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ABSTRACT

This report discusses the activity and accomplishment of the various aspects of
four assigned tasks of this project for a three month period. Under Task I, studies
have centered upon the development of a helical slow wave structure utilizing ferrite.
The objective is to use this helical structure as a winding on a log conical spiral. In
this way, the ferrite loading material would be associated with the conductor of the

A ferrite loaded slot array is being studied under Task 2. Some preliminary
results are given utilizing type Q-3 ferrite sticks in transmission line fed slots. As
a result, the type of ferrite loaded slot arrays will be completely changed in future
work. Individually ferrite slots will be used rather than those fed by a waveguide.
The objectives under the new program of ferrite loaded arrays are described in
some detail.

Under Task 3, studies have been made on ferrite rod antennas. Most of the
work has been on analysis of such antennas. Simple experimental models have been
fabricated, but test data are not yet available. Various analytical approaches are
considered in the report. A review has been made of such analyses by other
workers. An analysis more complete than any heretofore, is now underway. Prin-
cipal considerations of this analysis are given.

Various types of antenna configurations useful down to 30 MHz are studied under
Task 4. A discussion and analysis is given on the advantages of multi-linear ele-
ments. Experimental data are recorded upon the tuning of linear elements utilizing
magnetic biasing. Multiple resonance behavior of composite slow wave structures
is considered both experimentally and analytically.

Additional information is reported on the testing of ferrite materials. For the
frequency ranges involved, previous test methods have not beenentirely satisfactory.

For this reason, a strip line cavity was fabricated.
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I
INTRODUCTION

During this quarterly report period, progress has been made in each of the
general areas designated as Tasks under this contract.

Task 1 dealing with the log conical spiral antenna has been given considerable
emphasis during this period. A rather detailed study of slow wave structures, use-
ful for winding such an antenna, has been made. The reduction in size possible,
'using a slow wave winding, involving a helical wire about a ferrite core, has ap-
proached the ratio of 4: 1. This reduction factor has been observed upon the basis
of radiation patterns at various frequencies. Radiation patterns taken on a cylin-
drical helix antenna wound with such a slow wave winding have been very satisfactory.

Efficiency tests on the antenna were not satisfactory. The efficiencies
achieved were unexpectedly low. The efficiency can be contrasted with use of
a ferrite core in a cylindrical helix wound with a simple circular conductor.
Efficiency of the order of 60 percent was achieved for such cylindrical helical
antennas. It is believed at this time that the slow wave structure utilizing
ferrite is very much dependent upon the Q-factor of the ferrite; particularly,
the magnetic Q is of extreme importance. The contribution of ferrite material
in this slow wave structure can be considered to be provided by molecular -
currents in the ferrite. A slow wave structure could be formed by using more turns
of solid copper conductor. Whether one structure is better than another will be very
much dependent upon the losses of the structure.

Task 2, involves slot arrays utilizing ferrite loading. The activity under this
task originally concentrated on a waveguide section utilizing a number of slots cut
in the broad wall. However, difficulties were encountered due in large part to the
fact that the type Q-3 ferrite sticks were not capable of operating at as high a fre-

quency as indicated in the printed sales literature. For this reason, anunsatisfactory
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design of an array developed. The actual cutoff frequency of this array was con-
siderably above that which was calculated based upon published electrical charac-
teristics of the type Q-3 material. After numerous efforts to modify this design, it
was decided to embark on an entirely different design using separate ferrite filled
slots. This change was in accordance with the desire of the contract monitor.

This task is now being studied, utilizing three slots in a linear array. The
linear array will be arranged first so that the H-fields are collinear and later a
similar linear array will be arranged so that the E-fields are collinear. Provision
is being made so that magnetic bias can be applied in various amounts to the individ-
ual ferrite filled slots. Phase and amplitude control of the illumination of each of
the slots will be by appropriate elements placed in the coaxial feed lines to eachslot.
Some control of either amplitude or phase or possibly both, may be achieved by the
application of magnetic bias. Detailed arrangements of the magnetic bias schemes
have yet to be worked out.

Under Task 3, a large amount of analysis has been made of ferrite rod radia-
tors. The starting point for this analysis was the available analysis of dielectric
rod radiators. In surveying the available analyses, it was found that each of the
available analyses had considerable deficiencies due to the mathematical model
used. The mathematical model available in the literature which seems closest to
being satisfactory is the one designated in this report as Fradin's analysis. This
analysis makes use of electric polarization currents on the boundary surface of the
dielectric rod antenna. The analysis offered by this project is one which will make
use of both electric and magnetic polarization currents on the boundary surface of a
ferrite rod. A rather complete discussion of the merits and defects of presently
available analysis of rod antennas is included in this report. The experimental part
of this task is underway to the extent that some ferrite rod designs have been made

and are ready for testing.
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Effort has been continued under Task 4 in the development of antenna types
suitable for operation down to 30 MHz. Both experimental and analytical studies
have been made. This task has reviewed many types of configuration of radiating
element with a view to use at this frequency range. In the present report, details
are given on the study of multiple linear elements. Such multiple linear elements
can use material loading as is indicated in the report. In the report, emphasis is
placed on three different geometrical configurations, - a single helical monopole,
a double helical monopole, and a folded helical monopole. These arrangements
were tested with the helix having a hollow core with and without a filling of ferrite.

The study of linear elements was extended to the use of magnetic biasing. It
was found that a direct current through an appropriate winding could sufficiently
change the characteristics of a a ferrite core so that a shift of the resonant fre-
quency of the linear element could be observed. Shifts in frequency of as much
as 7 percent were obtained. This does not seem to constitute a limit. .

Substantial work has been done on the measurements of materials. A new
resonant cavity has been fabricated utilizing the TEM mode. It is believed that this
resonant cavity will be best suited for the frequency range of interest, 100 MHz to
700 MHz. It also offers considerable advantage as far as requiring a minimum of
time in preparing the samples for testing. The resonant cavity utilizes a strip line.
The cavity has a length of approximately 5'. Tests on the cavity indicated an un-
loaded Q of approximately 300. Although this was sufficiently high for the deter-
mination of the real part of permeability of samples utilizing the perturbation
method, it still left something to be desired. For this reason the cavity is now
being silver plated in order to improve the unloaded Q. It is believed that if the
unloaded Q is approximately 700, then it will be possible to have meaningful
measurements of the imaginary part of complex permeability and complex permit-

tivity.
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In addition, another measurement circuit has been utilized. This measurement
makes use of a sample holder that is really a shielded parallel plate capacitance. In
this way measurements were made on the relative dielectric constant of Indiana
General type Q-4 material. These measurements were made in the frequency range
from 100 MHz to 200 MHz. The values of dielectric constant obtained appeared
reasonable. This method has severe limitations as far as frequency and is generally;
not appropriate for frequencies above 200 MHz; in fact, it may very well be subject
to severe limitations above 100 MHz. It is believed that these values so obtained

should be checked by the resonant cavity method.
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FERRITE LOADEDHCONICAL SPIRALS
2.1 Introduction

The objective of this task is to develop a ferrite filled conical spiré.l antenna
that will cover the 200 to 600 MHz range and reduce to approximately one-third the
size of an unloaded conical spiral antenna. The antenna is to have circular polari-
zation 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 contract, emphasis has been placed on size
reduction of helix antennas instead of conical spiral antennas. The reasons are two:
1) a helix is a special case of a conical spiral antenna that occurs ;ivhen the cone
angle is 0 degrees; 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 this report period, a helix antenna with a winding consisting of a fer-
rite filled helical slow wave structure winding was studied. Tests performed on
this antenna indicate that it has good helix antenna patterns from 160 to 210 MHz
corresponding approximately to a 4 to 1 reduction of the diameter of this antenna.
The input impedance over this frequency range centers around 400 - j200 ohms.
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 st;ucture wind-
ing is a reduced size helix antenna of rather low efficiency. A higher magnetic Q
of the ferrite filling could considerably improve the efficiency.

2.2 Antenna Description

The antenna is a 6-1/2 turn bifilar helix antenna. The conductor of the

antenna is a smaller helix, wound on a 3/4" O.D. x 3/32" thick piece of Tygon
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polyvinyl tubing with number 20 enameled copper wire. The small helix is wound
at a ptich angle of 80. The conductor is itself wound on a 3-1/8" O.D. x 1/16" thick
piece of NEMA XXX (MIL-P-3115-PBE) paper phenolic tubing at a pitch of 4", The
antenna was fed at the tip through an Anzac H-9 hybrid through two pieces of
RG-58/U coaxial cable that had the sheilds tied together. Figure 2-1 dipicts the
antenna with the windings filled with EAF-2 powdered ferrite. Figure 2-2 shows
a cross section of the antenna and gives the dimensions.

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

2.3 Experimental Results

The far field radiation patterns between 160 and 210 MHz for antenna 232
were very close to those observed for a conventional helix antenné, as is indicated
in Fig. 2-3. Using the arithmetic average of 160 and 210, or 185 as the center fre-
quency 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
antenna 232 is 27 per cent. This compares with a value of 50 percent frequently
claimed for a conventional helix antenna.

According to Li 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. 2-4. The imped-
ance 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
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FIG. 2-1: ANTENNA 232 A BIFILAR HELIX ANTENNA WITH A HELIX SLOW
WAVE STRUCTURE WINDING FILLED WITH POWDERED EAF-2

FERRITE. 7
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FIG. 2-3: 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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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 a conventional
helix. This would be expected from the transmission line analogy used to describe
some of the properties of a helix antenna, since the coiled conductor is an inductive
loading (Lyon et al, 1966, p. 6).

The results of gain measurements on the antenna were not very encouraging.
However, additional tests are planned. The loss in the RG—58/ U coaxial cable
(2 feet) was not used to correct the measured reflection coefficient. At frequencies
from 170 MHz to 190 MHz this loss is insignificant.

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

In these last two sets of measurements, the polarization ratio could have
been. adversely affected by the antenna being only 4 feet above a metal turret. This
is 0.68 of a wavelength at 170 MHz and could have contributed to a slight degrada-
tion in the value of the polarization ratio measured. The measured values are not,
however, unusual for conventional helix antennas. Since the construction of the
antenna was not very precise, irregularities may have been the cause of the ellip-
ticity of the polarization.

