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ABSTRACT

This report discusses the results of a twvelve month engineering investiga-
tion of Eardened HF and UHF Antennas, sponsored by the Communications Division
of Rome Air Develogment Center, Air Force Systems Commsod. This engineering
study has resulted in the generation of efficient antenna techniques consistent
vith the capabilities to withstand the effects of muclear weapons. The HF
antenna techniques considered in this study are useful throughout the 2-30 mc
frequency band; the UHF sntennas operate in the 225.M00 mc region. The pro-
gram vas divided into two phases. Phase I vas a theoretical study of antenna
techniques vhich were investigated with regard to feasibility, configuration
required, bandvidth possibilities, efficiency, radiation patterns, hardness
ratings, debris effects, and economic analysis. Phase II involved the fabri-
cation and test of electrical models of the most promising designs. This phase
resulted in design dats, cost and hardness estimates for antennas for the HF
and UHF bands.
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EVALUATION

This contract was awarded to Sylvania to investigate HF and UHF
antenna designs capavle of withstanding the effects of repeated nuclear
attacks, The program provided analysis, electrical test of madels, de-
sign data and cost estimates of several vervy attractive antennas. These
antennas represent the latest in the field »f hardened antennas and pro=-
vide better performance, electrical and physical, and lower cost with
greater confidence than any previous systems,

The information obtained during the contract is part of a continuing
effort in the area of survivable commmications, Upon completion of this
vrogram the focal point for hardened antennas was established at RADC,
These results will be used as the technological base for continued efforts
in antenna survivability anJ in providing consulting services to the vari-
ous using comrands and system offices.

xxi
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SECTION 2

INTRODUCTION

This progrem was a 13 month engineering investigation of HF antennas
designed to with stand the effects of a nuclear weapon. The results are
presented in two volumes entitled:

HARDENED HF ANTENNA STUDY
Volume I - Electrical Investigetion of Hardened HF Antennas
Volume II - Survivability Analyses of Hardened HF Antennas

Volume I contains the results of an electrical investigation of 12 HF
antenna techniques considered in this study together with the results of an
experimental invescigation of the four most promising types, the Annular Slot,
Linear Slot, Wire Slot, and Log Spiral Antennas.

A detailed theoretical analysis of the behavior of the Annular Slot
antenna with and without a debris cover is presented together with the
results of an experimental program on a HF Annular Slot located in Warrensburg,

Missouri. Scale models were used in the experimental evaluation program of
the other three antennas.

Volume II contains a detailed analysis of the nuclear weapon threat
together with mechanical analysis of the various HF antenna configurations
ag to fajilure modes, cost estimates for each of the hardened antennas con-
sidered, design data, ind apecifications for the wost promising antenna types
designed to withstand particular overpressure levels.

Hardness ratings for the antennas have been classified as A, B, C, D in
Volume I and are discussed in Volume II. Lowest Hardness rating is class A,

maximum hardneas is class D.
1.1 SUMMARY

The Hardened HF Antenna Study was conducted at Sylvania's Applied
Research Laboratory located in Waltham, Massachusetts. The electrical study

1
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program was divided into two phsses. Fhase I was concerned with a theoretical
study of the suitable sntenna techniques ia HF region sand Phase Il involved

an experimental program to demonstrate some of the electrical characteristica
predicted in Phase I.

The HF band encompasses a frequency range of 2 to 30 Mc and antennas
optimized for operation in this band are inherently large structures.
Additional constraints placed upon *the gntennss in this study were their
capabilicy for hardening and ability to operate with reasonable efficiencies
under the effects of a debris cover. Techniques used at UHF and higher
frequencies such as debris pits around or integral with the antenna and
ground plane could not be utilized at HF because these features seriously
degraded the hardness of the antenna,and sharply increased the cost. Thus
it became apparent during phase I of this study that antenna techniques
capable of exhibiting reasonable radiation efficiencies when radiating
through a debris layer were to be investigated. This property coupled with
the ability to design such structures to carry a maximm hardness rating at
a reasonable cost was our basic approach in this investigation.

