A design appropriate to the requirements is shown in Fig. 2-1. Ad-
ditional possibilities for the design are also shown in Fig. 2-2. A designobjective has
been to handle 100 watts of cw power; the design shown satisfies this requirement.
Experimental investigations have indicated that it is possible both to transmit and to
receive at the same time over this antenna. Such experimental verification has
been made using the backfire cylindrical helix filled with ferrite. It has been con-
venient throughout most of the experimentation to use the cylindrical helix rather than
the conical helix. It has been well established however, that information so obtained
is applicable to the conical helix at that frequency where the center of the active
region has a diameter equivalent to that of the cylindrical helix. Several exploratory
studies on loading techniques have been made under this task in order to provide the
necessary background information. The details of these studies are included in the
main body of the report.

Task II (Section III) has as its objective, the study of the utilization of ferrite
loaded slot elements in an array. The studies under this task have been devoted to
providing an elementary array of such elements. Initial work only has been accom-
plished. This initial work has consisted of obtaining ferrite loaded slot elements
which are reasonably matched. The actual utilization of these elements in a simple
linear array , together with studies of the performance as an array, will be
included in one of the requested tasks under a succeeding contract. However,

an unforeseen accomplishment has been made in the development of an entirely
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new type of antenna, the interdigital array, suitable for flush mounting. This antenna
is operable over a 2:1 frequency range. It is of reduced size and there is prospect

of reducing the size still more; this will be attempted as part of the effort on the
succeeding contract. This antenna consists of an arrangement of toppled monopoles;
all but one of these is parasitic.

Under Task II (Section IV) extended studies have been made of the ferrite rod
radiator. These studies have emphasized a very large amount of mathematical
analysis. This analysis has provided a detailed comparison of mathematical methods
available to date. One result of this work has been to provide an improved mathematical
model. Also, it has been found by such analysis, as well as verified experimentally,
that a ferrite tube radiator has more desirable characteristics than a ferrite rod
radiator. Details on the advantages of the tube radiator as compared with the rod
radiator are given in Section IV. The mathematical methods used for this task have
been supplemented by a substantial machine computation effort. In the experimental
phase of the work, many radiation patterns have been obtained.

Under Task IV (Section V) studies have been made on a very wide basis of
numerous methods of designing and constructing antennas suitable for operation for
frequencies down to 30 MHz. Such methods have included the folding of elements, the
coiling of elements, the use of ferrite and dielectric core materials, and the use of
segments providing lumped reactance parameters. Alf hough the methods studies showed
the various advantages to be had by one technique over another, the work described
here does not treat intensively the matter of radiation efficiency. However, during
the latter stages of the work, appropriate reference material has been found indicating
the radiation efficiencies that can be expected by at least one of the methods. In the
provision for the continuance of these studies in the next contract, it is expected that
further exploration of radiation efficiencies will be made in this area. The general
discussions of techniques and methods are described in some detail in the succeeding

sections of this report.
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11

FERRITE LOADED CONICAL SPIRALS

2.1 Background
The objective of this task is to develop a ferrite filled conical spiral antenna

that will cover the 200 - 600 MHz range and reduce to approximately one-third
the size of an unloaded conical sprial antenna. The antenna is to have circular
polarization with a broad forward directional main beam. The antenna should
also be capable of employing both the transmit and receive modes simultaneously.

Throughout the course of this study, emphasis has been placed on size re-
duction of helix antennas instead of conical spiral antennas. The reasons are
two-fold: 1) a helix is a special case of a conical spiral antenna that occurs when
the cone angle is 0° and 2) helix antennas are much easier to construct and analyze
mathematically. Therefore, more investigations can be made into reduction tech-
niques with the time and money available.

During the course of the contract, several ferrite loading techniques have
been investigated to determine which adaptation of ferrite to the antenna would be the
most advantageous from the standpoint of weight, effectiveness, cost of fabrication
and practicality. Such techniques as full and partial loading of the interior of a
conical helix with ferrite, coating the windings with ferrite; ferrite loaded coiled
windings; anisotropic ferrite loading, and discrete inductance loading have been
investigated.

All of these techniques are either effective to some degree or look as though
additional effort could make them so. However, for the requirements of the
feasibility study, partial interior loading of ferrite proved to be the most advantageous.
Thick shells inside of the windings can give almost the same reduction as full core
loadings, which is equal to

R = T}-E__ , (2 . 1)
by
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where R, the reduction factor, is the radial ratio of the dimension of the loaded to
the unloaded antenna. Yet, partial core loading saves considerable weight over

full core loading. Small reduction factors (less than 0. 50) can be readily achieved,
provided material is available. Effeciency remains very good. The biggest draw-
back is weight.

A theoretical study of an approximate model of ferrite coated windings in-
dicates that moderate reduction factors (greater than 0. 50) can be achieved.
Theloading is relatively lightweight, and probably will not reduce antenna efficiency.
However, it is difficult to fabricate. So difficult, in fact, that no experiments
were conducted.

A ferrite coiled winding exhibits the same desirable features as a ferrite
coated winding, and inaddition high reduction factors can be obtained. However,
it results in an extremely inefficient radiator. The radiation efficiency may be
improved by the techniques discussed in Section 2. 7.

Discrete inductance loading looks very promising for lower VHF frequencies
where good low frequency inductors can be wound on ferrite cores. Ferrite loaded
shorted transmission line stubs might prove acceptable alternates at high VHF
and low UHF frequencies, but neither technique could be completely explored
due to limitations of materials.

Investigation of anisotropic ferrite loading had not progressed far when the
contract expired. Whether it would introduce any special advantages over isotropic
ferrites other than its low loss characteristics at microwave frequencies remains
to be seen.

In addition to loading techniques, two peripheral subjects were also covered
in this task: 1) demonstrating the feasibility of using interior loading techniques on
"complementary' conical helices (i.e. conical helices with mmgnetic current "conduc-~
tors" instead of electric current conductors), and 2) demonstrating the feasi-
bility of using the transmit and receive modes simultaneously. Both appear
entirely feasible and the tests on both transmit-receive mode capability and material

loading of '"complementary'" conical helices is covered in this report.

4
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2.2 Recommended Antenna

An antenna capable of meeting the specifications appears to be feasible.
Most of the concepts of the proposed design have been verified experimentally,
although the model itself has not been built or tested. The design is depicted
in Fig. 2-1.

The conical helix shown should have a half-power beamwidth of about 60°
at the high frequency limit of its operation and have a beamwidth of about 80° at
the low frequency limit of its operation. The beamwidth could be made more
uniform over its frequency range of operation by using the shape denoted in
Fig.2-2a and 2-2b. The shape in Fig. 2-2b gives the most uniform beamwidth.
It should be kept in mind when designing an antenna as shown in Figs. 2-2a,b,
that the reduction factor formula (Eq. 2. 1) applies only to the diameter; not
the length.

The proposed design should be capable of handling 100 watts of power since
there are no small gaps over which breakdown could occur. The transmit and
receive modes have been simultaneously used successfully on a backfire helix
fully filled with ferrite material.

On this basis it is expected that the proposed conical helix will be capable
of operating in these modes simultaneously also.

Experiments performed on ferrite loaded helices and conical helices
indicate that the patterns will have a broad forward direction beam and that the
radiation will be circularly polarized.

Because of the ferrite loading, the proposed antenna is able to operate down
to 200 MHz, even though the dimensions of the base are those of an antenna
operating down to about 550 MHz. It has been determined both theoretically and
experimentally that a half diameter loading of material will give almost the same
diameter reduction loading as a full core loaded helix (Rassweiler, 1966). The
success of a tapered loading in a conical helix has also been demonstrated (Ferris
et al 1966). Thus, a half-core loading of ferrite at the base will give almost the
full core reduction predicted by Eq. (2. 1) (Rassweiler, 1966). In this case, the

5
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reduction needed is 0.365. The tapering reduces the weight of the antenna and,
in this particular frequency range, also improves the efficiency of the antenna
at the higher frequencies since most ferrites become very lossy in the 200 -
600 MHz range.

The ferrite should preferably be low loss in the frequency range of interest
or have a high loss only at the high end of the frequency range so that power is not
lost heating the ferrite. This material should also be lightweight. The relative
permeability and permittivity should be as high as possible so that a thinner shell
of material can be used and a weight saving can be obtained. Unfortunately, high
permeabilities and permittivities seem to conflict with a material being lightweight.
Similarly, high permeabilities are associated with high loss.

Another consideration is that the relative permeability and permittivity
should be about the same to improve the radiation rate (Rassweiler, 1966). Un-
fortunately, there is no certainty about what the relationship between the relative
permeability and relative permittivity should be to produce the highest radiation
rate. The correct combination must be determined by numerical or experimental
studies for a given ferrite.

Several materials (some of which are not ferrites) are commercially
available at present that will give a reduction factor of at least 0.365. These
include; Emerson and Cuming Eccosorb CR, MF-124, MF-117, MF-116 and MF-114.
If Eccosorb MF-114 is used as the loading material, the weight of the material
alone would be 30.6 Kg (67.4 1bs) .

One other consideration in the design of the antenna is that the windings
should be in as close contact with the ferrite as possible. Even a small spacing
between the windings and the material will reduce the reduction that can be obtained
with the material. Preferably, the material should be scored and the winding

placed in the surface of the material.

2.3 Partial Core Ferrite Loading

Both experimental and theoretical work have indicated the practicability of

ferrite loaded cylindrical and conical helix antennas. An analysis of the sheath

8
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helix transmission line operating in the -1 mode (Hong and Rassweiler, 1966)
indicates that the diameter of a helix transmission line wound with many turns per
wavelength, can be reduced in diameter by Eq. (2. 1) where € is the relative dielec-
tric constant and u. is the relative permeability of the ferrite loading material.
Equation (2. 1) is applicable for Mp €p products less than 10, but is probably a

good approximation for My er products greater than 10.

A variational analysis of a tape helix with a material core indicates the same
diameter reduction, if the equations are solved for the reduction factor (Bulgakov,
et al, 1960). Again nothing is said about reduction in length, although the transmission
line mode (no angular variation in the fields) is assumed.

Another analysis of the sheath helix was done by Rassweiler (1966) to investi-
gate the effects of partial loadings of ferrite on the backfire mode (-1) of a sheath
helix transmission line. It was shown that a layer of ferrite inside the windings
of a sheath that was a quarter radius thick would produce almost the same reduction
in diameter as would a full core loading. Figure 2-3 shows theoretical curves,
based on this model, of the effectiveness of . and €, in partial core loading for
various thicknesses of material and for various combinations of u, and €, Bdis
the wave number for the helical guide; a is the outer radius and b the inner radius.

Experimental investigations tend to support the theory as is indicated in Fig.
2-4. This figure shows the results of several full and partial core loadings of
various materials. The experimental reductions were determined by comparing the
loaded and unloaded antenna patterns. Good agreement is apparent between experi-
ment and theory. The diameter size reduction formula applies both to backfire and
forward-fire helices.