One reason for the low efficiency of the antenna is apparent from the mea-
sured current distribution on the antenna which indicates a standing wave. Figure
2-5 shows the current distribution on the ahtenna at 170 MHz and Fig. 2-6 shows the
current distribution at 190 MHz. In both cases relative amplitude and relative phase
were measured.

A small loop (0. 131" in diameter) was used to measure the magnetic field at
the exterior of the winding as is illustrated in Fig. 2-7. The probe was centered
above each winding with the plane of the loop perpendicular to the axis of the antenna

as is illustrated. A Hewlett-Packard Vector Voltmeter was used to measure the

11
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FIG, 2-7: ANTENNA 232, A BIFILAR HELIX ANTENNA WITH A FERRITE FILLED
HELICAL WINDING SHOWING THE LOCATION OF THE IL,OOP PROBE
WITIH RESPECT TO ANTENNA 232,
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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. 2-5 and 2-6, a standing wave current distribution
exists along the antenna with some loss present which fills in the nulls of the ampli-
tude 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.
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III
SLOT ARRAYS

Considerable effort was spent to fabricate a ferrite-loaded slot array to operate
at frequency below 200 MHz. For the limited amount of ferrite material available
in this Laboratory, a waveguide section (11.5 cm x 1.0 cm x 120 cm) designed to
have a cutoff frequency at 126 MHz with Q-3 ferrite sticks filled inside was tested
as a transmission line before the slots had been cut in the waveguide. A small
current loop located approximately one fourth guide wavelength from the adjustable
shorting end was used to obtain an optimum impedance match. The VSWR charac-
teristic as a function of frequency from 180 to 900 MHz is shown in Fig. 3-1. The
cutoff frequency is much higher than the designed frequency due to the unavoidable
air gaps between the small solid ferrite sticks and the impertion of the material.
Measurements of the wave attenuation along the ferrite-loaded waveguide were made
with a voltage probe of a Hewlett-Packer Vector Voltmeter moving along a longitu-
dinal slot located at the center of the waveguide. The results are shown in Fig. 3-2.
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. However an array
of individual ferrite filled slot cavities is now under investigation. The re-oriented
program will include the investigation of

1) Impedance characteristics of the array including driving point impedances
values;

2) Beam controlability of the array as well as the individual slot cavities by
magnetic tuning;

3) Side lobe levels and angles as a function of power distribution;

4) Size reduction and decoupling effects of the array of slot cavity antenna.

5) Use of magnetic bias for frequency band shift.

16
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Iv
FERRITE ROD ANTENNA

4.1 Historical Background

The dielectric analogy will be used to calculate radiation field of an isotropic
ferrite rod antenna, the analysis of the dielectric has been already investigated by
Horton (1948); Brown and Spector (1957); Fradin (1961); James (1967) and many
others, but it continues to be a challenging problem in electromagnetic theory. Thus
for all the analysis attempts have been based on various unsupportable assumptions
and approximate techniques. Even so, the agreement between these theoretical
solutions and experimental results are fairly good.

Arguments on the validity in the application of Schelkunoff's equivalence
principle appear in the lattest paper by J.R. James. He states that all treatments
of a uniform cylindrical dielectric rod antenna radiating from the radial surface,
like a leaky guide are fallacious. He belives that radiation occurs only at discon-
tinuities and the dielectric rod antenna can be treated as a two aperture endfire
array. A brief review of three representative analyses by Horton, Fradin and
Brown are given below for comparison. This development will indicate a new
. method to estimate the radiation field of the ferrite rod antenna which is an analog
of the dielectric rod. Later this approach will be used to solve the problems of the

paraboloidal tapered antenna and the spherical stub antenna.

4.2 Review of the Existing Methods
4,2,1 Horton's Analysis

Horton applied Schelkunoff's equivalence principle to the surface S, of the

d
dielectric rod as shown in Fig. 4-1 with
J = axH , (4.1)
and _
M=Ex% , (4.2)

19
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FIG. 4-1: EQUIVALENT SURFACES USED TO ESTIMATE THE RADIATION

FIELD OF THE DIELECTRIC ROD ANTENNA IN HORTON'S
ANALYSIS.
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where n is the unit vector directed outward from the rod surface, E ; and H ¢ are
the transverse vector fields on the rod surface. Thus the far field radiation patterns
is obtained from the magnetic vector potential A and electric vector potential F
in terms of E ¢ and Ht for the dielectric rod of rectangular cross-section, Horton
‘assumes that the fields E and H on the surface of the dielectric rod are the same
as those undisturbed fields in the metal waveguide plus a fictitious magnetic current
varying across the width of the guide due to the absence of the metal guide wall,

For the dielectric rod of circular cross-section Horton assumes that the field
interior to and on the surface of the dielectric rod are the same as those on an
infinitely long dielectric rod plus two additional correcting factors. One of these
factors is the ratio of the radius of the equivalent integration surface S d to the
radius of the actual dielectric rod. The other factors are the amplitudes of each
field component as a function of the distance along the rod. Contributions from the
end surface So of the dielectric rod and the outer surface SW of the metal wave-
guide are negligible.

4.2,2 Fradin's Analysis

The electromagnetic fields assumed on the boundary surface of the dielectric
rod antenna are only the approximate values. In addition the far field radiation
patterns obtained by the surface integral of the vector Kirchloff formula in the
direction normal to the equivalence surface, the endfire direction in which we are
interested, are poor. Therefore Fradin applied the second equivalence principle to
carry out the volume integral. This principle divided the electric field in the
dielectric rod into two components, displacement current in free space and displace-
ment current due to the increase of permittivity by the appearance of the dielectric
rod. He replaced the later component by an equivalence volume distribution of
conductance current Jeq and postulated only this equivalence current in the dielec-

tric rod radiation as shown in Fig. 4-2
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FIELD OF THE DIELECTRIC ROD ANTENNA IN FRADIN'S ANALYSIS.
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The magnetic vector potential A was thus obtained by integrating Jeq through
the dielectric rod.

4,2,3 Brown's Analysis

Brown and Spector give a physical interpretation of the dielectric rod an-
tenna as a two aperture array. The metal waveguide and the uniform dielectric
rod are purely guiding structures like two sections of transmission line with
different characteristic impedances. Radiation only occurs at the discontinuities
at the free end of the dielectric rod and the junction between the wavegudie feed
and the dielectric rod as shown in Fig, 4-3. A wave incident from the far
end of the waveguide impinges on the discontinuity at the junction. It generates
a surface wave traveling along the dielectric rod, and a reflected wave re-
turning in the waveguide. This results in a reactive field near the junction and
a field corresponding to direct radiation from the junction, The field radiated
from the junction is assumed to have a radiation pattern similar to the one
estimated directly from the junction aperture as if the dielectric rod were ab-
sent, Therefore the dielectric rod antenna can be treated as a two aperture
array. The relative energy radiatied from the junction aperture and the free
end of the dielectric rod can be determined approximately by experimental
measurement of the reflection coefficient at the junction (R,H, Clarke, 1957),

4,2,4 Comparison of Prior Methods

In the treatment of the uniform rectangular dielectric rod problem Horton
assumed a fictitious magnetic surface current in addition to the undisturbed

field in the recatngular dielectric rod. This is essentially the same as as-
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Waveguide Dielectric Rod

FIG. 4-3: TRANSMISSION LINE ANALOGUE OF THE DIELECTRIC ROD
ANTENNA.

24



THE UNIVERSITY OF MICHIGAN
7848-6-Q

suming an incident wave and a scattered Waive due to the discontinuity from the
junction., However in the circular dielectric rod problem the equivalent sur-
face used to estimate the radiation fields is incorrect for it contradicts his
assumption; since he assumed a surface wave travels along the axis just as for
an infinite long dielectric rod. The energy is partly propagated inside the di-
electric rod and partly outside. The equivalence surface should be the one that
takes account of the contribution from the entire surface wave; i.e., the equiv-
alence surface involves a transverse plane extending to infinity as shown in
Fig, 4-4,

Fradin's analysis seems to be reasonable, the equivalence volume current
is essentially the motion of atomic particles in vacuum and thus can be treated
as a source current radiating into an unbounded free space. If one can es-
timate Jeq in terms of E field in the dielectric rod with reasonable accuracy
the Kirchhoff's formula will give an approximate solution,

Brown's two aperture array model is questionable for one still remains
essentially ignorant of the field at both apertures of discontinuity. In addition
the Kirchhoff's formula and array theory can not apply in the presence of the
dielectric rod between them, The transmission line analysis is appropriate for
an ideal representation; it doesn't exist in practice. In the latest paper,

J.R, James (1967) states that the equivalence principle can not apply to the
dielectric rod surface between the two ends of the rod. This statement seems
to be incorrect since the discontinuity could be interpreted as due to the ab-
sence of the wavequide conductor on the surface of the rod.

In conclusion the surface wave rod antenna is neither a two aperture array
nor of infinite length supporting a traveling wave. It seems worthwhile to

reinvestigate the field distribution surrounding and inside the rod again,
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Waveguide Dielectric
Rod

FIG. 4-4: A NEW EQUIVALENCE SURFACE WHICH INCLUDES THE
CONTRIBUTION OF THE ENTIRE SURFACE WAVE.
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4.3 Excitation of a Surface Wave on the Ferrite Rod by a Cylindrical Waveguide

A very convenient device to launch a surface wave into a ferrite rod is the cy-
lindrical waveguide. Suppose the semi-infinite circular cylinder is located at
p <a, z <0. Adielectric rod of radius "a" inside the cylindrical waveguide
extends from z = -0 to z =+ . Assume the wall-thickness of the cylinder wave-
guide is negligible. An incident wave from z = -c0 propagation along the rod. As a
result of the discontinuity at z=0 where the cylinder waveguide terminates, the
energy incident upon the discontinuity will be partly reflected into the waveguide and
partly transmitted as surface waves along the dielectric rod with some radiation.