During Phase I, 12 different types of anterma techniques were studied
for application in the HF region. Our approach has been to study each
technique with regard to feas!bility. configuration required, broad band-
width possibilities, efficiency, radiation pattern and directivity, polariza-
tion (preferably vertical), hardness rating and the degrading effects of
debris on the antenna electrical performance. The 12 antenna techniques

fall into the following three general categories:
(a) Antennas in air

(b) Antennas flush with the ground or of low profile
embedded in asphaltic concrete

{c) Antennas buried in the ground
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Under category (a), the following four types wire considered:
{1) Wire sloc

(2) Log-Periosdic vertical wonopoles (LPM type)

(3) Spherical antenng

(4) Prolate-spheroidal antennsas

The wire slot antenna represents an attractive, simple, and relatively
inexpensive HF technique sspecially in the 10 - 30 Mc region. This antenna
falls into categories (a) and (b). It represents a directionsl type antenna
having a directivity of approximately 573 db (compared to an isotropic antenna
above perfect ground) and can be used down to 2 Mc at moderate costs. Three
configurations of the wire slot antenna are feasible -- a four-foot high wire
slot above ground in air (hardness class A,B,C), one embedded in asphaltic

concrete above ground (hardness class D) and another located in a trough be-
low ground (Hardness class D).

The regults of our initial studies indicate that the log periodic vertical
structure represents an expensive antenna of low hardnese rating. The cost
of suich an antenna is high becsuse of the size of reinforced concrete founda-
tion required for this case. Electrically, the log periodic structures possess
desirable broasd band characteristics, however the cost to performance ratio

is high for the vertical monopole array.

Spherical antennas with a narrow slot between the two hemispheres and
the prolate speroidal design were considered because of the broad band
characteristics at HF frequencies. The evaluation of thesa antennas from
the hardness point of view indicated the need for extremely large and costly

foundations for a hardness ratings class A; thus, they are not recommended
for the HF regfion.

The antrennas that fall into category (b) are as follows:

Annular Slot
Linear Slot
Log Spiral
Wire Slot
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5. Letter Rack Flush-Slot Array

6. Direct Driven Resonant Radiator (Hula Hoop)
7. Surface Wave Types

2. Helical Antennas

All of these antennas with the exception of the surface wave typss can be
classified as very hard antennas capable of withstanding overpressures in
hardness classification D. The surface wave type antennas carry a C hardness

rating.

Annular and linear slot antennas represent attractive medium cost tech-
niques for HF commmication, possess high efficiency (254 to 65%) , desirable
radiation patterns and directivity. The effects of debris on the efficiency
of an annular slot has been experimentally determined on a full acale HF
antenns and the results indicate a degradation in operating efficiency of -3
to -7 db in the frequency range of 3.5 to 13.5 Mc. This degradation is for
a one foot full cover of debris on a 60 foot diameter antenna optimized for
opexation in the 3-5 to 13.5 Mc range and located in Warrensburg, Missouri.

The log spiral antenna was found to be a desirable HF technigque and may
be in the form of a spiral with conductive arms or spiral slots backed up with
a.cavity. The efficiency of properly designed spirals neglecting dielectric
losses is approximately 50% with cavity backing. It appears at this point
that a four-arm spiral operating in the second higher order mode displays
a desirable ommidirectional radiation pattern for this frequency band. The
spiral technique {s aiivactive from the broad band characteristics of such
devices, constant 1nput impedance, efficiency, hardness rating, and moderate

cost.

Investigation of the wire slot antenna indicated operation at maximum
efficiency when such structures are built above the ground and periodically

supported with dielectric rods. Antenmnas supported in this menner carry

a hardness rating of A,B at the low end of the HF band, and higher ratings
C in the 20-30 Mc region. Embedding this structure in asphaltic concrete
increases the hardness rating to D with a sacrifice in operating efficiency
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due to asphaltic losses and burial depth. Calculations indicate efficiencies
of B to 25% are realizable from B to 30 Mc for a four foot high wire slot
embedded in asphaltic concrate.