Because the radiation mechanism is believed to be different for the forward
fire and backward fire helix antennas, the problem of reduction of length of these
two antennas is quite different (Chen, 1967). In the forward fire helix, energy pro-
pagates down the helix from the feed in a traveling wave and diffracts off the end
of the structure.
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FIG.2-4:THEORETICAL AND EXPERIMENTAL DIAMETRAL REDUCTION FACTORS
FOR A HELIX ANTENNA LOADED WITH K-10 DIELECTRIC AND EAF-2
FERRITE POWDER.
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For the backfire helix, the currents decay from the feed as they propagate
toward the back of the antenna, and energy radiates in the opposite direction, back
towards the feed. A backfire helix is a surface wave antenna. Thus, if the radiation
rate can be increased by a material loading, then the length can be reduced. A
variational solution assuming complex exponential variation with length and -1
angular variation in the polar angle for the field has been obtained. From this
solution the radiation rate, or real part of the complex exponential variation, has
been analyzed (Rassweiler, 1966).

This tape helix analysis indicates that the diametral reduction factor
given earlier is still valid for small tape widths. It was not possible to produce
a relation showing how the radiation rate was effected by the choice of u, and
€ but the characteristic equation of the problem was solved numerically and
the results plotted for various M and €.

These conclusions can be drawn from Rassweiler's study: 1) the width of
the winding and the pitch angle affect the radiation rate very little; 2) there ap-
pears to be a trend of higher € to reduce the radiation rate and higher e to in-
crease the radiation rate. No attempt was made to find an optimum ratio between
[ and €., as was done by Adams (1967), nor were any theoretical calculations
of efficiency made. However, some My €L combinations studied did increase
the radiation rate.

It is interesting to note that although a convenient expression for deter-
mining the optimum relationship of u,. to €, for a given reduction factor was not
obtained, an optimum probably does exist. This optimum is probably the relation-
ship that will give the equivalent helical waveguide the same wave impedance as
free space, if previous experience can be extended (Kalafus and Lyon, 1961;
Adams, 1967).

Experimental calculations of efficiency were made, however, for several
full and partial core loadings and one exterior loading of the EAF-2 powdered
ferrite. The diametral reduction factors and efficiences measured are indicated
in Table I (Lyon et al 1966). The magnetic Q of the ferrite material is also

indicated for the purposes of comparison. The reduction of radiation rate with
12
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TABLE I: EFFICIENCY OF HELIX ANTENNA WITH SEVERAL FERRITE LOADINGS

Frequency Loading Efficiency Comments Magnetic
(MHz) (Percent) Q
750 Air 60 Center of Operation -
550 3/8'" Inside Layer 61.2 Center of Operation 25
of EAF-2
550 1" Inside Layer of 41 Above Center of 25
EAF-2 Operation
550 Air 31.8 Below Center of -
Operation
3/4" Outside Layer
550 of EAF-2 54.5 Center of Operation 25

plain dielectric loading was also observed on near field measurements of the antennas.
Rassweiler calculates the maximum radiation rate for a full core loading of EAF-2
for this same antenna to be about one-third that of the unloaded antenna., Thus, it
appears that moderate reductions can be accomplished without much sacrifice in
efficiency.

Because of the reduction in radiation rate for some choices of 4 and € the
backlobe tends to rise as a result of the unradiated energy either being diffracted
off the back of the antenna or being reflected from the back of the antenna and
radiating in a backfire mode while trying to propagate towards the tip.

The extension of the backfire cylindrical helix work to the conical helix work
is easily done by considering a backfire cylindrical helix antenna as the special
case of a conical helix antenna with zero cone angle. Several experiments per-
formed with dielectric and ferrite loading confirm both the experimental and
theoretical findings on backfire helices concerning reduction of the diameter.

Near field measurements of the conical helix antennas exhibited slower
decay of the currents in the radiation region of the antenna. On very wideband
conical helices, far field patterns indicated the presence of the -2 mode as a result
of not all the energy being radiated in the -1 mode.

13
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If a poor selection of materials is made when loading the base of conical
helix antennas with a ferrite material, so that the radiation rate is reduced, then
it is possible that some energy will not be radiated in the desired backfire mode,
but will interact with the base of the antenna to produce high backlobes. The back-
lobe can be reduced by any (or a combination) of the following techniques: 1) select
a material that has a higher radiation rate; 2) increase the number of turns per

inch, and 3) use absorber across the back of the antenna to absorb the backlobe.

2.4 Transmit-Receive Mode Feasibility

To test the usability of a ferrite loaded antenna with both the transmit and
receive modes, a bifilar backfire helix antenna with its interior filled with EAF-2
powder was tested. The experimentally determined properties were reported
earlier in a quarterly report under this contract (Rassweiler, 1966). Since the
antenna seems to operate most efficiently at 450 MHz, this frequency was chosen
as the transmit frequency. The equipment available restricted the reception
frequency to 595 MHz. Figure 2-5 shows the diplexer circuit used to protect the
receiver front end from being overloaded by the transmitter.

A 80 mw signal was fed to the antenna and this is approximately the input
power to the antenna since the reflected power was negligible. The test was
conducted on the 50-foot North Campus range of the Radiation Laboratory with the
test antenna placed in the field of a 595 MHz signal. Observation of the 595 MHz
signal on the receiver was made. The first harmonic addition frequency, as a
result of possible mixing of the transmitted and received signals (1045 MHz) ,
was not observed. The attenuation of the band pass filter was less than 10 db
at this frequency; it is doubtful if this would prevent reception of a 1045 MHz
signal if it did exist. Hence, simultaneous transmit and receive mode
operation appears to be entirely feasible and harmonic generation should not be

a problem for low power levels.

2.5 Complementary Helix Antenna

The so-called complementary helix antenna, one with very broad flat

conductors, produces the same results as the wire wound helix antennas. Thus
14
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reductions for very thin and very thick conductors can be predicted fairly accurately
with the formula given earlier (Eq.2.1). However, the complementary helix antenna
does offer the advantage of easily measuring reductions obtained with loadings.

A bifilar complementary helix (or narrow gap helix) was constructed and its

property as an antenna was investigated. The specifications are as follows:

Diameter: 13 cm Length: 40 cm Gap Width: 0.1 cm
Pitch Angle: 10° Construction: bifilar, balanced or unbalanced feed.

The radiation pattern in Fig. 2-6 shows that the unloaded antenna has good patterns
from 600 MHz up to around 900 MHz, which is quite comparable to the equivalent
Wwire helix (its dual).

The radiation pattern of a loaded case is also shown. The EAF-2 ferrite shell
1/ 2" thick was loaded inside and under the gap. The radiation pattern indicated in
Fig.2-6 seems to give a useful frequency range from 450 MHz up to around 700
MHz, which gives about 0.75 reduction in the resonant frequency. This is also
very close to the value obtained from its dual.

The complementary antenna was placed inside an anechoic chamber for the
near field amplitude measurement. Since it is a dual of the wire.helix, an E-
probe was used instead of the Hprobe that was used in the wire helix measurement.
The E-probe was made  from a 0.084 cm coaxial line. The protruding inner con-
ductor has a length of 0.4 cm and is bent 90° with respect to the feeding coaxial
line. A small disk of 1.2 cm diameter was attached to the outer conductor and it
was perpendicular to the protruded inner conductor. This unbalanced probe was
then placed k/ 10 above the antenna with its inner conductor parallel to the axial
direction of the antenna.

The near field amplitude is shown in Fig.2-7. The general shape and the
trend is very similar to those of the wire helix previously used and discussed
(Lyon et al, 1966). The best near field pattern is at 600 MHz (which also gives
best far field pattern).

16
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The near field amplitude was also taken with 1/2'" shell loading of K~10
dielectric, and as shown in Fig 2-8, seems to indicate the best near field pattern
at 700 MHz.

The phase velocity along the gap can be measured accurately if the phase
shift along the axial direction is measured by a typical phase measurement
arrangement. However, it is a very time-consuming and painstaking measurement.
Therefore, a very crude and easy method was devised. As shown in Fig. 2-9, the
antenna is fed through a PRD standing wave detector with a standard VSWR
measurement set-up. The shorting copper ring was moved to obtain a minimum
reading on the amplitude meter. Then the ring was moved to obtain a second
minimum. The distance between the two minima was recorded for several trials
and the average value taken. This should be a half wavelength along the axial
direction. This value was then converted to the distance along the gap by dividing
by the sine of the pitch angle. With the frequency known, it is then possible to
obtain a phase velocity along the gap for different types of loadings at different
frequencies. The measurement at or near the resonant frequency is very difficult
(if not impossible) because most of the energy is radiated before traveling very
far down the helix. Therefore, the phase velocity at the resonant frequency must
be obtained approximately by extrapolating the results at other frequencies. The
measurement was taken for the unloaded, the metal (cylinder of 4" dia) loaded, the
K-10 dielectric shell (1/2" thick) and the EAF-2 ferrite shell (1/2" thick) loaded
cases. The results are shown in Fig. 2-10. The resonant frequency can be
read out from the intersection of the zero phase shift axis and the straight lines
connecting measured points (i.e. 630 MHz for the unloaded, 650 MHz for the loaded,
500 MHz for the K-10 dielectric loaded, and 520 MHz for the ferrite loaded cases).

The input impedance of a bifilar complementary helical antenna was measured
for various loading materials. The antenna is shown in Figs. 2-11 and 2-12. The
experimental set-up for the measurement is shown in Fig. 2-13. The antenna was
fed by an unbalanced feed across the gap at the center of the feed point of the
antenna. The input impedance for the unloaded antenna is shown in Fig. 2-14 and

19



THE UNIVERSITY OF MICHIGAN

7848-1-F

‘ONIAVOT OIYLOUTHIA HLIM

VNNALNVY TVOITHdH AYVINTNATANOD V 40 HANLITANV dTHId HVIN :8-¢ DI

ruuajuy Jo puy

(wo) ¥

jurod pood

aa0qy Q1/Y :uOIISOd 8qOid

ZHIN 008
ZHIN 00L

qp ut epmjidwy aApyBlaYy

20



THE UNIVERSITY OF MICHIGAN

7848-1-F

TINFINTUYASVAN ALIDOTHA ISVHd HOA

JI01BIDUID)
reudrs

INIINIONVHYY 6-2 DIL

rUUIIUY Sury Sunjaoys

*

1030939 9ABM
Surpuels
add

N/

JO1eTNPOIN
ZHM 1

Y

JI9}OIN
opmrdwry

w jurod peod

21



THE UNIVERSITY OF MICHIGAN

7848-1-F

*SONIAVO'T SNOTYVA HLIM
VNNIINY TVOITHH AHVINHNITdNOD V A0 LJAIHS ASVHd TVIXV :0T-Z "OId

(ZHIN ) Aousnbaa g

0001 006 008 0oL
|

LZ /9 13IYS OsBUJ TRIXY 9ATIR[OY

22



THE UNIVERSITY OF MICHIGAN
7848-1-F

FIG.2-12: A BALANCED FEED OF THE ANTENNA
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it is seen that the impedance stays fairly constant over the frequency range. The
bandwidth determined from the far field and near field patterns is from 600 to 900 MHz.
The variation of the input impedance in this range is 28 to 47.5 Q for the real part

and j 15 to j28  for the imaginary part. It is interesting to note that the input
reactance is inductive within the frequency range. As will be discussed later, this
property has a very interesting result when the antenna is loaded with a dielectric or

a ferrite material.