A representation of the discontinuity is shown in Fig. 4-5. Let (p, @, z) be the
cylindrical coordinates and assume fields inside the ferrite rod or region I and
outside the rod or region II. The fields to the left of the discontinuity are directed

by the superscript - and to the right denoted by the superscript +. Take the time

jwt

dependence to be of the form e The total electromagnetic fields everywhere are

E=T+8 , (4. 5)
f=0+8 , (4.6)

where E- and O are incident fields from z = -, E and I° are the scattered
fields due to the discontinuity. The scattered fields obey the homogenous wave

equation

2412 <%:> -0, (4.7)
H

and must satisfy the following conditions:
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1) Tangential field components
I- IT-
E = E =0
¢ ¢
3
I- II-
= = = <
\E¢ EZ 0 p=a, z<0 (4.8a)
r I+ II+
E = E
¢ ¢
+ +
1 EI = EII p=a, z>0 (4.8b)
zZ z
I+ I+
H = H
¢ ¢
+ +
HI = HII p=a, z>0 (4.8¢c)
zZ z
II II . i - P
2) E and H~ satisfy the radiation condition at infinity.

Expand all field components in a Fourier series with respect to §f and take

the Fourier transform with respect to z. Let the transforms of E and H be

V and 1.
27 .00
L +j(vz +nf)
VoM = 27rj j E (o, d, z)e dgdz (4.9a)
0 -0
1 5 jng ¢% “jvz

21 ., 0

_ 1 +j(vz + ng)
Izn(p,"y) z”jo S_mHz(p,(Z,z)e dgdz
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B LU -jvz
H (o, ¢,Z)=-2-;rn2=_me S_Oolznm,v)e dy . (4.10b)

The z - components of the wave Eq. (4. 7) in cylindrical coordinates can be written:

oE> °ES  8°E°
1 A 1 Z 7 2_s
~ = \p + = + +k E =0 for TM wave
p (4.11a)
- SHE . Bsz 82y S -
——\p 4+ — + Z+kH = 0 for TE wave.
p z (4.11b)

The corresponding differential equations for Vin and Izn are :

2 v (0.7
8 3
[-}--—(p—a—)+ k2-72-9§] Sz“ 0 . (4.12)
p IZn (0,7

Since the field remains finite within the rod at p = 0 and must vanish in the infinite
external space the solution must be of the form:

For regionI, p <a

s1 s~

Vzn(p"vl) zZn

1
<

sI+
(p,71)+V (

on Ps7) =AM (K p) (4.132)

sI sI- sI+
+ = :
Izn(p,'yl) L (p,vl) L (p,vl) a(vl)Jn(Klp), (4.13b)

For regionII, p > a ,

(2)

n

sII sl - sII+
= + =
Vo (o, VZn (p,vz) Vzn (p,’Yz) A(vz)H

n 5 (K2p) (4.14a)
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IsII
zZn

s1I

(b, 1) =L o, V) + Iz f— (b, 7,) = b<72)H:12)(K2 o)

where

K =w2u € -'yz and € -'yz

2
1 Kg=wryey

Then,
2T , @

+ 1 -
Vg =5= JIO jo E_(p, ¢, z) e+J(7Z+n¢)d¢dz

271 .0
1 +j
'é?s s EZ(P, 4, z)e

0 -0

+ -
and similarly for I and I
zZn z

- _ (vz+n ()
VZD (p’Y) -

dgdz

Apply the boundary condition on p =a for Eq. (4.8)

sI- _ IT- _
v, @ - vzn (ay) =0.
Then one obtains:

sI+

VZ 0 (avy)

Jn(Kla)

(
A(y) =

sII+
zn

H(nz)(K 2a)

sI
Zn

Tan+1°
Z

Jn<K1a)

I+

n (a7y)

1

(4
sII+

(ay)+1
zn

(2n) (K.a)

sII1
" (av)

[
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Substitute Eqs. (4.18) and (4.19) into Eq. (4.13) and (4.14) for p < a and obtain:

I+
sI Vzn (27)
VZn (p, ’Yl) T K. a) Jn(Kl p) (4.20a)
n 1
I- I+
sI I:n (a’Y)—FIZSn (a'}/)
I (p, ’Yl) TR 3) Jn(Klp) , (4.20b)
n 1
and for p > a :
sIi+
\Y (av)
I 2
Vin (p, 7,) = —5(%)——— i )(sz) (4.20¢c)
H (K_a)
n 2
sII- sII+
I (a, M+ 1 (a7)
I 2
1§n<p,72) - 28 2 zn Hr(l)(sz) . (4.20d)
Hn (Kza)

If Vzn(a’}/) and Izn(a'y) are known for p =a, -0 <z < o then EZ(p, @, z)
and HZ (0, @, z) can be found by the inverse transform Eqs. (4.9) and (4.10). The
remaining field components can then be obtained from Maxwell's equations.

If 2 is replaced by -jv énd _E%i by -jn, the p and ¢} components of

0z
V and I can be expressed in terms of VZ and IZ components.

1 _—n'y E)Iz_
= — | —— + 3 ——
V¢ 3 | V3 jwu 5 (4.21a)
K L i
0V ]
-1
Vo= iy 82 LA (4. 21b)
P K L P P 2]
-1 8VZ nvy
= e |+ i — e ——
I¢ K2 jwe 55 5 IZ (4.21c)
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1 |nwe aIz
Ip = -I-{—-z- [—5— VZ~]'y 5 . (4.214)

Matching the tangential components at the interface p =a, VZn (ay) and- Iz n(a v)

corresponds to the following conditions:

v @y = vl @n -0, (4.22)
Ve = v e (4.23)
s II+ sI+ i
., @ - @y =167 , (4.24)
Iy @ - I;L”w -1 @, (4.25)
where
S = 207 8 002 g
Z“M-E;i K , P09, z)e gdz
0 0
and

sI s II
vV, (ay) = (a7y) for all =z
gn Vgn

Equation (4. 21a) gives:

J! (aK)
1 n'y n sI+
_—2{ a z (a7)+3w“1K1 J (aK ) [I (a7) + Izn (a’Y)]}

Kl
(2)
(aK_)
1 j-ny_slIIt+ . n 2 s II-
=—J1 "1y (ay)+ juu K, ——— (a 'Y)"‘I (aY) }
Kg{ a zZn 22 H:IZ)(aKz) [zn ]

(4.26)
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The primes denote the derivative with respect to Kp. Let L(av) = I;fl_ - I;i—(a v)
then
sII sl - i+
- = +
I¢n(a'y) I¢n(a')’) L (av) I¢n(a'y) (4.28)
then
- i _
L (ay) + I¢n(a7) =
J' (aK,) )
1 . n 1 sI+ ny [sI— sI+ ]
—_ —_— + — +
2{]w€1K1 J (ak,) Vzn (av) a Izn (a7) Izn ()
K n 1
1
(2)
H W (aK.)
+ - +
L ek B2 ySI (ay)+ﬂ[ISH (ap+ 158 (a'y)] .
2 272 _(2) zZn a Lzn zZn
K2 Hn (aK2)
: (4.29)

By the relations (4.23) and (4.24), Egs. (4.26) and (4. 27) can be reduced to the form

of simultaneous Wiener-Hopf equations.

(2) ,
I ATNEE U NS SO Lo S AR S U IS SO
a K2 K 2 zZh K2 H(2) (2K ) K1 Jn(aKl) zZn
2 1 n g
1
7 H(z) (aK_)
jo =2 22 1 Gy
K‘z H(Z)( K ) zZn
n 2
2y :
= jw by By BEY By K %17 () (4.30)
K2 H(IZI)( Kz) K1 J (aKl) zn
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1
o _6_2 Hn (aKz) ) 1 Jn(aKl) VSIJ’(ay)
K, Hn(aKz) K, Jn(aKl) zn
ny /1 1 sI+ ny i i
+ -4 [ = - = + —= +
Y Kz K2 L (a7) Kza Izn(av) I¢n(av) (4.31)
2 1 2
1 1 -
- LTap- 2 (L 2\ ay . (4.31)
K2 K2 zZn
2 1
e sI+ s+ |
Note the unknown quantities are Vzn s I”1 in the left of Eqs. (4.30), (4.31) and

L and Iin in the right. The remaining terms involve only known quantities.
To make it clearer these equations can be reduced to a single independent equation

of the Wiener-Hopf type

KMV @)+ MO L @1+ N = 0 (4.32)
where (2)
Ky - n2,Y2 SRS 2-3w ﬁ J;l(aKl) ) i?_ Hn (aKz) .
22 \g? k2 Ky J,@K) Ky 1@ ok
1 2 n 2
(2)
p, J'(@K,) wu, H_ ' (ak,)
1 'n 1 2 n 2
M) = -jw |== —— - =— s (4.34)
K, Jn(aKl) K, H(2)( K )]
n 2
and
uo 3 (k) u. H@) @k)
. 1 1 2 n 2 ny
NOW = -ju|—= == - + [I (ay+——1 (a'y)]
Ky J (aKl) K2 H(z) (aKz) g Kga
H(2)'( K.)
.\ an'wz 1 ) 1 n a 9 Ii @) (@.35)
aK2 Kl2 K22 H(Z)( Kz) zZn
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Assume that v = f-jo for «a <0, and 8 > 0. This is equivalent to introducing
losses in the surrounding medium and then allowing @—> 0 to represent the loss-
less medium exponentially decreasing and when z —> o the fields vanish. The
Fourier transforms of the fields are analytic in the strip defined by - ¢ < Imvy < «
and - < Re?vy < o of the complex ¥ plane as shown. Vs II:(a v) is regular in
the half plane Im7y > - o,and L (a?) is analytic in Imy <. Then decompose
the fundtions K(v), M(Y), N(v) in the form such that:

+
———KEY; SRS (4.36)
7 F ()
F(y) N(y) _ + -
—_M(—'Y)_ =G (VV+ G M, (4.37)

+ + -

where F (y) and G (y) are regular in the Im<y > -« part of the plane and F (v)
and G (v) are regular in the Im<y < + o part of the plane.