Utilization of the log periodic principle in the design of a so-called
letter rack flush slot array in the ground was also investigated. The letter
rack flush slot array, when embedded in asphaltic concrete, was found tec be
a moderately good, medium-cost, antenna iur the HF region. A fine-slot arrsy
showspromise as one with broad bandwidth possibilities (~ 2:1), high efficiency,
and desirable radiation patterns and directivity.

Consideration was also given to an open-pit type letter rack antenna
with a debris pit at its base. A cursory investigation indicated that such
a design required a rather elaborate concrete foundation and cerried a very
low hardness rating (category A), thus the results derived from this investi-
gation show that such an open pit structure is not practical in the HF region.

The Directly Driven Resonant Radiator (DDRR) or Hula Hoop antenna is in
essence a top loaded monopole, in the form of an inverted L antenna, where
the L is bent into a loop. This sntenna requires only a short height (4 feet
at 2 Mc) and ylelds good efficiency if mounted above ground in air over an
excellent ground screen; however, its bandwidth i{s very small (about 1/3%)
In order to harden this antenna to ratings of class Car D it must be embedded
in asphaltic concrete. This reduces the efficiency by a factor of approxi-
mately 30 so that the resulting efficiency of the hardened antenna is ex-
tremely low. Comparing the Hula Hoop antenna with a top loaded moncpole of
the top hat type with the monopole in the center, one finds that the top hat
antenna has a greater capacity for the same cylindrical volume and therefore
results in a more efficient use of a given volume. Therefore the top loaded
monopole is preferred to the Hula Hoop as a hardened anterma in the 2-6 Mc
region.

Surface wave type anternas in the HF region were not fo.nd suitable

because of their large size, and relatively high cost to overall performance
ratio. Hardneass rating of such structures is class C.




Helical antennas were also considersd as to their application in the
HF region. Two modes of operacion were considared -- the normsl mode and
the axial wmode. In the normal mode of operstion, the radiation pattern of
& helix is similar to that of a short monopols and top loading technigues
would have to be used to increase the effective height and efficiency of the

antenna. In effect, top loading reduces this antenna to a top loaded mongpole.

Also, the helix operating in this mode fs a very narrow band antenna.

Operation of the helix in the axial mode (the usual mode of operation)
results in a radiation pattern along the helical axis with directivities of
the order of 10 db. The physical dimensions of such a structure are very
large at HF freguencies Thus from above, the helix does not seem to offer

an advantage over other competitive types in the HF region and was eliminated
from further study.

Antennas buried in the ground represent the third main classification of
HF antennas. The configurations available in this category are subdivided
into two groups as follows:

I. Buried Horizontal Dipole Arrays with Standing Wave Current Distri-
bution

1) Buried Horizontal Dipole Linear Array, Directional Type

2) Buried Horizontal Dipole Crossed Linear Array, Omnidirectional
Type

3) Buried Horizontal Dipole Circular Array, Omnidirectional Type
I1. Buried Horizontal Wire Anternas with Traveling Wave Current Distri-

bution

1) Linear Antennas, Directional Type

2} Horizontal Loop Antennas, Omnidirectional Type

Thes: insulated wire antennas, when buried to a depth of 4 feet, re-
present a relatively low-cost structure with a high hardness rating (class D).
Reducing the depth of burial results in a more efficient but lower hardness

anterma. Another advantage of such antennas is that debris degradation is
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less than with antennas of category (bh) which are embedded in asphaltic con-
crete, because the former are designed to work in a medium having characteristics
sinilar to those of debris. Standing Wave (Type 1) are recommended for use

in the 2-6 Mc region for narrow band operation; above 8 Mc, the lower operat-

ing efficiency together with debris degradation make it inferior compared to

the annular or linear slot, the log spiral or wirs slot.