The input impedance for a K-10 dielectric loaded antenna is shown in Fig. 2-15.
The general pattern is not changed significantly, due to the fact that the antenna is
inductive within the frequency range. The loading of the dielectric material will
move the frequency range (determined by the near and the far field pattern) down
but the input impedance does not seem to be affected much except for some marginal
frequencies. However, the input impedance of the antenna is affected by a ferrite
loading precisely for the same reason; that is, the inductive nature of the antenna
is further affected by the ferrite loading. The input impedance seems to cluster
and thus becomes less dependent on the frequency. This is shown in Fig. 2-16 where
EAF-2 ferrite was placed inside the antenna. The trend of less frequency dependence
of the input impedance due to a ferrite loading is further evidenced by Fig. 2-17 where
Q-3 ferrite was used; Q-3 has a much higher relative permeability. The input im-
pedance seems to converge toward 38 +j 15 2 with a small variation as the frequency
is changed (31 to 42 2 for the real part and j10 to j22 2 for the imaginary part over
the frequency range; 400 - 900 MHz). A metal loaded helix was also measured; the
effect is not very significant (Fig. 2-18).

From the above observations it can be said that the input impedance of a bifilar
complementary helical antenna is affected by the loading materials in a very interesting
way. Since the antenna is inductive over the frequency range, the loading of the
dielectric material is not as effective as the ferrite material. It is also noted that
the input resistance of the antenna is very low compared to that of the wire helix
antenna, as it should be, corresponding to the usual reciprocal relationship of

impedances of two complementary antennas. It can be observed from Fig. 2-19 that
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the most efficient radiation takes place around 650 MHz for all cases . This seems
to imply that the input resistance of the antenna is not affected by the loading materials

quite as much as the resonant frequency except at the marginal frequencies where the

effect seems to be a little greater.

2.6 Ferrite Coated Windings

Because of the construction difficulties associated with incorporating the
Radiation Laboratory's supply of ferrites into a ferrite coated winding, a simple
theoretical analysis of the problem was done. It indicated that a size reduction
multiplicative factor of less than 0.50 can be obtained under favorable conditions.
However, this alone would not be sufficient to obtain the 0.365 reduction factor
needed to build a conical helix covering 200 - 600 MHz with the above dimensions.

The analysis is based on an observation as reported by Rassweiler (1966)
who considers a helix or conical helix antennas as a two-wire transmission line
wrapped around a cone. Judging from his work it appears that this is a fair ap-
proximation for the loading effects of ferrite around each antenna wire. Of
course, for the two-wire transmission line model to be realistic, the ferrite
coating of the wires cannot be too thick; otherwise, the coating is really closer
to a layer of ferrite covering the surface of the windings.

Using a conventional approach to determine the capacitance and inductance
per unit length of the two-wire transmission line cross section depicted in Fig. 2-20,
(e. g., Johnson, 1950, p. 82), it can readily be shown that the inductance per unit
length L and the capacitance per unit length C are given by the expressions
t 2D

T
T U Ho
d Lx=in-+ —In— . 2.2
T, and LA oo+ — /o (2.2)

EO t

Cx~
1
€

t
n=+
d

Thus, it follows that the phase velocity (and group velocity, since the medium is
assumed non-dispersive and the transmission line is assumed to be lossless) is

given by the expression:
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FIG.2-20: PLOT OF THE REDUCTION FACTOR (V_/C) VS. t/d
FOR A TWO WIRE TRANSMISSION LINE°LOADED WITH
EAF-2 FERRITE (K, = 2.2, € = 3.8).
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The above formula (2. 3) indicated a very interesting property of ferrite
coating. For small t/d ratios, most of the reduction is produced by the relative
permeability. The relative dielectric constant provides a greater influence at
large t/d ratios.

This would mean that the coating would have to be tightly bound to the con-
ductor. If there were a small gap between the coating and the conductor, the ef-
fectiveness of the coating would be greatly reduced.

Let us now look at two cases of a ferrite coating on the winding of a helix
antenna. The first is illustrated in Fig. 2-20. In this case, the ferrite is assumed
to be powdered EAF-2. The dimensions used correspond to a 4.8 cmdia., bifilar,
14° helix wound with No. 18 copper wire. The diameter corresponds to that needed
at 600 MHz for a helix to radiate in the axial mode assuming a 0.365 reduction
factor. (This reduction factor corresponds to the reduction needed to obtain a
conical helix fitting the dimensions described in the technical guidelines.) The
object of assuming the reduction factor was to see if, indeed, the reduction was
possible with a thin coating of this ferrite.

Notice that the dashed line in Fig. 2-20 corresponds to the reduction factor
expected with EAF-2 ferrite if the core of the helix were completely filled with
the material. Note also the marking that indicates the ferrite diameter to wire
diameter ratio that corresponds to the touching of the ferrite coating of successive
turns. It is interesting to note that if the antenna were buried in a medium con-
sisting of nothing but EAF-2, the reduction factor should be 0.346.

The second case consists of a coating of Indiana General Q-3 Ferrite.

(see Fig. 2-21). The dimensions used correspond to a 14.4 cm dia., 14°, bifilar

helix wound with 1/4"" O.D.copper tubing. This particular helix diameter corresponds
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FIG. 2-21: PLOT OF THE REDUCTION FACTOR (V /C) VS. t/d
FOR A TWO WIRE TRANSMISSION LINE®LOADED WITH
INDIANA GENERAL Q-3 FERRITE (4, = 14, €_=7.9).
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to that needed for axial radiation at 200 MHz, assuming a 0.365 reduction factor. The

reduction factor was assumed in this case for the same reason as in the previous case.
The dashed line in Fig. 2-21 corresponds to the reduction factor obtainable

with a full core loading of Q-3. Again the ferrite-to-wire diameter corresponding

to the coating of adjacent turns touching is indicated on the graph. If the antenna were

buried in a medium consisting entirely of Q-3, the reduction factor should be 0.096.
For the Q-3 example, it appears that a ferrite coating diameter between four

and five times the wire diameter should give the desired reduction. However, for

thicknesses this great the requirement that t/D < < 1 is most certainly violated, and,

indeed, the reduction factor may not be possible after all.

2.7 Ferrite Loaded Coiled Conductor

A helix antenna with a winding consisting of a ferrite filled helical slow wave
structure was studied. Tests performed on this antenna indicate that it has good
helix antenna patterns from 160 - 210 MHz corresponding approximation to a 4:1
reduction of the diameter of this antenna. The input impedance over this frequency
range centers around 400 -j200 2. However, the gain measurements indicate
that the antenna is very lossy. Current distribution measurements indicate that a
standing wave current distribution exists on the antenna instead of a traveling wave
distribution attenuating rapidly from the tip as occurs for the conventional unloaded
backward-fire helix antenna current. Thus, the helix antenna wound with a ferrite
filled helical slow wave structure is a reduced size helix antenna of rather low ef-
ficiency. A higher magnetic Q of the ferrite filling could considerably improve the
efficiency.

It is well known that a helix is a slow wave structure. It would seem that if a
helical antenna were wound with a small coiled conductor, then the size of the antenna
wound with such a coiled conductor could be reduced. This experiment has been tried
by several workers, but unfortunately, no one has been completely satisfied with
the results (Turner, 1966). The device acts as an antenna and appears to radiate
quite well. However, the far field patterns do not resemble those of a regular helical
antenna. Apparently, the interaction of a turn with other turns produces unusual

results.
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Since a magneto-dielectric material has a confining effect on electromagnetic
fields, it was hoped that if the interior of a coiled conductor were filled with ferrite,
the interaction might be reduced enough for the antenna with the coiled conductor
to operate successfully.

Figure 2-22 shows a bifilar helix constructed for this experiment. The coiled
conductor is wound on a 3/4" O0.D x: 3/32" thick piece of Tygon tubing using No. 20
enameled copper wire with a pitch of 1/ 3". This coiled conductor should give a
slowing factor of about 0.25 based on the data presented by Okubo (1965). The
antenna itself has a pitch of 4". The antenna winding proper is woundona 31 / 8"
0.D. by 1/16" thick piece of NEMA Grade XXX paper phenolic tubing. The antenna
is fed at the tip through a two-wire shielded transmission line from a hybrid.

Figure 2-23 shows the far field patterns for this antenna. The center fre-
quency of operation, if the antenna were wound with a simple wire on a cylindrical
form of the same mean diameter as the antenna, would be about 800 MHz,

Unfortunately, the plastic tubing used to construct the coiled conductor started
to decompose before the antenna could be loaded with ferrite. Rather than risk
contaminating the irreplaceable EAF-2 ferrite, a second antenna, identical to the
first was constructed. Figure 2-24 depicts the antenna with the windings filled
with EAF-2 powdered ferrite. Figure 2-25 shows a cross section of the antenna
and gives the dimensions.

Using the largest diametral dimension of the antenna (4 5/8'") and the approxi-
mate formula that the center frequency of operation occurs when the circumference
is approximately a wavelength, then the size of this antenna would correspond to a
conventional helix operating at 800 MHz. This is the reference frequency used in
the reduction figures given later on.

The far field radiation patterns between 160 - 210 MHz for Antenna 232 were
very close to those observed for a conventional helix antenna, as is indicated in
Fig. 2-26. Using the arithmetic average of 160 and 210, or 185 as the center
frequency of operation, this would indicate a multiplicative size reduction factor

of 0.231. Based on the center frequency of 185 MHz, the bandwidth of operation of
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ANTENNA 228, A 14° BIFILAR HELIX WITH A HELICAL WINDING.
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FIG. 2-23: FAR FIELD POOWER PATTERNS OF ANTENNA 228,
A BIFILAR 14 HELIX WITH A HELICAL WINDING.
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FIG. 2-25: LONGITUDINAL CROSS-SECTION DRAWING OF ANTENNA 232 WITH
THE WINDING HELIX FILLED WITH EAF-2 FERRITE POWDER

SHOWING ALL PERTINENT DIMENSIONS.
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210 MHz N\

FIG. 2-26: LINEAR POWER RADIATION PATTERNS OF ANTENNA 232, A BIFILAR
HELIX WITH A EAF-2 POWDER FERRITE FILLED HELICAL WINDING.
CUT 1 IS IN THE PLANE OF THE FEED, CUT 2 IS PERPENDICULAR

TO CUT 1.
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Antenna 232 is 27 percent. This compares with a value of 50 percent frequently
claimed for a conventional helix antenna.

According to 1i and Beam (1957) the slowing factor for the coiled winding used
on Antenna 232 is 0.28. Thus, the patterns are consistent with what is known about
the problem.