Rearrange Eq. (4.32) with the relations of (4.36) and (4. 37) and define J(v) by

TN = F WV T @+ 6Tm s s L @) -6 M . (4.39)

The second part of this equation is defined and regular in the Im<vy > - part of
the plane ; the third part is defined and is regular in the Im v < +« part of the
plane. Thus by analytic continuation J () is defined and regular in the whole v -

plane and by Liouville's theorem can be obtained:

ST+ G )
v (ay) = -~ —— (4.39)
Zn F+(7)
and
L (av) = - _Ci__(_ﬁ (4.40)
F (v)
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. sI+ |, . sII+ sl sII
Since Vzn is determined, VZn (av), Izn(a v, IZn (ay) can be found by
Eqgs. (4.23), (4.30) and (4. 39) respectively. Substituting these boundary values into
Eqgs. (4.20, (4.21) and applying the inverse Fourier transform, the longitudinal
field components EZ and HZ can be found. The remaining field components can

then be derived from Maxwell's equations.
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v
LOW FREQUENCY FERRITE ANTENNAS

The objective of this task is to investigate the design feasibility of new types of
ferrite antennas that are usable at frequencies as low as 30 MHz. An effort has been
made to identify realistic applications of ferrite loading to linear radiating elements.
Accordingly, the investigation has focused upon applications which improve the per-
formance of antennas that are relatively small. The range of sizes considered are
0.1x < 2h < 0.5X, where A =free space wavelength, and h = element half-length,
The low end was chosen so as to avoid severe supergain limitations in element per-
formance, while the high end was considered to be a practical size limit for a loaded
30 MHz element. Moreover, the detailed discussion is limited to center fed ( or
ground plane imaged) elements which support standing wave current distributions.

A generalized analysis of two parallel linear elements was presented in
Appendix A of Quarterly Report No. 7848-4-Q. That analysis is the foundation from
which ideas for several interesting design concepts are being exploited. Although
the formulation was complete, rather limited numerical information was presented
for the impedance associated with the symmetric excitation mode. This limitation
is eliminated by the addendum which appears in Appendix B, This appendix devel-
ops the symmetric mode impedance of a small diameter helical slow wave structure.
The formulas are also valid for describing the effects of material loading inside the
helix, and are representative of the effects obtainable from other slow wave struc-
tures. Due to the general utility of these results, they have been put into a conven-
ient graphical presentation to facilitate usage.

The addendum material in Appendix B, along with the previously developed
formulation in Appendix A of the 4th quarterly report, have been incorporated into
a general computer program. The computer program will be useful as a diagnostic

tool in designing meaningful experiments. Using the computer program to sort
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out near optimum designs substantially improves the efficiency of the experimental
program. The experimental effort described in the following sections was performed
concurrently with the development of the computer program. Hence, the results do
not represent any effort toward optimization, but rather serve to demonstrate the

feasibility of the various concepts which are described.

5.1 Advantages of Multiple Linear Elements

As pointed out inthe 4thquarterly report, the primaryadvantages of radiating
structures using multiple linear elements occur in the transition from one element to
two elements. The two advantages pointed out were the inherent properties of impe-
dance matching, and impedance broadbanding. Examples were given which illus-
trated the mechanism by which each of these properties was achieved. Although the
examples cited were for an ordinary folded dipole element, the underlying principles
remain entirely applicable to elements foreshortened by distributed loading tech-
niques. In discussing material loadings, the point was made that the presence of
ferrite or dielectric material affected the symmetric and asymmetric current modes
in a dissimilar fashion. Hence, potentially at least a new degree of freedom was
available for controlling the impedance characteristics of such structures. An
additional advantage which has been exploited since the previous report is the ability
to apply static biasing fields to the material loadings, and thereby alter their RF
properties. This technique allows the element to be electrically tuned to resonance
without the need of either mechanically moving components, or active circuit com-
ponents which are characteristically limited in use to low power applications. In
principle, both static electric and magnetic fields may be used to advantage; a static
electric field to control the increment permitivity, and a static magnetic field to
confrol the incremental permeability. This latter technique has been initially tested
on two small diameter helical structures having ferrite cores. The details are

described in Section 5. 2.
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To verify several of the concepts developed through theoretical reasoning, a
number of experiments have been performed on small diameter helical slow wave
structures. These helices were tested with both hollow and ferrite cores, and ex-
cited in several different geometrical configurations. The experiments consisted of
measuring the magnitude of the reflection coefficient versus swept frequency, and
the resonant input resistance at several discrete frequeﬁcies. Results obtained were
in reasonable agreement with those anticipated by the theoretical development, The
details of the experiments, along with a correlation to the theory, are presented
below.

All measurements of reflection coefficients and impedance for the small diam-
eter helix configurations were made with the elements fed against a large aluminum
ground plane inserted in the end of an anechoic chamber. Three different geomet-
rical configurations were tested; a single helical monopole, a double helical mono-
pole, and a folded helical monopole. Each of these configurations were tested with
the helix having a hollow core, and a partially filled ferrite core. The helix con-
struction is depicted in Fig. 5-1 for the folded helical monopole configuration having
a partial core of ferrite. Measurements were made on the magnitude of the reflection co-]
efficient versus swept frequency. These are presented in Fig. 5-2 for the three
element configurations and two core conditions. All reflection coefficients are with
respect to 50 ohms; the lower trace in each photograph is a reference value of 0. 5.
In each photograph the second division from the left represents zero frequency, and
the top horizontal line corresponds approximately to a 1.0 reflection coefficient.
Due to the rapid changes in reflection coefficient near resonance, the limited de-
tector response occasionally prevents the dip from reaching its true null. Also,
since the ordinate is not precisely linear in magnitude of reflection coefficient,
particular values of interest near the resonance conditions were measured inde-

pendently.
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Hollow Core Ferrite Core

Single
Helical
Monopole

Double
Helical
Monopole

(c) (d)

Folded
Helical
Monopole

VERTICAL - Top Curve |p| for Element; Bottom Curve [p| = 0.5 Reference
HORIZONTAL - 50 MHz/Square, Center = 150 MHz

FIG. 5-2: MAGNITUDE OF REFLECTION COEFFICIENT VERSUS FREQUENCY
FOR VARIOUS HOLLOW CORE AND FERRITE CORE HELICAL
ELEMENT CONFIGURATIONS.
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Photograph (a) of Fig. 5-2 indicates that the single helical monopole with hollow
core has a resonance near 90 MHz, A separate impedance measurement indicated a
resonant input resistance of 14 ochms at 88.9 MHz. In photograph (c), two identical
helices, except for having opposite pitch angles, were fed in parallel. For this con-
figuration, the resonant resistance was 26 ohms at 102,9 MHz, By comparison with
photograph (a) it can be seen that some interaction exists between the helices which
results in effectively less phase velocity reduction. For photograph (e) the two
helical elements were connected in a folded monopole configuration. The new res-
onant resistance is 93 ohms at 103, 6 MHz. Hence, the folding operation has increased
the resonant resistance by a factor of 3.6. The theoretical factor corresponding to
the symmetric mode currentdividing evenly between the two helical elements would
be 4.0, Apparently the slight asymmetry of the feed configuration somewhat altered
the division of current. Another theoretically predicted result is the highly mis-
matched resonance near 142 MHz. The generation of additional resonances slightly
above and below the primary resonant frequency is characteristic of the folded con-
figuration. Both additional resonances typically have a large resistive mismatch,
the lowest frequency resonance being the most pronounced. The configurations
corresponding to photographs (a), (c) and (e) that have ferrite toroids placed in the
helix core are presented in photographs (b), (d) and (f), respectively. Photograph
(b) indicates that the application of ferrite loading to the single helical monopole
significantly lowered the first resonant frequency. The new resonant resistance
was 5.3 ohms at 49,6 MHz. Additional resonances due to higher order current
excitation modes are also in evidence. Photographs (d) and (f) indicate that each
loaded element configuration has characteristics corresponding to those of the un-
loaded element, In particular there is a slight increase in resonant frequency due to
an interaction effect, and the appearance of an additional resonance for the folded

configuration. The first resonance in photograph (d) increased to 57,3 MHz and had
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an input resistance of 4.3 ohms. The corresponding first resonance at 57, 3 MHz of
photograph (f) had input resistance of 15 ohms, This represents an increase by a
factor of 3.5, which compares well with the factor of 3, 6 obtained for the corre-
sponding unloaded configuration.

The conclusions to be drawn from the experimental data may be summarized as
follows;

1) Only a slight interaction occurs between two closely spaced small diameter
helices, allowing each to function effectively as a linear slow wave structure;

2) The folded helical monopole is an effective configuration for transforming
low resonant resistances to higher values;

3) The insertion of ferrite into the core of a small diameter helix substantially
reduces the phase velocity;

4) A decrease in phase velocity is accompanied by a proportionately lower
value of input resistance at the lowest resonant frequency.

This last point is examined quantitatively in Section B.1 of Appendix B.

5.2 Tuning of Linear Elements Via Magnetic Biasing

The concept of varying the resonant frequency of a linear element configuration
utilizing material loading by means of applying a static electric or magnetic field
was introduced in Section 5,1, While these ideas are in principle quite sound, cer-
tain quantitative aspects may be investigated most expediently through the use of
experiments, Accordingly, initial experiments have been made on two separate
geometrical configurations in order to ascertain the quantitative effect of static
magnetic field biasing, The primary motivation was to establish the feasibility of
such concepts. Hence, the experiments represent in no way an optimum design
configuration. The results of these initial experiments are encouraging and indicate
that the resonant frequency can be shifted several percent. The details of the ex-

periments are described on the following page.
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One experiment on static magnetic field biasing was performed using the con-
figuration described in Fig, 5-1., This folded helical monopole having a ferrite
toroidal core has a d-c closed circuit path between the center conductor and ground
of the input connector. A direct current was applied to this closed path which pro-
duced essentially an axial static magnetic field in each of the two loaded helical ele-
ments. Due to the opposite pitch angle of the two elements, the axial components of
the static magnetic fields were applied to the same vector direction., The change in
resonant frequency due to applying magnetic bias was determined through observation]
of the swept frequency reflection coefficient information, as depicted in Fig, 5-3,
first column. Photograph (2) represents the unbiased configuration, and is identical
to that of Fig. 5-2, photograph (f). Photograph (b) illustrates with an expanded fre-
quency scale the effect of biasing near the 80 MHz resonance. Two superimposed
curves are shown; the right hand curve is the normal unbiased resonance, the left
hand curve illustrates the downward shift in resonant frequency with the application
of 7.6 amps of bias current, Photograph (c) is a similar presentation of the double
resonance near 150 MHz. The left hand curve again represents the downward shift
in resonant frequency resulting from the application of a 7, 6 amp bias current. The
d-c power required to achieve this shift was less than 9 watts.