Broad band operation can be achieved from buri«d horizontal wire antennas
(Type II) operating in the traveling wave mode. The buried Zig-Zag antenna
and particularly the buried rhowbic antenna provide radiation patterns of com-
paratively high directivity but lower efficiency than the corresponding
buried wire antennas of Type I which are only useable over a narrow band.
Buried Type II wire antennas display constant input impedance characteristics
over a wide frequency band and exhibit radiation patterns that change slightly
with fregquency. Omnidirectional patterns are obtained with horizontal square
or circular configuration using a number of turns. These antennas also have
conetant input impedance characteristics which are slightly affected by
changes in soil conductivity; in addition, they have an efficiency in the
order of 0.5 to 1 percent, require only one feed cable, and are lower in
cost than Type I antennas.

The buried horirzontal square or circular configuration is suggested for
application in the 2-4 Mc region as a low-cost, wide band antenna covering a
2:1 frequency range. Computed performance of this buried antenna appesrsto
be down approximately 3 db from the Warrensburg Annular Slot antenna (~ 60'dia)
at 2 Mc (without debris) and comparable for the case of a uniform half cover
over the Warrensburg antenna.

The results of the theoretical studies conducted in Phase I indicated
four antenna technique: warrvanting experimental investigation. They are as

follows:
1. Arnular Slot
2. Linear Slot
3. Wire Slot
4. Log Spiral
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Phase 2 was concerned with an experimenral evaluation of these four
antenna techniques with gnd without a debris cover.

The experimental evaluation of the annular slot antenna was conducted
at Warrensburg, Missourli on a full-scale antenna embedded in asphaltic concrete
and having a diameter of approximately 60 feet. This antenna was built by
Sylvania Electronic Systems - East during investigations for the Minuteman
Antenna Program and provided an opportunity to correlate theoretical pre-
dictions with actual performence in the HF range.

Evaluation of the linear slot, wire slot, and log spiral antennas was
performed at the Sylvania Antenna Site in Waltham, Massachusetts shown in
Figure 1-1. Scale models of these antermas together with a reference() 74)
monopole were built and laid out as shown in Figure 1-2. The antenna site
occupied an area measuring 39 x 32 feet. Drainage for the site was provided
by a 12-inch gravel base. An asphalt pad, six inches thick, was placed on
the gravel to provide a good ground base for all the model antennas. This
type of base results in minimzm degradation of the antenna back-up cavities
because of nonuniform ground effects and results in optimm efficiencies.

A fine mesh (copper wire insect screening) was laid down over the asphalt
pad and providaed the base for the back-up cavity used with each model antenna.
This also served as the ground plane for the reference (A /4) monopole.

The sidewalls of the back-~up cavities for each snternna were fabricated
from plywood and the screening stapled to it was soldered to the base screer.
A cavity depth of 18 inches was used for all antennas. Loam fill was placed
on top of the asphalt pad to a depth of 18 inches. All feed coaxial cables
to the antennas are spproximately 100' in length and are passed through an
underground pipe system to a test shed located approximately 30' from the
antenna site. A 40' dismeter air-inflatable radome was used at Sylvania to
cover the entire antenna site and protect the sntennas from the effects of
weather, thus reducing the down time in running antenna tests. Figure 1-3
shows a layout of the antenna site together with location of field intensity

monitoring stations and coordinator used in the experimental program.




Figure 1-1,

Sylvanie Antenna

Site.
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The design frequency for 2ach of ti entennas is as follows:

Log Spiral = Frequency range 60 - 240 Mc &
Linear Sloc - Design center frequency is 90 Mc ;
Wire Slot - Frequency range 76-80 Mc ?<
A reference A/4 monopole adjustable in height, was used throughout this =

program for field intensity comperison with the above mentioned antennas.
Addicional detail drawings and specifications for the antenna site are
given in Appendix B

The mechanical engineering invescigations as presented in Volume IT on
the HF antenna study program were concerned with an analysis of the various
HF antenna configurations as to their ability to survive all of the effects
of a nuclear weapon such as overprassure and dynamic pressure, therual
radistion, nuclear radiarion, ground shock and debris. 1t involved the
specification of antenna geometry for particulur overpressure levels, cost
estimates, and included an evaluation of the mechanical failure mcdes for
each of the basic antenna classification categories; i.e.