A Smith Chart of the input impedance is illustrated in Fig. 2-27 . The im-
pedance was measured with a Hewlett-Packard Vector Voltmeter. Corrections
were made in the data for the phase shift caused by the reference in the Vector
Voltmeter arrangement not being at the tip of the antenna. No corrections were
made for the attenuation of the cable between the reference and the antenna. The
resultant inaccuracy in the magnitude of the reflection should be very small since
the cable loss was less than 0.4db.

Notice that the input impedance of Antenna 232 is higher than for a conventional
helix. This would be expected from the transmission line analogy used to des-
cribe some of the properties of a helix antenna, since the coiled conductor is an
inductive loading (see Section 2. 8).

The results of the gain measurements on the antenna were not very encouraging.
The gain was -12.3db at 170 MHz and -4.2db at 190 MHz with respect to an isotropic
source. A summary of the calculations are given in Appendix A. The loss in the
RG-58/U coaxial cable (2 feet) was not used to correct the measured reflection
coefficient. At frequencies from 170 to 190 MHz this loss is insignificant.

The polarization ratio was measured at 170 MHz and was 4.5 db; at 190 MHz it
was 2.5 db. In both cases, the range of error is T 1 db.

In these last two sets of measurements, the polarization ratio could have been
adversely affected by the antenna being only four feet above a metal turret. This
is 0.68 of a wavelength at 170 MHz and could have contributed to a slight degradation
in the value of the polarization ratio measured. The measured values were not, how-
ever, at all unusual for conventional helix antennas. Since the construction of the
antenna was not very precise, irregularities may have been the cause of the ellipticity

of the polarization.
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One reason for the low efficiency of the antenna is apparent from the measured
current distribution on the antenna which indicates a standing wave. Figure 2-28
shows the current distribution on the antenna at 170 MHz and Fig. 2-29 shows the
current distribution at 190 MHz. In both cases relative amplitude and relative phase
were measured.

A small loop (0.131" dia.) was used to measure the magnetic field at the
exterior of the winding as is illustrated in Fig. 2-30. The probe was centered above
each winding with the plane of the loop perpendicular to the axis of the antenna as
illustrated. A Hewlett-Packard Vector Voltmeter was used to measure the relative
phase and amplitude of the voltage induced in the probe; the voltage is, of course,
proportional to the current in the winding.

As is seen from Figs. 2-28 and 2-29, a standing wave current distribution
exists along the antenna with some loss present which fills in the nulls of the
amplitude curve and smooths out the phase curve. The numbers along the abscissa
of the plots indicate the locations of the winding at each point of intersection as
the probe was moved down the axis of the antenna from the tip to the opposite end.
Point 1 corresponds to the tip (feed point) and Point 14 corresponds to the end
of the winding.

2.8 Discrete Inductance lLoading.

If the equations for an ideal transmission line are solved for the inductance
per unit length , L, and capacitance per unit length ,C, in terms of the characteristic
impedance , Z, , and the phase velocity ,V , the following expressions result:

C= (1/Z,)Vp, and L= Zo/Vp. Since a helix or conical helix antenna can be reasonably
approximated by a two-wire transmission line having the same wire diameter as

the winding of the helix antenna and a wire spacing equal to the diameter of the

helix (Rassweiler, 1966) it seems reasonable that if the helix antenna has inductance
inserted in series with the winding, then the phase velocity of a wave propagating
along the helix and hence the size of the helix, can be reduced.

It follows that if the antenna size is to be reduced by a factor R and the
capacitance is to remain unchanged, then the inductance per unit length must be

changed by L/ R2, where L is the original inductance per unit length. In addition,
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FIG. 2-28: RELATIVE AMPLITUDE AND PHASE OF THE CURRENT ALONG
ANTENNA 232 WITH THE WINDING FILLED WITH EAF-2 POWDERED

FERRITE AT 170 MHz.
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FIG.2-30: ANTENNA 232, A BIFILAR HELIX ANTENNA WITH A FERRITE FILLED

HELICAL WINDING SHOWING THE LOCATION OF THE LOOP PROBE
WITH RESPECT TO ANTENNA 232,
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the characteristic impedance will be increased to ZO/R. {Note, since R is the
ratio of the lineal dimensions of the loaded to the unloaded antenna, R is always
less than one. )

To check out this theory, a helix antenna was constructed and tested that
had additional inductanceinserted in series with the winding. The inductances were
shorted coaxial transmission line stubs. The object of the experiment was to check
out the concept of using inductors made out of shorted sections of coaxial trans-
mission line. If the concept were substantiated, then a ferrite loaded stub would
be used. The advantages of ferrite are that smaller stubs could be used for a
given inductance and that more stubs could be used per winding, hence making the
discrete inductances approximate more closely a distributed inductance.

Unfortunately, due to an error in calculating the inductance needed, the in-
ductances inserted were too small, and the anticipated performance was not
realized. However, the experimental results were so favorable that they are
reported here in the hope that the antenna may be useful to someone else. A
backward-fire pattern is obtained over almost a 3 : 1 band (475 - 1250 MHz), and
the VSWR is close to 3 : 1 with respect to a 50 2 load over this band, except for
a band of 80 MHz centered around 800 MHz. Yet a helix antenna of the same size
would have a center of operation around 710 MHz,

The antenna in Fig. 2-31, is a bifilar helix, fed at the tip with a hybrid via a
twin lead consisting of two pieces of RG-58/U coaxial cable on the axis of the
antenna. The inductances are inserted every quarter turn, and were designed to
produce a 4: 1 reduction in size assuming the diameter of the two wire line model
is the diameter of the helix antenna, and that the diameter of the wire of the parallel
wire line is that of the winding of the helix. However, the miscalculation altered
this relationship.

The formulas used to calculate the inductance needed to accomplish the
reduction are restated here:

L = Zy/[Vy L'= L/R
where R is the multiplicative reduction factor (0.25 in this case), L is the original
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-31: ANTENNA 238, A BIFILAR HELIX ANTENNA WITH SHORTED
TRANSMISSION INDUCTORS USED AS LOADING.
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inductance per unit length, L' the new inductance per unit length, zZ, the characteristic
impedance and Vp the phase velocity.

The antenna was wound on a 4" L.D. x }/16" thick piece of NEMA Grade XXX
(Mil-P-3115-PBE) paper phenolic tubing. The pitch angle of the helix is 14° and
there are five turns on the antenna. The winding was cut at the intervals shown in
Fig. 2-32. Part of the dielectric and outer shield was removed, and one end of
the remaining part of the shield was soldered to the center conductor to produce the
inductor.

A helix antenna of this size would have a center frequency of operation of about
710 MHz as can readily be calculated from Fig. 8-20 (p. 333) of Walter (1965). The
antenna described there, however, was designed to have a center frequency of
operation of 227 MHz, since 910 MHz was assumed to be the unloaded center
frequency.

The radiation patterns taken measuring IEOIZ on the P=0 cut as in Fig. 2-33
show the usual backward-fire radiation patterns, (low backlobe and sidelobes, a
well-developed main lobe) from 475 - 760 MHz and from 840 -~ 1250 MHz as can
be seen in Fig. 2-34: This gives geometrical mean center frequencies of operation
of 600 and 1025 MHz respectively, with corresponding bandwidths of 79 and 67 percent.

Between 760 and 840 MHz, the signal amplitude was so small that it was difficult
to record patterns. Those that could be recorded were not satisfactory backward-fire
helix patterns.

The VSWR of the antenna was measured with respect to the input port of the
hybrid used to feed the antenna with swept frequency equipment as is indicated in
Fig. 2-35. In the lower band, the VSWR was centered around 2, 5 with respect to
100 §2 and the variation from this was within X 0. 5 over most of the band. In the high
band, the VSWR centered around 3. 0 and the variation from this was less than ¥ 0.5
over most of the band. At about 790 MHz the reflection coefficient was almost 1. 0.
A check of the design indicated that at this frequency, the coaxial stub should be
about one-quarter wavelength long, and hence the winding should be effectively open-

circuited.
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FIG. 2-33: COORDINATE SYSTEM ASSUMED FOR THE
HELIX ANTENNA.

53



THE UNIVERSITY OF MICHIGAN
7848-1-F

4
b

500 350 600
— _ —_
760 750 800
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These conclusions can be drawn:

1) The transmission line model of the helix antenna presented by Rassweiler
(1966) is apparently not quite correct. Assuming that the lower band of operation
was caused by the inductive loading and working backwards from its frequency
range to find the characteristic impedance of the corresponding transmission line
produced a characteristic impedance of 110 2. The input impedance of a helix
antenna is usually in the range of 100 - 150 2, Thus, apparently using the input
impedance of a helix antenna in the transmission line analogy correctly predicts the
experimental results.

2) Even by itself, Antenna 238 is a very interesting antenna . It covers al-
most the entire frequency range from 475 - 1250 MHz, except for a band of 80 MHz
centered around 800 MHz,

3) Series inductance tends to reduce the size of a helix antenna but series
capacitive loading will increase the size for a given frequency range of operation.
(In the 840 - 1250 MHz range, the stubs were capacitive. )

4) The average impedance values measured, however, do not tend to support the
transmissionline analogy. The impedance was higher in the high band and lower
in the low band; not the other way around as would be expected from the trans-
mission line relation Z, = E/—C' . (Note, that in the high band the capacitance
introduced would tend to reduce the inductance in the above formula.)

2.9 Anisotropic Ferrite Loaded Helix Antenna

There are several reasons for examining anisotropic ferrite loading in
helix antennas. All of these reasons are a consequence of the steady unidirectional
magnetic field in the material. First of all, at higher frequencies, a magnetic bias
of the ferrite makes a low loss material possible (Hach, 1966). Second, if a helix
is magnetically tuned by adjusting the magnetic field, then the properties of the
antenna would be affected by the changes in the characteristics of the material.
Third, because a plane wave propagating through a saturated ferrite exhibits

circular polarization, precisely the polarization produced by a helix antenna, it
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may be possible to use anisotropic loading as a mode filter to reduce the high side
and backlobes that sometimes result from isotropic loading materials.

Because a saturated ferrite can be expected to represent one limit in the
range of operation of a magnetic field tuned ferrite loaded antenna, it poses an
interesting special case to study. Fortunately, the anisotropy of the permeability
tensor of such a material is relatively simple and can be readily predicted by
classical electromagnetic theory. The permeability tensor can be described by

the following tensor:

[ Jk 0
ﬁ=uo -k u 0 (2. 4)
0 0 1
where
= {1+ "o
“_ 2 2 )
W -w
(o]

Fal
SN €
. 2
€. oz
N————

and Mo is approximately Mg, the saturated magnetization (provided the amplitude
of the time varying fields is small), + is the gyromagnetic ratio, W, is the Larmor
frequency and is equal to vB,, B, is the dc magnetic field, and u, is the
permeability of free space (Collin, 1960). The dielectric constant of the material is
the same as when no bias is applied.