While these changes in resonant frequency are significant, a more pronounced
variation would be desirable. This could be achieved simply by applying a larger
bias current, but with the disadvantage of increased d-c power dissipation. A more
appealing approach is presently under investigation. Realizing that the principal
effect of the static magnetic field is an alteration of the incremental permeability,
effort is being directed toward obtaining an element configuration whose resonant
frequency has an accentuated sensitivity to incremental permeability. Since the
observed resonances result from an interaction between radiation and transmission
line modes, alteration of the transmission line frequency behavior can significantly

affect the behavior of the resonance, The computer program described previously

45




THE UNIVERSITY OF MICHIGAN
7848-6-Q

Folded Helical Monopole Helical Monopole With
With Ferrite Core Ferrite and Copper Core

ERRRERREN
BEREREDENEN
INlA W L]
AAL/A\Y M
-ll';!lt“il-..
W W LTI

VERTICAL - Top Curves, |p\ for Element; Bottom Curve, ]pl = 0.5 Reference

HORIZONTAL - 50 MHz /Square, Center = 150 MHz, Except as Follows:
(b) Center = 85 MHz ; (c) Center = 155 MHz; Both 5 MHz /Square

FIG. 5-3: EFFECT OF MAGNETIC BIASING ON MAGNITUDE OF REFLECTION

COEFFICIENT VERSUS FREQUENCY FOR TWO DIFFERENT ELE MENT
FERRITE CORE CONFIGURATIONS,

46



THE UNIVERSITY OF MICHIGAN
7848-6-Q

is well suited for a theoretical investigation of various possibilities.

A particular technique of transmission line mode alteration under present in-
vestigation involves achieving a significantly greater phase velocity reduction for the
transmission line mode compared to the radiation mode. This results in the asym-
metric mode impedance being substantially more sensitive to a change in electrical
length than the symmetric impedance. While large phase velocity reductions in the
symmetric mode are undesirable due to the accompanying severe decrease in res-
onant radiationresistance, such a phase velocity reduction in the asymmetric mode
appears quite desirable, With this line of thinking as motivation, the configuration
described in Fig. 5-4 was constructed and tested. The new configuration has several]
distinctive features. In particular, the concept of symmetric and asymmetric ex-
citation is slightly more difficult to envision. Essentially, symmetric excitation
corresponds to feeding a helical slow wave structure having a metal core surrounded
by ferrite. Asymmetric excitation corresponds to feeding a type of helical trans-
mission line, Owing to the dissimilar field distributions for the two modes, the
phase velocity reduction appears to be substantially greater for the asymmetric
mode than for the symmetric mode. The experimental results for this configuration
are described below.

Swept frequency reflection coefficient measurements are presented in the sec-
ond column of Fig, 5-3. Photographs (d) and (e) correspond to the connection be-
tween the outer ends of the helix and metal core being open circuited, and short
circuited, respectively, The multiple resonances which occur at approximately
40 MHz intervals are seen to shift about 20 MHz corresponding to this change in
configuration. Apparently the asymmetric mode impedance repeats itself with a
period of 40 MHz. The highly frequency sensitive reactance from this transmission
line mode is seen to periodically cancel the radiation mode reactance, thereby

causing the multiple resonances. Such a characteristic may in itself be desirable,
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aside from enhancing the resonant frequency sensitivity to magnetic biasing. For
this configuration the d-c bias creates a static magnetic field in both the axial and
tangential direction. The effect of applying a direct current is illustrated in
photograph (f). The trace shifted farthest to the left and having the smallest peak-to-
peak variation represents a momentary application of approximately 10 amperes of
current. The second curve represents the effect of residual magnetization after
the biasing current was removed. A comparison between photographs (e) and (f)
indicates that the bias current has lowered the resonant frequency by approximately
7 percent. This represents a substantial improvement over the previous folded
helical monopole configuration,

The residual effect suggests the possibility of tuning the elements by means of
using pulses of current to establish a specified residual condition. This would re-
move the necessity of having to continuously apply d-c power to maintain a particular
resonance, Such an application would require the ability to demagnetize, and then
reapply a different residual condition, when a change in operating frequency is de-
sired. With the presence of a large number of multiple resonant frequencies, the
percentage change in frequency required to establish continuous tuning is substan-
tially decreased. It is clear, however, that further modifications will be necessary
in order to obtain a capability for continuous tuning. Future effort directed at
optimization should yield substantial progress toward achieving this goal. Never-

theless, these present experiments do demonstrate the feasibility of such operation.

5.3 Multiple Resonance Behavior of Composite Slow Wave Structures

The previous section discussed how multiple resonances could result from the
interaction between transmission line and radiatim type modes of excitation. In
this section a discussion is made of a means of generating multiple resonant fre-
quencies when only the symmetric mode of excitation is present. The purpose for

considering this topic to two fold. First, from the standpoint of desiring a
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continuously tunable radiating element, the larger the number of multiple resonances
which exist before applying magnetic biasing techniques, the less stringent the
requirements of the biasing technique to shift the resonant frequency. For example,
the number of resonances appearing in Fig. 5-4, photograph (e), might be doubled
by doubling the number of resonances associated with the symmetric excitation
modes. Secondly, it is sometimes desirable to foreshorten elements which are
normally excited only in a symmetric mode, as for example in a log periodic dipole
array, where the occurrence of multiple resonant frequencies may be detrimental to
overall array operation. In this situation it may be necessary to foreshorten the
elements in order to control the resonances to an advantage, if possible, without
introducing additional multiple resonances. The following describes the mechanism
by which multiple resonances occur on structures having only symmetric mode ex-
citation, and then develops a simplified theory for predicting the resonance behavior,
The results obtained are useful in the design of composite structures for either of
the aforementioned applications.

It is known that to achieve a specified amount of linear element foreshortening,
while at the same time minimizing the degradation in impedance bandwidth, a form
of "end loading" is needed so as to enhance the current moment of the radiating
element, Helical slow wave structures placed at the outer ends of normal linear
dipole arms tend to accomplish this goal. In addition to the helices and the normal
dipole having dissimilar phase velocities, they also have in general different char-
acteristic impedances, This latter property gives rise to a reflection of the elec-
tromé.gnetic field at the interface between the two structures, in additiontothe normal
reflection at the dipole ends, The result is that this composite element experiences
resonance at generally twice as many frequencies.

To illustrate the effectiveness of a composite element structure in generating

multiple resonances, the results of a simple experiment are presented in Fig, 5-5.
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The left column shows a plot of reflection coefficient versus frequency corresponding
to the element configurations shown in the right column. The lengths of the two
dissimilar structures are indicated in the figure. The structure nearest the ground
plane is 5/32" O.D. brass tube. A helix wound with No. 20 AWG copper wire
forming a 10. 3 degree pitch angle constitutes the second structure. This helix is
supported by a 1/4' O.D. paper phenolic tube which telescopes over the 5/32" O.D.
brass structure. A good electrical contact exists between the brass tube and the
right hand end of the helix. The first curve shows a single resonance at approx-
imately 180 MHz for the tube structure alone fed against the ground plane. The
addition of a relatively short length of helical slow wave structure introduces a
double resonance as indicated in the second curve. Along with the expected lowered
resonance at 130 MHz, an additional resonance occurs at 260 MHz. By telescoping
4.0 cm of the helical structure back over the brass tube, effectively, a third type of
slow wave structure is introduced. The interaction of reflections from the two
interfaces between the dissimilar slow wave structures, along with the reflection
from the outermost tip all combine to generate three resonant frequencies as shown
in the corresponding curve. It is especially significant to note the rather drastic
change in resonance behavior between the middle and bottom configuration which
resulted from the introduction of onlya 3.0 cmsegment of a third slow wave struc-
ture. Moreover, the electrical length of this third structure had a pronounced
influence upon the location of the center resonance. Application of ferrite loading
and a variable magnetic bias to control this electrical length might permit posi-
tioning this resonance over an appreciable bandwidth. This behavior infers that
magnetic biasing may be capable as a substantial alteration in resonance frequency
provided that the point of application is judiciously chosen. The theory to describe
the behavior of three dissimilar structures follows straightforwordly from the

approach used below for two structures.
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One can now develop a rather simple theoretical model to describe the
multiple resonance behavior of a composite element composed of two dissimilar
slow wave structures. To account for the discontinuity in thickness between
the two structures, a technique is adapted which has been used successfully in
analyzing cylindrical antennas. The zeroth order integral equation formulation
for the discontinuous cylindrical antenna yields a solution for input reactance
which is identical to that obtained by using a transmission line analogy. More-
over, this solution is known to describe the dominant reactive behavior. Ap-
pendix B contains a detailed presentation of the input impedance of a small
diameter helical slow wave structure based upon the induced EMF method. The EMF
formulation verifies that the dominant behavior of the input reactance for the helix
may also be described by a mathematical expression which formally represents that
of an equal length of open circuited lossless transmission line. Thus, since the
transmission line analogy is applicable to the separate situations of discontinuous
thickness, and of a helix having arbitrary axial phase velocity, it should also be
applicable to the combined situation. With this motivation, an approximate analysis
of a composite slow wave structure will be developed based upon the transmission
line analogy. This method will allow the determination of the dominant input re-
actance behavior, and hence specification of the approximate multiple resonant
frequencies. This approach of using a transmission line analogy to approximate the
reactance behavior of an element configuration excited by a symmetric mode is to be
sharply contrasted with the rigorously developed transmission line mode discussed
in Sections 5.1 and 5.2 . For the types of element configurations discussed in
those sections, the asymmetric or transmission line excitation was seen to result
from a rigorous mathematical decomposition of the source excitation. It should be
emphasized that the decomposition into two separate problems is entirely rigorous,

even though approximations were invoked to solve the two resulting simpler
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problems. This present development is strictly an analogy which is known to give
useful approximate results.

Although the experiment presented in Fig. 5-5 contained a segment of normal
linear monopole near the ground plane, the following development is generalized to
include the possibility of arbitrary phase velocity in this central portion. Realiza-
tion of such an element is possible using various small diameter helices. The
geometry of the corresponding dipole configuration along with its analogous trans-
mission line are shown below. The characteristic impedances Z1 and Z2 of the

transmission line represent "average'' values of the antenna characteristic impe-

dance and will be discussed in greater detail shortly.