1) Antennas of low profile embedded in asphaltic concrete, such as
the Annular Siot, Log Spiral, Wire Slot, etc. D Hardness Rating.

a) Wedge Action - Sections of antenna being blown off from
slope of structure.

b) Shear Bending - Shear between the loaded and unloaded portions
of the antenna.

c) Rebound or Bouncing Effect - Antenna bouncing out of ground

due to tengile waves induced in
asphalt.

d) Sliding - Structure moving along ground.

e} Crack - Natural and others due to envirommental conditions.

f) Heating and Wuclear Effects.




3)

4)

5)

6)

Antenngs flugh with the ground such J4s the linear slot and letter
rack slot-array. U Hardness rating.

a) Shear Bending.
b) Rebound or Bouncing Effect.

c) Cracks.

d) Heating and Nuclear Effects.

Surface Wave Types - C Hardness rating. Failure modes are the same
as (a) through( f) under paragraph (i), above.

Log Periodic Monopoles in Air - A,B, C Hardness rating.

a) Failure i3 in combination flexure and shear as a cantilever
beam.

Buried Horizontal Wire Antennas - D Hardness rating for a 4 foot
burial.

a) Failure of individual dipoles or elements gnd feed transmission
lines in tension.

b) Failure of transmission line and junctions due to ground
shock.

¢) Probably no temperature or nuciear effects,

Antennas flush with the ground - open-pit gtructure having a
hardness rating of class A

Letter-Rack Slot-Array -~ Technique No. 1.

a) Wires will break under wind and thermal heat loads or a com-
bination of both. This limits rating to class A.

b) Uneven ground upheavel.
¢) Concrete foundation carries rating of class A.

Letter-Rack Slot-Array - Technigue No. 2.

a) Cantilever action of concrete walls which separate the indi-
vidual cavities of the array under reflected and dynamic
pressure limit rating to class A.

13
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SECTION 2

ANNULAR SLOT

2.1 THEORETICAL CONSIDERATIONS
2.1.1 troduct ion

Figure 2-1 shows a cross-gsection of an annular slot antenna. It consists
of a disk and a cylindrical back-up cavity., From the hardening viewpoint
this type of antenna 1s attractive, since it 18 flush with the ground and
can withstand enormous overpressures if the cavity is filled with a suitable
dielectric material which has low losses and good compressive strength. It
has been found that asphalt concrete, if properly treated and prepared, is
well suited for this purpose and is economical so that it can be used in
large quantities. We consider first the radiation characteristics.

2.1.2 Radiation Characteristics

Radiation characteristics of the annular slot have been considered by

several authors.l’z’3

The effects of a back-up cavity have been examined by
J. Galejs and T. W. 'rhompson.4 For dimensions of the sannular slot antenna,
which are very small compared to the wavelength, the antenna can be treated
as a top loaded very short monopole which has a large top hat capacity.s'6
The radiation pattern of the annular slot (also called Circular
Diffraction Antenna) has been calculated by Piscolkors.l The electric
field intensityE in the far field over perfectly conducting ground, at

distance D {is

kp V x J. (x sin@)
- —928 = —l - 7 £ ¥
E = D Jl(kpo sin @) Vg = F(x,8) D [mJ (2.1)
Po =4 ; b average slot radius m

2%p
k=-2k—';x=kl? = °; (%-9)=elevationangle
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Jl(x) = Bessel Function, first order
V8 = Voltage across the slot.