The permeability tensor, like any tensor, may be transformed to another
coordinate system. For the helix antenna, circular cylindrical coordinates are

appropriate. Since the transformation matrix from rectangular to circular cylindrical

coordinates is

N cosf sinf 0
Cer*: -sing cosf 0 (2.5)
0 0 1
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then the permeability tensor in the new system is:
peos§ -jk sinf  jk cospu sinf 0

= -ursin¢ -jk cosf -jk sinfucos§ 0 (2. 6)
0 0 1

e

Qll

““cr MR
which makes the permeability tensor a function of the coordinates. This is true, in
general, for any common coordinate system, except rectangular. This dependence
on one of the coordinate variables complicates the mathematical solution of any
saturated ferrite problem in any coordinate system except rectangular. However,
this does not make the situation hopeless, and some insight may be obtained by a

mathematical analysis.
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SLOT ARRAYS

3.1 Introduction

The purpose of this task is to investigate the feasibility of using physically
small slot antennas at 300 MHz as elements in an antenna array system. Speci-
fically, the following parameters are to be determined; 1) beamwidth and gain
as a function of frequency, 2) bandwidth as a function of magnetic tuning, and
3) sidelobe levels and angles as a function of power distribution. The possibility
of adapting such arrays to electronic scan and steerable beam systems is also
to be considered.

As originally envisioned, the arrays would consist of ferrite filled slots
in a ferrite filled waveguide. However, above 200 MHz, this type of array was
completely infeasible at present due to the high loss of commercially available
ferrites. Spaces between the ferrite sticks used in the array also posed a problem,
The resulting inhomogeneity reduced the effectiveness of the ferrite and the cutoff
frequency of the waveguide was higher than predicted. Several attempts were made
to produce a waveguide that had a low enough propagation loss above 200 MHz so
that a realistic array could be built. However, as the data in Section 3. 6 shows,
the effort was unsuccessful.

The array testing program was restructured to use rectangular cavity backed
slot antennas. Two additional slots similar to one tested earlier (Adams, 1964, 1967)
were built and individually tested to insure their similarity. The test results,
which are presented in Section 3. 3, indicate that the elements are very similar.
Preliminary results for one array of these cavity backed slots are included
in Section 3. 2.

Another physically small array developed under this task was the interdigital
array. A separate report was issued covering its properties (Wu, 1967a ). Hence,

only a summary of its properties is included here (Section 3. 4).
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Finally, a ferrite filled cavity backed slot was tested to determine how much
power it could successfully handle. The test results, in Section 3.5, indicated
that 50 watts of power could be continuously fed to the slot. Higher powers could
be tolerated for shorter periods of time.

3.2 Cavity Backed Slot Array

The first array tested was a broadside array with 0.534\ spacing. The hybrid
network depicted in Fig. 3-1 was used to feed the slots. Measurements on each
output port with all the other ports terminated in matched loads indicated that the
amplitudes of the outputs were within 5 percent of each other and the phases were
within 2 percent of each other. Each slot had a double stub tuner at its terminals
and each slot was tuned to resonance at 350 MHz, with the other slots unexcited.
Care was taken to insure identical feed lines and connectors were used in all parts
of the feed network so that electrical symmetry was maintained. The ground plane
used for the test and the location of the slots on the ground plane are shown in
Fig. 3-2.

A summary of the test results on the patterns of the array are shown in
Figs. 3-3 and 3-4. Figure 3-3 gives 3 db and 10 db beamwidths as a function of
frequency and Fig. 3-4 gives the sidelobe level and angle of the most prominent
sidelobe and the angle of the mainlobe as a function of frequency. All the data
were taken from H-plane patterns with pen deflection proportional to |E |2 .

Figure 3-5 shows the assumed coordinate system.

One prominent characteristic of all the patterns of power vs frequency is the
asymmetry of the patterns. The sidelobe levels were much higher for -0 in the x-2z
plane than for 49 . The asymmetry of the patterns is probably due to the unequal
distribution of energy reflected by the slots as a result of the asymmetry of the
feed network. However, other feed networks will be used in the future to insure
the phenomena are not inherent in the properties of ferrite slots.

To give some indication of what radiation pattern properties can be expected

from array theory (e. g. Kraus, Ch.4, 1950), for a uniform array of omnidirectional
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Holes filled with aluminum tape
and brass shim stock.

9! -
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|
8 1/2n
|
a
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VA / Y/
A/ 7 5!
Ant. 109 Ant. 107 Ant. 108 T
l— |
2 3/8!!
—— 18" —
p——— l

Brass screening over wooden frame.

3/16" thick aluminum plate with mounting holes drilled
every 2 1/4" along mounts.

FIG. 3-2: MOUNTING CONFIGURATION AND GROUND PLANE FOR
: FERRITE FILLED RECTANGULAR CAVITY BACKED
SLOT ARRAY.
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3-ELEMENT . 534X\ (AT 350 MHz) BROADSIDE ARRAY FED WITH
A HYBRID-DOUBLE STUB TUNER NETWORK.
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2
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FIG. 3-5: COORDINATE SYSTEM ASSUMED FOR RADIATION
PATTERN MEASUREMENTS OF FERRITE FILLED
RECTANGULAR CAVITY BACKED SLOT ARRAY.
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elements spaced 0.534 wavelengths apart, a symmetrical pattern can be expected
with a half-power beamwidth of 34° and the first sidelobes would be 9.5 db down
at angles of T 70°. For the ferrite slot array, the beamwidth should be somewhat
smaller and the sidelobe levels further down because of the higher directivity of
the element pattern. The measured beamwidth is in accord with theory, although
the sidelobe levels and amplitudes are not.

3. 3 Properties of Elements

When it became apparent that a waveguide slot array was not feasible, an
array of three cavity backed slot antennas was chosen that operates close to 350 MHz.

One element used was an experimental ferrite filled cavity backed slot
antenna originally described by Adams (1964, 1967). Two other ferrite filled cavity
backed slot antennas almost identical to it were constructed to permit tests on a
three elenent array. The antennas are shown in Fig. 3-6, and a table summarizing
their important properties is shown in Table II.

The discrepancy in the appearance between Adams' original slot (107) and
the two copies (108, 109) is a result of the placement of the ferrite in the slots. The
bars of ferrite (Motorola EAF-2 solid) were placed parallel to the long dimension
of the cavity in antennas 108 and 109 since this configuration resulted in the least
amount of waste material. The bars were inserted perpendicular to the aperture
and cut off flush with the aperture in antenna 107.

Before constructing an array of the elements, it was felt that each slot should
be thoroughly tested to determine how similar the slots were to each other. Figures
3-7 through 3-9 show the input impedance of slots 107,108 and 109 with respect to
a 50 load, as measured on a 5 ft square ground plane. The ground plane con-
sisted of brass screening with a 20"x27" aluminum plate mounted in the center and
in which the slots were mounted. To insure electrical continuity, the joint formed
by the slot and the ground plane was taped with Scotch Brand No. 425 3UALK3791
aluminum tape.

The resonant frequencies listed in Table II are based on the minimum reflection

coefficient observed.
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CAVITY BACKED SLOTS 107, 108, and 109

FIG. 3-6
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TABLE II: PROPERTIES OF CAVITY BACKED SLOTS

Cavity No. Antenna 107 Antenna 108 Antenna 109
Size of Aperture 2.0"'x5.0" 2.0"x5.0" 2.0"'x5.0"
Cross Section of Cavity 2.0"x5.0" 2.0"x5.0" 2.0"x5.0"
Depth of Cavity 1.5" 1.5" 1.5"
Diameter of Probe 0.25" 0.25" 0.25"
Resonant Frequency 350 MHz 346 MHz 355 MHz

(based on minimum reflection)

Radiation patterns were also taken to insure the similarity of the slots.
Figure 3-10 shows the patterns of antenna 107, which are typical of slots 108 and
109 too. Except for 350 and 355 MHz, where the patterns tend to develop "ears",
the patterns are fairly good representations of a magnetic dipole radiating into
half space. Figure 3-11 compares the 3 db and 10 db beamwidths of the patterns
of all three slots and shows there is very close agreement.

The patterns were measured on the same 5'x5' ground plane used to measure
the array patterns of the previous section (see Fig. 3-2). The antennas were
mounted in the center of the ground plane and the remainder of the channel was
filled with brass stock and aluminum tape.

Thus, it appears that for practical purposes, the three slots are identical.

3.4 Interdigital Antennas

As was pointed out earlier, a special report was issued covering the theory
and experiments on the interdigital array (Wu, 1967a ). This section presents a
summary of the many properties of an interdigital array and discusses experiments

on ferrite loading the interdigital array.

3.4.1 Summary
The interdigital array (Wu, 1967a) is a small flush mounted broadband antenna

that, depending on the feed used, will produce either a broadside beam, a backfire
beam, or a forward fire beam. Figure 3-12 illustrates the geometry of the array,

and Figs. 3-13 through 3-17 illustrate an actual antenna that was constructed from
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FIG. 3-10a: H-PLANE POWER RADIATION PATTERNS OF FERRITE FILLED

RECTANGULAR CAVITY BACKED SLOT 107,
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FIG. 3-13 THE INTERDIGITAL ARRAY ANTENNA A-1.
2=8cm, d/£=0.125, b/t =0.15,a/£=0.01, N=6.

FIG. 3-14: THE INTERDIGITAL ARRAY ANTENNA A-2.
£=8cm, d/£=0.125, b/£ =0.225, a/£=0.01, N=6.
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FIG. 3-15: THE INTERDIGITAL ARRAY ANTENNA A-3.
£=8cm, d/£=0.125,b/2=0.30,a/2 =0.01, N=6.

FIG. 3-16: THE INTERDIGITAL ARRAY ANTENNA B-1.
£=8cm, d/1=0.125,b/2=0.15,a/£=0.01, N=0.
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FIG. 3-17: THE INTERDIGITAL ARRAY ANTENNA B-2.
2=8cm, d/2=0.125, b/t =0.225, aft = 0.0L,
N = 10.
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copper clad laminate. Notice that the geometry is similar to the interdigital
geometry used in traveling wave tubes and filters. The antenna in Fig. 3-13
covers a frequency range of 350 - 900 MHz. At 350 MHz, the lowest frequency
of operation, the antenna is approximately 0,0935 ) wide by 0.182) long.

Wu (1967 a) did a theoretical analysis of both the open interdigital structure
and of an interdigital antenna excited by a source. Test results from many
experimental models are in close agreement with the theory. Propagation of a
wave along an infinitely long interdigital structure can be represented by the k -y
diagram shown in Fig. 3-18 where y is the phase shift per element spacing.
Experimental points measured on the models are also shown. The dashed
line in the fast wave region of the diagram shows a mathematical solution for the
wave that cannot exist physically. Thus the wave travels down the array with about
the speed of light (actually, slightly faster) until kl is about 7r/ 2, where a slow
waveregion is entered. The slow wave region can be made quife small, depending
on the parameters of the antenna.