Dipole Geometry:
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The solution to the analogous transmission line problem is straightforward.

First, the general form of the current and voltage distribution is written for each

region
I(z) = AsinBZ(h-Izl)
£<]z] <h
V(z) = -jZZA COSBZ(h-lZI)
and
I(z) = BsinBl(JZ -lzl) +CcosBl(£ -lzl)
0 < lzl <1
Vi(z) = -jZchosBI(l—lzl)JerlC sinBl(I -1zl)

Next, the boundary conditions at z = £ are applied, i.e.
I-)=1I(L+); V{L-)=V(L+) .

It is here that a basic approximation enters. Since voltage may be defined uniquely
only for the TEM type waves which exist on a uniform transmission line, the voltage
boundary condition precludes from consideration the known existence of higher
order modes generated by the discontinuity. Such higher order modes are precisely
the terms which contribute to the input resistance R, and the additive reactance
correction term X,. However, since the TEM mode accounts for the dominante

1

term X, it is justifiable to exclude the higher order modes from consideration.

2}
From the boundary conditions all but one of the unknown constants are determined,

and after minor trigonometric manipulation one obtains for the region 0 < |z‘ <ZI:
I(z) = A{sin [BZ(II-f)Jr B e~ lzl)]

Zl—Z

2 .
Z1 cosBz (h-1) smBl(!Z —IZl)} .
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For the special case of [32 = Bl, this expression reduces to a result given by

Schelkunoff and Friis (1952). Below is a drawing of the current distribution for the

general result when Z2 < Zl'

1(z)
'}
Slope Continuous if
iA Zy _ Z,
- r-\\’—"'_‘u\ — R c—
/’ = Bl BZ
~ > » 7
-~ -
A cosB. (h-1)
Z1 2

The voltage distribution is found similarly, and the input reactance evaluated as
- - 0 ‘ﬂ - -
V(o) Z1 s1n32(h L) smB1 chos Bz (h-1£)cos Bl 1

Z, = =jZ - -
1 Z1 smBz(h l)cosﬁlﬂ+zzcos,82(h E)smBlJZ

E]X

2

This expression reduces as a special case to the zeroth order integral equation
solution for a cylindrical antenna with discontinuous thickness as given in Wolff

(1966). Wolff's result can be obtained from the above expression by setting

B=Bz=k, Zl=6091, and Zz=609

2 2
. . 2h . -
where the thickness parameter is Qi =24n P Thus, the equivalent transmission
i
line characteristic impedances using the thickness parameter concept are given by

Z, = 120 !Zn—z—Il
a

1 .
1
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The resonance condition for the generalized dipole requires that the input reac-
tance equal zero. Since the numerator and denominator are both real functions, and
the denominator is bounded, the resonance condition requires that the numerator

equals zero. Hence,

z, smB2 (h-1) smBl!Z - Z2 00532‘(11-1) 00851 L =0

which can be expressed in the more compact form

Z2
tan B2 (h-lZ)tanBIJZ = —

%

While this transcendental equation is somewhat awkward to handle in hand compu-

tations, it is readily solvable by computer techniques. Recalling that

2

W 2nf
B he
i i
the parameters which need to be controlled for design purposes are the phase
velocity reduction factors p; » and the characteristic impedances Zi . Li (1958)

presents design data useful for controlling the D; and the characteristic imped-

ances for small diameter helices are given by Sichak (1954) as

7. = 60 n 1.123
1 . A{_——l

g e

2 .2
B -k a
If a normal linear element is used in place of the center helical structure, an

appropriate expression for Z1 would be

Z. = 120 In 211—
1 al
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VI
MEASUREMENT OF MATERIALS

Two samples of Indiana General Q-4 ferrite were made available to us for
measuring the dielectric constant of the material. Because of the small size of the
material, it is impossible to fit it into the sample holder made for the transmission
line technique used for previous ferrite measurements by the Radiation Laboratory

Until a strip line holder can be made and the material precisely tested, rough
checks of the dielectric constant of the material were made by the dielectric sample
holder technique described below. This technique indicates that the relative dielec-
tric constant of Q-4 is about 4. 2.

Mr. Venerus states that the average value of the relative permeability in the
200 to 500 MHz range is 4.5, and that the Q is 140 at 200 MHz, 100 at 300 MHz,
and 80 at 400 MHz. (Venerus, 1967).

6.1 Measurements Technique

The dielectric constant of Indiana General Q-4 ferrite was measured in a
General Radio Type 1690 - A Dielectric Sample Holder using the test circuit indi-
cated in Fig. 6-1. The reflection from the dielectric sample holder was noted with
the ferrite in place. Then the ferrite was removed and the sample holder adjusted
until the same reflection was produced, and both the first and second settings of the
micrometer screw of the sample holder were recorded.

Once the micrometer setting is known, the capacitance can be readily deter-
mined from the data supplied with the sample holder by General Radio. The dif-
ference in the capacitance calculated in this manner is related to the dielectric

constant of the material by the formula

AC = 0.225 erA/t (6.1)

where AC is the difference in capacitance, in picofarads, for the two micrometer
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settings, er is the relative dielectric constant, and A is the area of the surface
of the dielectric sample in square inches, and t is the thickness of the sample
expressed in inches. The possibility of the material under test having a relative
permeability other than one does not affect the result. A derivation of the formula

is given in Section 6.4

6.2 Results

The dielectric constant was measured for several frequencies. The results

are summarized in Table VI-1.

TABLE VI-1

THE VALUES OF THE RELATIVE DIELECTRIC CONSTANT
OF INDIANA GENERAL Q-4 FERRITE VERSUS FREQUENCY

Frequency Dielectric Constant
100 MHz 4,18
125 5.03
150 3.07
175 5.91
200 2.94

The use of the dielectric sample holder is not recommended above 100 MHz.
The reason is that stray coupling becomes significant and its random variations with
the breathing of the person doing the measurements becomes intolerable.

Another difficulty encountered with the measurements was that the amount of
power reflected was an insensitive function of the micrometer adjustment on the
sample holder. Consequently, determining the micrometer setting for the second
trial was not precise. This hampered accuracy considerably. An attempt to use a
tuner to produce a resonant circuit near resonance was a failure because of the

inability to desensitize the circuit to mechanical vibrations in the work area.
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One, additional attempt at improving accuracy was made, but was unsuccessful.
More line was inserted between the direction coupler and the sample holder. How-

ever, this just made the insensitivity greater.

6.3 Conclusions

Since the ferrite should not be very lossy to an electric field in the UHF-VHF
range, and since the effect of stray capacitance became more pronounced at higher
frequencies, the value of the relative dielectric constant measured at 100 MHz is
probably closest to being correct. Thus the dielectric constant of Indiana General

Q-4 ferrite material is about 4. 2,

6.4 Theory of Measurement

The measurement procedure is based on the fact that two pure capacitances
give the same reflection in a transmission line at the same frequency. Thus,
assuming that the material to be measured is lossless and that the power being fed
by the generator is constant, the capacitance of the holder with the sample can be
determined by removing the sample and re-adjusting the holder until the same re-
flection is produced. The second micrometer reading determines the capacitance of
the sample holder with the test material inserted. Now the first micrometer
reading gives the capacitance of the sample holder if the sample were not in place.
Thus the difference in the capacitance is the capacitance associated with the pres-
ence of the material.

This capacitance can be readily calculated since the sample holder is nothing
more than a shielded parallel plate capacitance. The formula relating the geometry

of a parallel plate capacitance to its capacitance is well known:
C = 0.25 €. A/t (6.2)

where A and t are expressed in inches, and C in picofarads. If the sample

placed in the holder is a right cylinder, and if the plates of the sample holder are
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brought in contact with the faces of the sample in the first trial, then the change
in capacitance calculated earlier can be related to the dielectric constant by

Eq. (6.1)

6.5 Testing of Ferrite Materials

It is desired that some means be available by which the electrical properties of
various ferrite materials can be determined. These materials take several forms.
Among these are a solid stick, a donut, and a powder. The desirable frequency
range is 100 MHz to 1 GHz. After considering all of these factors, it was decided
that a resonant strip-line cavity would be used.

This test method has the following four advantages:

1) It can provide a continuum of test frequencies from 100 MHz to 700 MHz;

2) The cavity does not have to be dismantled in order to insert the test sample;

3) The sample does not have any requirements for a snug fit inside the cavity;

and

4) Tt has an error of only about 10 percent.

The cavity consists of a half-wavelength of strip-line which is short circuited
at both ends. So thata continuumof test frequencies can be obtained, these shorts
were made adjustable. In constructing the cavity, the ground planes must be wide
enough so that they can be considered in finite with respect to the width of the live
strip. The live strip must be large enough to facilitate a uniform field over the
whole sample width. The sample must be large enough to create a significatnt
change in the cavity's Q and resonant frequencies. Ant the cavity must have a low
enough impedance so that it will have a high Q.

The final cavity dimensions which were decided upon are as follows. The
width of the ground planes is 5.0" . The width of the live strip is 0.5'", and its
thickness 0.125", The cavity is a half-wavelength long, and can be adjusted from

0.10 m to 1.16 m. The samples have dimensions of 3/16 x,12x 3/8".

62




— THE UNIVERSITY OF MICHIGAN —m—mmm
7848-6-Q

The cavity is excited by a 'tee'" that is composed of a piece of No. 16 s.w.g.
wire witha 1 1/2" x 1/8" piece of No. 32 s.w.g. copper foil soldered to the end of
it. This cavity is expected to produce a Q of about 500 and a Z0 of about 27 ohms.

The test setup is shown in Fig., 6-2. The cavity is swept through its resonant
frequency, and its output is detected and amplified. This output is then displayed on
an oscilloscope as a function of frequency. (see Fig.6-3). The fixed signal gener-
ator is then used to insert a marker in order to determine the resonant frequency
and the half-power frequencies.

To determine dielectric properties, the sample would always be placed in the
center of the . 12" dimension perpendicular to the cavity axis and the 3/8'" dimen-
sion is parallel to the cavity axis (see Fig. 6-4). This puts the sample in a position
of maximum E-field and minimal H-field. There are three positions in which the
sample can be placed in order to measure its u.

Case 1: The sample is a flat plate against the end wall.

Case 2: The sample is a flat plate with its plane perpendicular to both the end

wall and the ground plane.

Case 3: The sample is a flat plate lying on the live strip.

According to other experimenters, Case 3 is the most useful ir practice.
Case 1 does not allow the use of big enough samples to get measurable fre-
quency shifts. For Case 2, the evaluation equations are too lengthy to be used
when a large number of measurements are to be made. However, Case 3 gives
easily measurable changes using the same sample as for dielectric measure-
ments, and thus has been adopted as the standard method.

Since the construction of the cavity was only completed near the end of the
quarter, complete tests have not yet been run on any ferrite material. However,
the Q-3 ferrite was given a test and these tests indicated that the cavity method

will work. However, the cavity @ was only about 200 rather than the expected
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500 to 600, Thus, before final tests are performed, there will be an attempt to
improve the cavity Q. This will be done by improving the shorts, and possibly by

replacing the brass live strip with a copper one.
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Vil
CONCLUSION

Substantial progress has been made in each of the areas of the four assigned
tasks. Under Task 1, the loaded log conical antenna, detailed study has been made
of a slow wave winding utilizing a solonoidal winding filled with ferrite material. The
radiation properties have been carefully studied. It appears that the backfire radia-
tion observed with a bifilar cylindrical helix wound with such a slow wave structure
does not correspond to the usual current distribution on a bifilar cylindrical helix.
Current probing methods have shown substantial standing waves of current to be
present. It also can be concluded that the utilization of ferrite in the slow wave
structure presents an efficiency problem. It has become apparent that reducing the
phase velocity through the use of such a loaded structure does not assure good per-
formance as a radiator if this structure is used in winding the radiator, unless a
very low loss ferrite is used.

In Task 2, on arrays of physically small ferrite elements, it has been discov-
ered that the characteristics of the available ferrite material interferred substan-
tially with the projected design of a linear radiator made of waveguide and slots in
the broadface of this waveguide. Because of this deficiency in material, a comp
pletely new design of a linear array of small elements was made. It is recognized
that the available ferrite material imposes a considerable limitation on the design
of the array and more specifically the ferrite loaded slots of the array.

Under Task 3, the study of ferrite rod radiators, has continued. A careful
study of available prior analyses of dielectric rod radiators has shown that each of
these analyses have severe limitations. The study on this task has shown that the
most appropriate mathematical model will utilize distributions of electric polariza-
tion current density over the curved surface of the rod radiator. Current density
of these types would also be utilized for the end surface of the rod. The analysis

based on these equivalent sources results in a solution different from any prior work.
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~ Under Task 4, concerned with the development of antenna types useful down to
30 MHz an intensive study has been made or the use of multiple linear elements. The
advantage of multiple elements has been statedclearly. In addition, linear elements
consisting of a small diameter helix loaded with ferrite, have been studied with
respect to the influence of steady magnetic bias of the ferrite through the use of a
coil carrying a direct current. It has been observed that substantial tuning is pos-
sible through such a bias scheme. The magnitude of the shift of center frequency
through magnetic bias has been somewhat less than that observed for changes of
magnetic bias on the ferrite filled slot antenna described in earlier reports.

Since the electric and magnetic characteristics of ferrites have proved to be in
some cases considerably different from published values as shown in the advertising
literature, it has been found necessary to ascertain these characteristics for the
materials at hand. The discrepancies observed may very well be due to the fact that
commercial suppliers of these materials have used measurement methods which are

not appropriate for the frequencies involved.
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VIII
FUTURE EFFORT

In the continuation of the study under Task 1 on the loaded log conical antenna it
is anticipated that a sheath helix transmission line model will be utilized in the
analysis of a cylindrical helix filled with an anisotropic ferrite material. This effort
will lead to some computer studies.

Under Task 2, this report has indicated a reorientation of the work on arrays
involving ferrite loaded elements. An accelerated effort will be carried out utilizing
the ferrite loaded slots which have now been constructed. Experiments will now be
performed to obtain radiation patterns. The driving point impedances with linear
arrays of such slot elements in the two orthogonal directions corresponding to the
E and H planes of the slots will be determined.

Under Task 3, the study of ferrite rod radiators, the analysis already begun
will be extended to describe the junction of the feed with the radiator proper. Also,
the analysis will be extended to include the radiation pattern of the rod. Experi-
mental work on ferrite rod radiators will be performed during the next quarter.

Under Task 4, on antennas useful down to 30 MHz, the information based upon
the analysis and impedance measurements will now be supplemented by a substantial
experimental program involving radiation patterns of various arrangements of linear
elements. It is anticipated also that magnetic bias will be more fully explored with
some attention also to an analysis of this problem.

The study of materials will be considerably improved through the use of the
TEM mode cavity which has been constructed. After the cavity has been silver
plated, it is anticipated that the real and imaginary parts of permeability as well as
permittivity will be ascertained for the various materials which the project is

utilizing.
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APPENDIX
A
GAIN MEASUREMENT BY COMPARISON

In the comparison method of gain measurement the gain of the test antenna can

be calculated by the following formula provided the gain of a standard antenna is

known:
Gp = G+ CHA -AHV -Vt L - Ly
with all terms expressed in db and where:
C - Polarization mismatch factor
s Gain of the standard antenna
Gt -~ Gain of the test antenna
A - Attenuator setting for the test antenna
AS - Attenuator setting for the standard antenna
Vt - The mismatch loss for the test antenna
VS - The mismatch loss for the standard antenna
Lt - The cable loss for the test antenna
LS - The cable loss for the standard antenna .

The polarization mismatch factor is obtained by measuring the polarization
ratio, P, in db and converting this to the numerical polarization ratio, p . Note
that P is always assumed to be a positive logarithm. Furthermore, the gain being
measured on the test antenna is assumed to be the maximum gain.

The numerical polarization mismatch factor, ¢, is calculated from the

numerical polarization ratio, r, by the formula:

c = (p+1)/p
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The polarization mismatch factor in db, C, is calculated from c¢ and used in the
expression for calculating the gain.

Note that the polarization correction factor in db, C, cannot be greater than
3.01 db (for circular polarization) nor less than 0 db (for linear polarization).

The mismatch loss is calculated by the following formula:
V = -1010g (1 - /7%

where  is the magnitude of the voltage reflection factor.

For the measurements on antenna 232, a dipole was used as the gain standard
and it was assumed to be lossless. Thus Gt was assumed to be 2.16 db. All
measurements on the standard dipole and antenna 232 were made with an Anzac
H-9 Hybrid that has a specified average insertion loss of O 5 db. Between the hybrid
and antenna 232 was 200 cm of RG-58/U coaxial cable and between the hybrid and
the dipole was 128 cm of RG-58/U.

The attenuator settings and reflection coefficients for each antenna at each fre-

quency are given in Table A-1,

TABLE A-1
THE ATTENUATOR SETTINGS AND THE REFLECTION COEFFICIENTS

170 MHz 196 MHz
Antenna 232 - Vertical Polarization 10 db 12 db
Antenna 232 - Horizontal Polarization 14.5 7.5
Dipole -~ Horizontal Polarization 34 18
Dipole - Vertical Polarization 33 20
Reflection Coefficient - Antenna 232 0.82 0.70
Reflection Coefficient - Dipole 0.50 0.74
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Table A-2 gives the values to be utilized in the gain equation based on the
following assumptions:

1) The loss for RG-58/U cable is 6.05 db/100" at 190 MHz and 5.70 db/100' at
170 MHz. This was determined from the data supplied by the Belden wire catalog.
(Note that different manufactures claim different attenuations for RG-58 / U coaxial
cable and there can be a discrepancy of as much as 3 db/100'.)

2) That the reflection coefficient, which was measured at the hybrid with the
above stated coaxial cable between the hybrid and the tip of the antennas, isunaltered
by losses in this setup (these loses will be taken into account later).

3) The loss in the hybrid is 0.5 db.

The result is that the gain is -4.2 db at 190 MHz and -12, 3 db at 170 MHz.

TABLE A-2
TERMS OF THE GAIN EQUATION

170 MHz 190 MHz

C 1.3 1.93

+ 14.5 12
A 34 20

S
Vt 4,84 2.92
VS 1.25 3.44
Lt 0.88 0.91
L 0.74 0.76

When the effect of the cable losses and the hybrid loss on the reflection coeffi-

cient is taken into account, the gain at 190 MHz changes to -4.4 db. However, at
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170 MHz, correcting the reflection coefficient for the losses produces a value that
is slightly greater than unity. Although this is possible in lossy transmission lines,
(Stannard, 1967) it is improbable in this case. The more likely explanation is that
1) The losses specified by the manufacturer for the cable and the hybrid are
too great and
2) Since the true value of the reflection coefficient is very close to one,
calculation error plus measurement error produce a corrected value greater than

one. The results are summarized in Table A-3.

TABLE A-3

CORRECTING THE REFLECTION COEFFICIENT
FOR TRANSMISSION LOSS

Antenna 232 Dipole
170 MHz 190 MHz 170 MHz 190 MHz

Loss 0.88 db 0.91 db 0.74 db 0.76 db
Measured Reflection 0.82 0.70 0.50 - 0,74
Reflection Coefficient

Numerical Loss 1.23 1.23 1.19 1.19
Corrected Voltage 1.01 0.86 0.60 0.88
Reflection Coefficient

Correction Factor — 5.85 db 1.94 db 6.48 db

The correction is made by the following formula:

where [° T is the true value of the reflection coefficient and L is the numerical

value of the loss.
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APPENDIX
B

ADDENDUM TO ANALYSIS OF TWO PARALLEL
LINEAR ELEMENTS

A general formulation for the analysis of two parallel linear elements was
presented in Appendix A of Quarterly Report No. 7848-4-Q. The analysis required
a knowledge of two impedance functions, one each for a symmetric and an asymmet-
ric source excitation mode. Asymmetric excitation was shown to correspond to a
transmission line problem, and the solution for Za was explicitly stated. Symmet-
ric excitation requires the solution of a radiation problem to obtain ZS, hence the
solution is more involved. The appropriate method for obtaining ZS was indicated,
but only limited numerical information was then available. Since that report a
more complete formulation by Li (1958) has been obtained, from which some useful
numerical results have been calculated.