Figure 3-19 shows the far field patterns for the antenna depicted in Fig, 3-13,
The antenna is fed in the center of the array, as is shown in the picture. For a short
array like this, very good broadside patterns are obtained over most of the frequency
range of the antenna. E-plane cut patterns are similar to those shown for the H-
plane, except low level sidelobes appear as a result of the contribution of the small
sections of elements that are in the z-direction (Wu, 1967 b). The reasons are that
below frequencies corresponding to kl = 7 / 2 the endfire components of the wave
propagating from the feed cancel and only broadside radiation results. Above this
turning point, slow waves would be expected to produce a rabbit ear pattern. How-
ever, since the array is sufficiently short so that slow waves do not have enough
length to form, the radiation is still broadside. For longer arrays, it was observed
that the split beam pattern does occur for frequencies above kl = 7r/ 2 and below the
end of the slow wave region which is not shown in Fig. 3-18. Broadside radiation
is resumed as the next region is entered where the phase velocity is approximately

that of light,
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FIG. 3-18: THEORETICAL AND MEASURED DISPERSION CHARACTERISTICS.
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Fig. 3-19a: FAR FIELD H-PLANE Ey-PATTERN FOR ANTENNA
A-1, —350 MHz, ++¢- 400 MHz,===450 MHz,
—— —— 500 Mhz.
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FIG. 3-19b: FAR FIELD H-PLANE Ey—PATTERN FOR ANTENNA
A-1, ——550 MHz, ***600 MHz, === 650 MHz,
— —— 700 MHz,
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FIG. 3-19¢c: FAR FIELD H-PLANE Ey—PATTERN FOR ANTENNA
A-1, =750 MHz,* * 800 MHz, = = — 850 MHz.
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Input impedance for the antenna of Fig. 3-13 is shown in Fig. 3-20. Note that
a quarter wave line at 650 MHz could easily cancel out most of the reactive component
over most of the band, resulting in a very good match to a 50  transmission line.

The interdigital spacing reduces the coupling enough between elements to maintain
a high radiation resistance.

If the interdigital array is fed at either end, the patterns of Fig. 3-21 result. The
array on which patterns were taken, antenna C-2, is similar to that shown in Fig. 3-13,
except it is about a quarter again as long. At low frequencies (below about 650 MHz
where kl = 7 /2) the radiation is backfire. At higher frequencies, a change is made
to the forward fire radiation typical of slow wave propagation. Interestingly enough,
the impedance of this antenna is similar to that of the other antenna shown in
Fig. 3-13.

3.4.2 Ferrite Loading

The ferrite powder EAF-2 was placed between the array surface and the ground
plane for all models (A-1, A-2, A-3, B-1 and B-2) of the interdigital array (see Figs.
3-13 through 3-17). The specification of the models is repeated below in Table III
for convenience. 2N+1 is the number of elements and 2a,b,d and £ are as defined

in Fig. 3-12.

TABLE IIl: MODEL SPECIFICATIONS
ANTENNA TYPE

Parameter A-1 A-2 A-3 B-1 B-2
2N+1 13 13 13 21 21
(2a) * 0.15  0.15 0.15 0.15 0.15
b 1.2 1.8 2.4 1.2 1.8
d 1.0 1.0 1.0 1.0 1.0
I} 8.0 8.0 8.0 8.0 8.0

*“Equivalent; all dimensions are in cm.

The far field patterns were taken and are shown in Figs. 3-22 through 3-26
along with the unloaded patterns at corresponding frequencies. Figure 3-22 shows
the far field patterns of the antenna A-1. It is seen that the unloaded antenna has
a fairly broad bandwidth above 350 MHz. This seems to indicate a shift in center
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Feed point
Ground plane I / Antenna C-2
\ /

1

(a) Antenna C-2 Fed at Left End of the Array

L

(b) 450 MHz

4z

(c) 500 MHz

|
'
(d) 550 MHz

FIG. 3-21a; FAR FIELD H-PLANE POWER PATTERN FOR ANTENNA
C-2 FED AT LEFT END OF THE ARRAY.
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(e) 600 MHz
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(f) 650 MHz
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(g) 700 MHz

!
!
—

(h) 750 MHz

FIG. 3-21b: FAR FIELD H-PLANE POWER PATTERN FOR ANTENNA
C-2 FED AT LEFT END OF THE ARRAY
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(i) 800 MHz
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(k) 900 MHz
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(£) 950 MHz

FIG. 3-21c; FAR FIELD H-PLANE POWER PATTERN FOR ANTENNA
C-2 FED AT LEFT END OF THE ARRAY.
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FIG. 3-22a;: THE FAR FIELD PATTERNS OF THE INTERDIGITAL
ARRAY ANTENNA A-1 LOADED AND UNLOADED WITH
EAF-2 FERRITES. (—) Unloaded (---) Loaded.
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FIG. 3-22b; THE FAR FIELD PATTERNS OF THE INTERDIGITAL
ARRAY ANTENNA A-1 LOADED AND UNLOADED WITH
EAF-2 FERRITE. (—) Unloaded, (---) Loaded.
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FIG. 3-22c: THE FAR FIELD PATTERNS OF THE INTERDIGITAL
ARRAY ANTENNA A-1 LOADED AND UNLOADED WITH
EAF-2 FERRITE. (—) Unloaded, (---) Loaded.
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250 MHz 300 MHz

350 MHz 400 MHz

FIG. 3-23a: THE FAR FIELD PATTERNS OF THE INTERDIGITAL
ARRAY ANTENNA A-2 LOADED AND UNLOADED WITH
EAF-2 FERRITE. (—) Unloaded, (---) Loaded.
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450 MHz 500 MHz

550 MHz 600 MHz
FIG. 3-23b: THE FAR FIELD PATTERNS OF THE INTERDIGITAL

ARRAY ANTENNA A-2 LOADED AND UNLOADED WITH
EAF-2 FERRITE. (—) Unloaded, (---) Loaded.
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650 MHz

750 MHz 800 MHz

FIG. 3-23c: THE FAR FIELD PATTERNS OF THE INTERDIGITAL
ARRAY ANTENNA A-2 LOADED AND UNLOADED WITH
EAF-2 FERRITE. (—) Unloaded, (---) Loaded.
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300 MHz

350 MHz 400 MHz

FIG. 3-24a: THE FAR FIELD PATTERNS OF ANTENNA A-3
LOADED AND UNLOADED WITH EAF-2 FERRITE.
(—) Unloaded, (---) Loaded.
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FIG. 3-24b: THE FAR FIELD PATTERNS OF ANTENNA A-3
LOADED AND UNLOADED WITH EAF-2 FERRITE.

(—) Unloaded, (---) Loaded.
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FIG. 3-24c; THE FAR FIELD PATTERNS OF ANTENNA A-3
LOADED AND UNLOADED WITH EAF-2 FERRITE.
(—) Unloaded, (---) Loaded.
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300 MHz

350 MHz

400 MHz

FIG. 3-25a;: THE FAR FIELD PATTERNS OF ANTENNA B-1
LOADED AND UNLOADED WITH EAF-2 FERRITE.

(—) Unloaded, (---) Loaded.
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FIG. 3-25b: THE FAR FIELD PATTERNS OF ANTENNA B-1
LOADED AND UNLOADED WITH EAF-2 FERRITE.
(—) Unloaded, (---) Loaded.
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FIG. 3-25¢: THE FAR FIELD PATTERNS OF ANTENNA B-1
LOADED AND UNLOADED WITH EAF-2 FERRITE.
(—) Unloaded, (---) Loaded.
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350 MHz 400 MHz

FIG. 3-26a: THE FAR FIELD PATTERNS OF ANTENNA B-2
LOADED AND UNLOADED WITH EAF-2 FERRITE.
(—) Unloaded, (---) Loaded.
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450 MHz 500 MHz

550 MHz 600 MHz
FIG. 3-26b: THE FAR FIELD PATTERNS OF ANTENNA B-2

LOADED AND UNLOADED WITH EAF-2 FERRITE.
(—) Unloaded, (---) Loaded.
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7500 MHz 800 MHz

FIG. 3-26c¢: THE FAR FIELD PATTERNS OF ANTENNA B-2
LOADED AND UNLOADED WITH EAF-2 FERRITE.
(—) Unloaded, (---) Loaded.
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frequency as well as a narrower bandwidth when the antenna is loaded with a ferrite
material,

Similar effects are seen for antenna A-2 (Fig. 3-23). Antenna A-3 seems to
have a lower center frequency and a lower upper frequency bound (450 MHz) than
the other models (Fig. 3-24). Antenna B-1 (Fig. 3-25) is good up to 600 MHz, a little
higher than antenna A-1, while B-2 (Fig. 3-26) is good up to only 550 MHz, a little
lower than antenna A-2.

Although a conclusion cannot be drawn from the above observations, it can
be said in general that the effect of loading an interdigital array with ferrite material
is to lower the center frequency and to decrease the bandwidth of the structure. A
shift of the lower frequency bound is seen to be from 350 MHz down to 250 MHz; this
is quite significant if the decrease in bandwidth is not considered to be a serious
disadvantage.
3.5 Power Capability of Ferrite Loaded Slot Antennas

Since it is anticipated that ferrite loaded transmitting antennas may be operated
at high power input levels, an investigation was made of the limitations which may
be imposed on allowable power levels due to excessive heating of the loading material
and possible deterioration of its inherent magnetic and electrical properties. As a
preliminary investigation, a cavity slot antenna filled with EAF-2A powdered ferrite
was tested at 10, 50, 100 and 150 watt inputs. The temperature distribution was
measured by means of a series of thermocouples placed along the broad center line
of the cavity (Fig. 3-27).

The dimensions of the slot antenna tested are 12'%3" backed by a cavity 5'" deep.
The thermocouples are Copper-Constantan probes inserted 2. 5" into the aperture face
of the cavity. After a typical temperature vs thermocouple location curve was established
(Fig. 3-27), only the thermocouple located at the point of maximum temperature rise
(center of antenna) was retained. The rest were removed in order to eliminate the
perturbations of the electromagnetic field. The data points for the curves of
Fig. 3-27 were taken after thermal equilibrium was reached.
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The block diagram of the experimental set-up is shown in Fig. 3-28. This
arrangement was decided upon as the most appropriate, after several schemes were
tried. The frequency of operation: for the tests was 312. 5 MHz where the VSWR
was 1,16 and 1. 47 respectively, with and without thermocouple No. 4 in position.
Some of the results of the experiments are shown in Figs. 3-29 and 3-30. Of par-
ticular interest is the graph of temperature vs time which appears in Fig. 3-29. This
graph corresponds to 150 watts input. The 150 watt curve covers an abrupt change of
the characteristics of the ferrite at temperatures ranging between 120 and 15_0.01".., If
this change is attributed to the deterioration of u' and u' at these temperatures,
then from Fig. 3-30 the power limitation of the ferrite loaded, slot antenna is
about 50 watts. However, before any definite conclusions are reached one must
determine the exact dependence of u' and u" on temperature for the EAF-2A powdered
ferrite. For this investigation measurements can be taken using modified techniques
as given in the references (Radp, 1953 and Lax, 1962). Also, measurements for the
determination of the performance of ferrite loaded antennas, at elevated temperatures
showing any deterioration of radiation pattern or efficiency should be made.

3.6 Waveguide Slot Arrays

Considerable effort was spent to fabricate a ferrite-loaded slot array to operate
below 200 MHz, For the limited amount of ferrite material available in this Laboratory,
a waveguide section (11.5¢cm x 1.0cm x 120 cm) designed to have a cutoff frequency at
126 MHz with Q-3 ferrite sticks filling the inside was tested as a transmission line
before the slots were cut in the waveguide. A small current loop located approxi-
mately one-fourth of a guide wavelength from the adjustable shorting end was used
to obtain an optimum impedance match. The VSWR characteristic as a function of
frequency from 180te 900 MHz is shown in Fig. 3-31. The cutoff frequency is much
higher than the designed frequency due to the unavoidable air gaps between the small
solid ferrite sticks and the imperfections of the material.

Measurements of the wave attenuation along the ferrite-loaded waveguide

were made with a voltage probe of a Hewlett-Packard Vector Voltmeter moved
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FIG, 3-28: EXPERIMENTAL SET-UP
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along a longitudinal slot located at the center of the waveguide. The results are
shown in Fig. 3-32. An attenuation of -56 db per free space wavelength at 250 MHz
was observed. The experimental study of the ferrite-loaded waveguide slot arrays

was discontinued because of the impractically high ferrite loss in the waveguide.
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HE11 MODE FERRITE ROD AND TUBE ANTENNAS

4.1 General Discussion

4.1.1 Introduction

A number of analyses on the dielectric rod antennas have been made in the
past as listed in the references. Even so the dielectric rod antenna continues to

challenging problem in electromagnetic theory because of not having an exact
ion of the electromagnetic field distribution around the dielectric rod and its
*hing device.

Summaries of work on dielectric antennas appear  in books (Kiely 1953),
.rsadin 1961), (Wolff 1966). These books do not fully explore the radiation mech-
anism of these antennas nor explain some of the disagreements between those anal-
yses and experiments. Therefore, no reliable design criteria exist for the dielectric
rod antennas.

Arguments on the validity in the application of Schelkunoff's equivalence principle
appear in a recent paper (James 1967). This article states that all treatments of a
uniform cylindrical rod antenna radiating from the radical surface like a leaky guide
are fallacious. Furthermore, the articles states that radiation occurs only at dis-
continuities. These statements are examined in this report.

To extend the knowledge on this problem, the present analysis and experiments
utilize a more general and effective guiding material — ferrite. For simplicity of
the analysis throughout this work, the ferrite material will be assumed to be isotropic
and lossless. Later, it will be shown that some losses in the ferrite material are
tolerable without deteriorating the performance of the antenna as long as most of the
surface wave energy is propagating external to the material. The present analysis
shows that the radiation of the dielectric rod antenna is a superposition of the contri-

butions from the primary current sources in the launching device and the induced

’ﬁThis section includes some of the results of the doctoral research of Mr.
C-C Chen.
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polarization and magnetization currents in the ferrite material. For a short rod

antenna the radiated pattern is very close to the pattern from the open end of a cir-

cular waveguide supporting the TE11 mode. For a long rod antemna the induced

currents becomes more important but in any case there is no null in the forward
direction for a HE 1 surface wave antenna. Before turning to the present work
a brief review of the previous analyses will be given below for comparison.

4.1.2 Review of the Existing Approaches

1) Endfire Array Approach. Halliday and Kiely (1947), Mallach (1949), Beam
(1950), Mueller (1952) and many others assumed the radial surface of the rod as an
assemblage of a large number of isotropic radiators. By the Huygen's ray theory,
these radiators result in the following pattern function:

sinU
F(O) = T (4.1)
where
1 >‘o
U= =%kl |— - cosd
2 Ag

1 = length of the dielectric rod

2) Equivalence Surface Approach. Watson and Horton (1948a, b), Kiely
(1952), Chatterjee (1956), and Barnett (1963), assumed that the dielectric rod surface
of the antenna has the same field components as those of the surface wave on an infinitely
long undisturbed rod, and applied Schelkunoff's Equivalence Principle on the dielectric
rod surface to calculate the radiation patterns. For the integration along the rod axis

Z, the dominant pattern is

A

jk1 X-Q - cos0

]
S £(g,0)e & dz —»£(4, 0)
0

sinU
U

(4.2)

which is essentially the same as Eq. (4.1).
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3) Polarization Current Approach. Fradin (1961) assumed a HE11 wave
propagating along the rod axis and that only the induced polarization current in the
dielectric rod radiates. A volume integration of the polarization current again gives
the same dominant pattern function of Eq. (4.2).

4) Two Aperture Array Approach. Brown and Spector (1957), and James
(1967) gave a physical interpretation of the dielectric rod antenna as a two aperture
array. Radiation only occurs at the discontinuities at the free end of the rod and at
the feed of the dielectric rod. The field radiated from the feed is assumed to have a
radiation pattern identical to the one estimated directly from the transverse wave -

guide aperture as if the dielectric rod were absent.

4.1.3 Discussion of the Problem

The dielectric rod antenna has functions similar to the Yagi antenna --- guiding
the wave and modification of the phase front in the axial direction. The problem of
radiation from the dielectric antenna may be seen to be more or less the same as the
problem of scattering as shown in Fig. 4-1. The total field at a distant point in free
space is the summation of the incident field produced by the open waveguide as an
aperture and the scattered field produced by the induced polarization current in the
dielectric material illuminated by the waveguide. The problem of the uniform dielec-
tric rod also may be explained by the point of view of the transmission line analogy as

shown in Fig. 4-2. A TE__  wave incident from the far end of the waveguide impinges

on the discontinuity at the fleled of the rod. It generates a HE 11 surface wave traveling
along the dielectric rod axis, a reflected wave returning in the waveguide, and a field
corresponding to the direct radiation from the feed. For the endfire antenna it is
desired to excite a HE11 wave on the rod and to have a continual flow of energy
directly outward in the axial direction without reflection from the end. Because of
symmetry the TM__ and TE modes radiate only in the broadside direction, and

01 01
are therefore not considered.
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Since the boundary problem of this antenna could not be solved exactly, all the
analyses attempts were based on various assumptions. The Huygen's principle is a
scalar wave formulation, and it does not give the field direction. If the endfire array
approach takes into consideration the polarization and the field distribution around the
circumference of the rod, it yields the same result as the equivalence surface method.
Both the equivalence surface method and the polarization current method are based on
the vector Kirchhoff formula in spite of the difference in form. If all the currents and
charges are excluded from a region which includes the field point, the volume integration
of the vector Kirchhoff formula vanishes. The surface integral corresponds essentially
to Schelkunoff's Equivalence Principle which represents the contributions of sources
located outside the enclosing surface. On the other hand if all currents and charges
are enclosed in an infinite surface including the field point, the surface integral van-
ishes. Only the volume integration of the vector Kirchhoff's formula contributes to
the radiation.

4.1.4 Some Comments on the Existing Analyses

In the equivalent surface method, the assumed field components on the radial
rod surface are solutions of the homogeneous wave equation in the infinite rod. This
equivalent surface used as an aperture and illuminated by the above field does not
represent the contribution of the sources located outside nor the sources lying inside
the surface. Furthermore, for the endfire antenna of interest most of the energy of
the surface wave is carried outside the rod surface, otherwise the surface wave would
be tightly bound to the rod and would not contribute to the endfire radiation. For these

reasons, use of the assumed field components on the rod surface is a poor application
of Schelkunoff's Equivalence Principle and can not wholly represent the behavior of the
propagating surface wave.

In the polarization current method, Fradin failed to consider the contributions
from the primary current sources in the feeding waveguide. As a result, radiation
vanishes in his analysis when the relative permittivity er reduces to unity, or the

length of the rod reduces to zero; whereas, experiment shows an open waveguide pattern.
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Another example of the failure of both analyses stated aboveis they predicted a null in
the axial direction when u =k{/2 ()LO/ )\g - 1) = 7; whereas, experiment shows a
well defined mainlobe in this direction.

Brown and Spector took a transverse aperture extended to infinity at the rod
end, assumed all of the surface wave radiated from this end aperture, and madea
correction of the radiation pattern by taking into account the direct radiation from
the feed where some energy is not converted to the surface wave. This analysis gives
better results than others but the direct radiation from the feed is still very difficultto
evaluate precisely.

4.1.5 Revised Method in this Report

The general vector Kirchhoff's formula will be applied to both types of antenna,
rod and tube, with a more general and effective guiding material, ferrite. Rigorously
the radiation can be considered to arise from the conducting current in the launching
device, and both the electric polarization and magnetization currents throughout the
ferrite material. However, the conducting current in the launching device is extremely
difficult to estimate precisely. An alternative integration surface S , 28 shown in
Fig. 4-3 taken to exclude the launching device from the field point region V, takes into
consideration the contribution from the launching device approximately by integrating
the assumed aperture field over the transverse aperture S1 at the mouth of the feed
waveguide. The whole integration procedure is presented in Section 4.2 to eval-
uate the far field expression of the solid rod antenna. The same procedure can be ap-
plied to the ferrite tube antenna. Due to the two layer boundaries of the tube the mathe-
matical expressions are rather long andtedious. Therefore the two aperture array method
is presented in Section 4. 3 for the problem of the ferrite tube antenna. The experimental
results of the ferrite tube are presented in  Section 4.4. Finally a discussion of the

results, features and design criteria of these antennas are discussed in Section 4. 5.
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4.2 Ferrite Rod Antennas

4.2.1 General Solution of the Field Equation in Terms of the Electric
Polarization Current and the Magnetization Current

Maxwell's equation in a free space region except for small ""islands" of homo-
geneous material media which contain the polarization current density J , magnet-
P

ization current density J m and possibly the conducting current density Jc can be

written as:
r = 0B =
v = - 2= .
x E Ho ot Jm
- 9E =
v = =
xH Eo 31 + J
(4. 3)
1. e
V' E = —
€
0
P
K V . }_{ = ._El
Ho
where the effective currents in free space are:
/ -
J =3 +3
c p
- OE .
{ Jp = (€ - eo) 3t polarization current density 4.9
T = uw-u) _Q_Y_I' magnetization current densit
\ m o' 3t g y

]

and the vector Helmholtz equations for a time harmonic field with e wt factor under-

stood are;:

-jwp,oJ - Vme

1

— 2_
VxVxXxE -k E
(4. 5)

-jwe J_+VxJd
o‘m

1

= 2
VxVxH - k H
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The field solution of these Helmholtz equations at a point P in a volume V

enclosed by a surface S can be derived to be:

= 1
Ep= TX (]wu JG+J xVG——é-p;-VG)dv
4—1-§ qu mxH) G+ HxE)xVG+(@- E)VG] (4. 6a)
S
1 P
H = TS (]wGJ G-JxVG - —=vVvaG)dv
P Ty by
Z%S we @xEF)c+ @xH xVG+@H: ﬁ)VG] (4. 6b)