As pointed out previously, the EMF method is approximate to the extent that it
assumes a sinusoidal current distribution along a linear element. Nevertheless, the
results for a normal dipole are known to be accurate enough for most engineering
applications. It would thus seem logical to extend the induced E MF method to an
analysis of a linear slow wave structure used as a dipole. However, a difficulty
arises in that certain integrals which appear due to the generalization have no
known elosed form solutions. Li (1958) has been able to obtain an approximation
to the integrals which allows a tenable closed form expression. His result is dis-
cussed below, and then expanded upon to gain further insight into some useful

engineering approximations pertinent to linear slow wave structures.

B. 1 Asymmetric Excitation Impedance by the Induced EMF Method

The EMF method was applied by Li (1958) in his Ph.D. thesis to obtain the
input impedance of a small diameter helical element. This solution is significant

because it is representative of the characteristics of various other linear slow wave
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structures. A helical element supports essentially a sinusoidal current distribution
in which the axial wave number BS is controlled by properly choosing the helix
pitch angle., The slow wave structure was mathematically modeled using the sheath
helix approximation. Although the details of this formulation have been rather
carefully studied before preparing this report, the inherent complexity requires
that only the primary steps be outlined, the solution quoted, and the limitations
discussed.

The input impedance is obtained by the induced EMF method from dividing the
complex power contributed to the electromagnetic field through a cylinder enclosing
the element by the amplitude squared of the input current. The formulation reduces
to an evaluation of the following expression fof the input impedance.

-1 h .
s I_h [E, () + By(e) coty] 1 sinB (- [z dz (5.1
m S
Ez(z) and E ¢(z) are the longitudinal and traverse components of the electric field

on the surface of the enclosing cylinder and are given by

Bs e—]kRo e—]le e—]kR2
Ez(z) = j 30 Im T 2 7 cosBsh TR R (B.2)
o 1 2
2 s
BS —k2 h . jkR
+ j sinB(h—]zl) dz
Bs H S 1 R 1
and
Bi K 2
E (z) = -j601 In| ———| - v|tan ¢ sinfB (h - |zl) (B.3)
¢ m k s
2 .2
Bs—k a
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where
3\
R = a2+z2 R = 'Jaz-%(z—z)
o) 1
—— Er-amm——
2

R1 =}Va +(z+h)2 R2 = A{az-k(z-h)2
vy = 1.781
Y = helix pitch angle .

The last term in Ez containing the integral, along with the entire E g account
for the added complexity in extending the E MF method to the helical slow wave
structure. Both these terms are seen to vanish as the phase velocity reduction
factor P approaches unity, in which case BS—-—> k, (pS = k/Bs , k being the free
space wave number). Finding a suitable closed form approximate solution to the
integral term in Ez is the crux to solving the slow wave structure impedance
problem.

After some manipulation to facilitate the discussion in the next section, Li's
approximate solution yields the following result for the complex input impedance

of a small diameter helical slow wave structure.

Z,, = R+](X1+X2) (B.4)
3
R = —-—O—-—{2[CinAx-Cian]
3
D sin x

cos2x[20inAx-2Cian—Cin2Ax+Cin ZBX]

+

+ sin2x[—2SiAx+2Sin+Si2Ax—Si2Bx]

1-D
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x, = —2_ Jo[si Ax + Si Bx - sin 2x]
1 3
Dsin x
+ cos 2x [2Si Ax + 2 51Bx - S12Ax - Si 2Bx]
+ sin 2x [2 CinAx + 2CinBx - Cin2Ax - Cin 2 Bx]} (B. 4b)
120 h
= — ﬂ — -
X2 S (In 5 1) cot x (B.4c)

where: A = (1+ps), B=(1 -ps), D=pg, x=BSh and 0 <x < 7.
The functions R, X1 and X2 have been put into graphical form for easy use
and appear in Figs. B-1a, b through B-3a,b" respectively. The functions R
and X1 are plotted for the family of P ranging in 0.1 increments from 0.1 to
1.0. Since X2 is affected by 198 only as a multiplicative factor, unnecessary
duplication was avoided by plotting the product X

from 15 to 8000.

5P for the family of h/a ranging
A few comments are in order regarding the limitations of this result, along

with its applicability to general slow wave structures. First, the evaluation of

Eq. (B.1), using Eqs. (B.2) and (B.3), to obtain Eq. (B.4) required the usual

assumption that the radius "a'" be very small; i.e., a <<h, X. In addition, a

closed form evaluation of the integral term in Eq. (B.2) required approximations.

After dividing the integral into a real and imaginary part, the real part was inte-

grated exactly, and found to approximately cancel the contribution of Eq. (B.3)

to the input reactance. This approximation allowed the entire effect of E o

to be removed from the final result, Eq. (B.4). The imaginary part of

o,

"Each figure is drawn to two scales - a , for an overall presentation, and
b, for an expanded view of the ordinate near the origin.
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the integral was evaluated using an approximation which becomes poor for x>,
This influence is felt in the last bracketed terms of Eq. (B.4a), which can
become unduely large and force R < 0 if x is not restricted. Hence, the im-
pedance expression for the small diameter helical dipole is accurate provided
the element is thin and 0 < x < m, Moreover, the expression should
adequately describe the behavior of a small diameter helix having a ferrite core,
The primary effect of the ferrite core is to decrease the current phase velocity,
and hence can be accounted for through D, - The dependence of p, upon

the ferrite core will be discussed later.

B.2 Comparison to Transmission Line Analogy

The above separation of input reactance into two components (X1 and XZ)

was motivated by a similar technique introduced by Tai in connection with the
regular dipole (pS = 1,0) as presented in Chapter 3 of Jasik (1961), Tai

factored out the terms appearing in X2 solely for the mathematical reasons of

giving X1 the properties: a) of having no dependence upon the element thick-

ness, and b) of being regular at the origin (i,e, - X, —> 0 as Bsh—-> 0), It

1
is intended here to propose a physical interpretation to this so far strictly

mathematical separation, Observe that X2 is in the mathematical form of the
input impedance for an open circuited length of lossless uniform transmission

line having a characteristic impedance given by
zZ = 120(B_/k) Un h/a - 1) .

Ascribing such an interpretation to the mathematics is of course not new;
but, generally the analogy is argued hueristically starting from transmission

line theory, dominant mode biconical antenna theory, or the zeroth order in-
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tegral equation solution. Here, however, the argument is reversed; a some-
what more credible induced EMF technique reduces formally to contain a
familiar term which would otherwise be on somewhat shaky footing., Although
it may be rightly argued that the first order integral equation solution is on
firm ground, the first order solution obscures the analogy due to an awkward
change in its zeroth order functional form, whereas the EMF solution merely
introduces additive ''correction' terms. This latter notion of R, and in part-

icular X, being viewed as correction terms deserves further explanation.

1
Normally one does not think of R, given by either the EMF method or equi-

valently by the Poynting vector method, as being 'corrective'' since our
familiarity with the result relegates it as 'basic''. However it is 'corrective"
when compared with the cruder zeroth order result. More importantly, X 1
is the only readily tractable additive "correction' function available., Despite
excellent numerical results from more involved methods, a relatively simple
functional expression for the entire reactance is often desirable.

If X1 is rightly to be considered a correction to X_, its corrective effect

2
must be small, Tai's results for the normal dipole (pS = 1,0) showed this to

indeed be the case., That this is true for general pS is verified by examining
Figs. B-2 and B-3. Consider as an example a helical slow wave structure
for which 198 = 0,5 and h/a = 500, Nominal resonance based upon X2 = 0
would occur at Bsh = 1,57 (= 7/2), However, Fig, B-2b indicates that

X | = 177 for this value of Bsh. Actual resonance is achieved when Bsh is
decreased to where X1 + X2 = 0, Using Figs. B-2b and B-3b to determine
the required decrease in Bsh, one finds X1 = 148 = —X2 at Bsh = 1,45,

Hence, X, causes only a 7.6 percent correction to the value of Bsh predicted

1

by the use of X2 alone, In conclusion it may be said that X2 is a strong
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function of frequency, its strength being controlled by the numerical value of Zo’
X1 is by comparison a slowly varying function of frequency, its primary influence
being a slight lowering of the actual resonant frequency.

There remains the somewhat delicate task of reconciling the above equation
for Z0 as representing in some sense a meaningful expression of characteristic
impedance. First, for the case when BS =k, Zo reduces to Tai's results. (A

typographical error appears in X_, of Jasik (1961), but has subsequently been noted

2

by Tai (1965)). Throughout the years several differing expressions have appeared to

account for characteristic impedance. Siegel and Labus initially suggested the form
h 1 2h

= In — =1 -<= fpn —
ZO 120(na 1 an)'

Later the expression for a biconical line was averaged over the length of a cylin-

drical antenna to obtain

Z = 120(£n—2-}—1- - 1)
0 a
It has been stated by Jordan (1950) that both the above expressions when applied to
a short antenna yield calculated values which are consistently higher than measured

values. He suggésts the use of

Z =120 (In }—l--l)
o a

as an "adjusted" characteristic impedance that is empirically picked to give the
closest fit to experimentally measured values. Moreover, still another expression
results from equating the zeroth order integral equation, which contains the thick-
ness parameter Q2 = 2 ﬁn—z-é-l , to that of an equivalent transmission line. This

results in Z0 =60, or

Z = 120£n—2—}—l .
0 a
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While a number of slightly different expressions exist for Zo’ the importance
of the numerical differences between them is somewhat over shadowed when one
considers the errors introduced by variations due to different feed point terminal
conditions. Thus, the degree of uncertainty introduced by measurement technique,
and the conditions of actual application suggests that the choice of ZO is not too
critical. Should somewhat greater precision be desired, it would be best to deter-
mine ZO from measurement. This way the above uncertainties would to an extent
be taken into account.

In conclusion it is seen that the induced E MF method suggests an expression for
ZO which is identical to Jordan's when Bs = k. Moreover, the dominant role in

describing the impedance behavior is performed by X_. Thus, it is suggested that

9°
R and X1 may be viewed as correction terms to the zeroth order integral equation

solution, to within the limitations of the approximate, but generally adequate, in-

duced EMF formulation. This point of view will prove exceedingly useful in Section

5.3, and is a dominant motivation for the present development.
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