S

where G is the Green's function in the free space and 1 is the unit vector normal to
the bounding surface directed into the region V. The volume integration in the first
term of Eq. (4. 6) is the particular solution of the Helmholtz Eq. (4.5). Physicallyit
represents the field .distribution from the sources distributed through the region V.
The surface integration in the second term of Eq.(4. § is the complementary solution

of the Helmholtz Eq. (4.5). Physically it represents the field contribution from the
sources lying outside the region V. Equation (4. 6) is essentially an integral equation
since the unknown fp and jm appearing in the integrand are the unknown functions
of £ and H. However, if the material is small in the whole region V and if one can
estimate E and H and also jp and jm in the material with a reasonable accuracy,
Eq. (4.6) will give the approximate expressions of fp and —ﬁp elsewhere in

the region V. Then the problem of radiation from a ferrite rod antenna is re~ -
duced to the problem of the electromagnetic field in the free space with the polar-
ization and magnetization current densities :fp and Em in the ferrite material and
the conducting current density J c in the waveguide. When the surface S encloses the

whole antenna and extends to infinity in the free space the surface integration in
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Eq. (4.6) vanishes and the volume integral can be decomposed as:

- 1 - —

b vy SSK (jwqupG+meVG)dv
Ferrite
Rod

& 1§ porgenyes 7 xv]

i S [jwuo(Jp+Jc)G + me VG|ldv . (4.7
Launching
Waveguide

The polarization and magnetization current densities .Tp and J’m in the first term
of Eq. (4. 8) can be obtained from the relation of Eq. (4.4) by assuming that the field
components in the rod are approximately the same as those of an infinitely long rod
of the same material and cross section. The second term of Eq. (4. 7) is the radiation
from the loaded waveguide. The current distribution at the mouth of the feed wave-
guide is very difficult to determine precisely. However, the radiated field can be
evaluated approximately from an assumed field distribution over the transverse

aperture at the mouth of the feed waveguide.

- 1 - -
Ep = -7 j'SJ‘ (quonG+meV G)dv
Ferrite
Rod
+Z£1r' [—jwuo(’ﬁxﬁ) G+ ([xE) Vx G:]ds. (4. 8)
+8 +
S1 A S3

Equation (4. 8) is the vector Kirchhoff's formula for which region V includes the ferrite
rod but excludes the feed waveguide. The bounding surfaces are taken as the transverse

aperture S1 at the mouth of the feed waveguide, the metal surface 82 of the feed wave-

guide and the surface S, enclosing the region V at infinity as shown in Fig. 4-3. For

3
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simplicity, assume the field contribution from 82 18 negligible.. The field at infinity
satisfies the radiation condition. The approximate field expression reduces to the

volume integration of the ferrite rod and the surface integration across the transverse
aperture Sl'

4.2.2 Ferrite Rod Waveguide

The field components of an igotropic infinite ferrite rod obtained by solving the
homogeneous Helmholtz equation in cylindrical coordinates (p, #, 6) subject to the

boundary conditions on the cylindrical surface of the rod for the HE11 mode are as

follows where the time dependence factor ejw t The field inside the

is understood.

rod for (p < a);

- -Jvz
Hz AiJl (klp) cosfle ,
i
iy Jue -Jvz
H = [-A J' (k.p) + B J (k. p)| cos@e ,
P ik, 1 i 2 ‘11
1 k, p
L 1
f’ .
jwe
= _j.l - 1 1 -jrz
H¢ A1 5 Jl(klp) B1 ” J1 (klp) sing e ,
k. p 1
L 1
= ERE
E B, J, (klp) sinffe ,
M
Jou I
= - '
Ep Ai 5 Jl(klp) ik J(k p) sin¢e ,
k'p 1
i 1
Juu ]
E, =|A 1J’ (k.p) - B i J.(k.p)|cos@e vz , (4.9)
¢ i k. 171 i.2 “1"™M
1 klp
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The field surrounding the rod for (p > a):

_ (1) -jvz
HZ A Hn (kop) cosfe s
Jwe
H = -AOJT(:Y- H'(l)(k p) + B 5 (1)(k p) cos¢e vz ,
P 0 k p
L (o]
. jwe
- iy (1) (1) . “jvz
H¢ AO-—-—k2 H (k p) - B k Hy (kop) sinfe ,
L %P
_ (1)
E, 1 (k p) sinfe ,
JWH 3 .
1Y ) -
E =|A —2 H(ll)(kop) - B H'l(l)(kop) sinfe V%,
P k p 0
L 0
and r
juu . .
E¢ = A0 - 0 ()(kop) - B —3-21- (1)(k p) cos¢e Tz , (4.10)
k p
N 0
with
2 2 2 _
k1 = W ule ;- Y inside the rod
2 2 2 .
ko SwopE - in surrounding free space. (4.11)

) 1
In the above "a'" is the radius of the ferrite rod, J ) and H(1 ) are Bessel and

Hankel functions of the first kind and of order one respectively. The ferrite rod is

assumed to have a permeability u_ =u o ur and a permittivity € ) =€ €

1 T
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All the tangential field components on the boundary surface p = a must be continuous.
In matching these z and § components one obtains four equations for the four unknown
constants A , AO,B

i i
the coefficients of these constants must be zero. This results in the following deter-

and Bo' In order to have a nontrivial solution the determinant of

minantal equation and a relationship of the A's and B's.

' (1) | (1)
er Jl(kla) B H1 (koa) “o Jl(kla) 1 H1 (koa)
k a Jl(kla) k a H(l)(k 2) k,a Jl(kl a) k 8 H(1)<k 2)
1 o 1 o
2 2
(kla) -u r € . (koa) 1 1 9
il ) ) [ R— (4.12)
(kla) -(koa) (kla) (koa)
(1)
f}_ - Ei - El_ﬁ‘f_). (4.13)
Ao Bo J1 (koa)
" (1)
1 1 ny Jika) o HY Uk B)
Y - W -
B { l:(kla)z (k a)z] ° k1a Jl(kla) koal H(l)(k a)
R o - 1 "o .
A , (1) 1T 1
i WE kel; jl(;ili)) 'kla Hl(l)(koa) 7l:(kla)2 (k 3)2}
%1% 911%™ o H, (ka) °

(4.14)

The electric and magnetic surface charge densities on the rod surface are:

B 112 2 7
k -k
_ 111 Meell®1 7% 2r2 -jvz
9 = A k@) e 2 2 (et -(37) |sinfe
rr
L. O 1 L .
F 12 L2 T
u e [k, -k
) 11 rrill o ,272 -jvz
o = BJ (kla)jwa k2 7 |[ae —(r) cos( (4.15)
rr 0
Lo 1 L J
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These oscillating surface charge densities on the rod surface produce the same field
as the volume electric polarization current density and the magnetic polarization
current density in the rod due to the subatomic displacement of charge centers and
alignment of spin momenta. Magnetic charge as included in the density O is
fictional. The magnitude ratio of o, and o is the same as the ratio of TE to
TM components. In the limiting case with ML =1, er =1 both electric and mag-

netic surface charges vanish.

Equation (4.12) is the determinantal equation which determines kla
and koa and thus determines the propagation constant < along the longitudinal

axis of the rod. By eliminating <% in Eq. (4.11) and by rearranging the terms

there results:

2 2
2a2 % -2

(__.. = (4.16)
A 2 ’
o m (prer -1)
and
A 9 (kla)2 -k a)2
(£)° = 0 (4.17)
Ao k.2) -y e (ka)
1 “r T O

The diameter of the rod is related to the axial phase velocity by Eqs. (4.16) and (4.17).
By substituting the corresponding (kla) and (koa) values which satisfy the deter-
minantal Eq. (4.12) into Eq. (4.17) the phase velocity of the surface wave along the rod
axis is obtained. The cutoff frequency occurs at the frequency at which the argument
of the Hankel function koa approaches zero through imaginary values. The cutoff
diameter of the ferrite rod can be found from Eq. (4. 16) by substituting the values of

kla as koa approaches zero.
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2a 1
— = —— - (k. a) . (4.18)
>t0 mu € -1 1
cutoff 1/ rr koa——> 0

The HE11 wave on the rod has no cutoff because kla becomes zero as koa

approaches zero, and it is observed from Eq. (4.18) the surface wave cannot propagate

along the rod without attenuation when the rod material has the value of u r er equal to

unity.
4.2.3 Radiation Due to the Polarization Current and the Magnetization Current
in the Rod
When a finite rod is used as an antenna the field present in the rod is not that of a
simple HE mode; however, it is assumed that the HE, . mode component is the most

11 11
important part of the field configuration. The analysis in the last section on the rod diam-

eter and the axial phase velocity will serve for engineering purposes in the design of arod
antenna.

Once the polarization current and the magnetization current are taken to be in
accordance with the assumed HE11 mode component in the finite rod, the volume
integration of the rod can be performed with cylindrical coordinates (p, §f, 8) as shown
in Fig. 4-4. If only the far field zone is considered, the components of the radiated

electric field can be expressed as:

-jkr . C1oay
E = - 1k_e___s [TJ;T'O + 7 .6]elkr cos .
6 47r m

A"
-jkr
- - jk:“ [LV”NG] , (4.19)
and
., ~jkr

E¢ o L6 nN¢ : (4.20)
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FIG. 4-4: COORDINATE SYSTEM ASSUMED FOR THE FERRITE
ROD ANTENNA.
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The components of the radiated magnetic field are:

]kl‘
H6 = W [9 nN¢] (4.21)
and
_je—jkr
= —_— + nN
Hy 2X_tn [L¢ n 6]’ (4.22)
In the above
T
M
. 1/__
€ 3
o
r'cos§ = p'sinfcos(f-¢') + z'cosh , (4.23)
3 1
N = S 3 e]kr cos & dv'
v p
and
— - i '
T, - S 7 kTSt o (4.24)
y O

The rectangular components of the electric field can be obtained by the trans-

formation of coordinates and the relationships of the Bessel functions:

\% V cos@ - V, sing

X ¢

Vy = Vp sin ¢ + V¢cos¢ (4.25)
Jl(klp)

Jo(klp) = klp + Jl' (klp)
I,k p)

Jz(klp) = klp - Jl(klp) . (4. 26)
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Thus the assumed field components in rectangular coordinates along the ferrite rod

from Eq. (4.9) are:

+
j[Aiwul Bi'y:l

B T Tk 3,0 p) stnzge ) 7

Ey jE&iw:kll- Bi‘Y] Tolkpp) - j[Aiw;l(: Bi’y:] J,(k,p)cos 20 e 172
Hx - —j[Ai’;k'lBiw €1] Jo(k19)+ jl:Ai'Y;k]:iweJJz(klp)cosz¢ e"j‘yz
Hy - jl}‘ﬂz;lBiwfl] J20‘1p) Sm2¢e-j‘yz . (@2

Substitute Eq. (4.27) into Eqs. (4.4) and (4. 24) and perform the integration by using

Eq. (4.23) and the Bessel-Fourier series

ejkp' sinfcos (§ - §') = Jo(kp' sin )

@
+ Z 2jme(kp' sin@) cosm(@ - ¢') . (4.28)
m=1
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