F(x,0) » x Jl(l sin@) ie the field pattern functiom. (2.2)

Normalizing this with respect to the fieid on the ground (@ = 90°) yields
the normalized pattern function.

Jl!? sing) F{x,0)
Fn(x,O) = Jl(ﬂ

T, §) (2.9)

The relaction between the field intensity E and radiated power PR is given
by the basic equations

8P 2
R E 2
— e emm— .tﬂv = P
ap? 1209 g SR=Fr
Thus

ED = ‘FﬁTiﬁij = \F“7757§fv§ (2.4)

GR is the radiation conductance referred to the slot voltage Vh, and g is
the directivity of the antanna compared to an isotropic radiator.

The relation between the directivity g, the pattern function F, and

the radiation conductance GR is obtained by combining Equations (2.1) and
(2.4):

F(x,0) szi(x 81n@)
E-30¢c "7 W6 (2.5)

The directivity g is a function of the angle . Along the ground (@ = 90°)
the directivity is

szi (x)

8 = 3p
o 30 GR

17
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It is convenient to compare the field intensity of an annular sglot, as

given by (2.4) with the field intensity obtained from a short vertical
wmonopole over perfect ground. The vertical monopole has & sinusoidal field
pattern with the maximum field intensity on the ground, and a directivity of
3. The field intenaity is therefore (ED)Wl = 43.30 PR. The ratio of the
field intensity of the annular slot and that of the vertical monopole in the
same direction (@) defines the K-factor;

(ll)As JSO; P 2

K= g = 3K (2.6)
(ED)gy - Joor
Thus
xJ (x sin®) F(x,0)
Joo Gy ‘(60 [
and the field intensity of the anmular slot is
(m).\s =K. (D), = Jso Pp - K (2.7)

P P
cal B = o R
= GR le(x Sino) = GR F(X:G)

The radfation cenductance GR of a parrow annular slot in a conducting
plane (perfect ground) has been calculated by Pistolkors without limitation

of the size of the slot diameter:

18
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Glﬂ-;% {Jz 3/2(‘) "':;'Jz 1/2(‘) +""‘ (2.8)
4
<X 19 g2 g 83 2
360 32‘3 s/a®) + 5 Jpp(x) e
4 2 .4 4
x X x_ =X _
* 350 11'3_*56"'! =360 % -

Plots of GR and l(o as & function of X are shown in Figure 2-2.

For electrically small antennas (x = lpo << 1) the basic equations (2.2)
(2.8)assume a very simple form:

2
F(x,8) 3‘5- sin @ (2.2a)
Fn(D)E ain @ (2.3a)
x‘
GRE 360 (2.8a)
2.2 2
360 x"x" sin” @ -3 sm2 9 (2.5a)

and the field intensity on the ground is

(ED), = 430 g P, = 490 Py (2.4a}
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It is evident from these relstions that the ammular slot of smmll electrical
size has the same characteristice as a short vertical sonopole: The elavation
pattern (Figure 2.3) is simusoidal, the directivicy sosl, therefore Kx=1, which
oeans that both antennas yield the same field intensity when energized with
the same power.

As the relative size of the annular slot antenns is incressed radiation
pattern, directivity, and radiation conductance change. 23: patfgrn function
and directivity are functions of x and the angle @. x =
proportionmal to frequency for constant antenna dimensions.

—
'cil

The normslized radiation pattern Fn' referenced to the ground field
intensity is given by (2.3). This is the pattern for constant slot voltage
Vs. The varistion of Pn with x for a given antenna size; i.e., the variacion
of pattern shape with frequency for a fixed mediur slot radius Py is shown
in Figure 2-3. The dimensions of the antenna are suitable for operation up

to & frequency of 30 Mc.

Cavity radfus b = 20 ft 6 m

Hat radius a =15 ft 4.5Tm
Slot width b-a = ft 1.525 m
Medium slot radius p = %2175 fr 5.20 m

It is seen that the pattern is sinusoidal as long as b << A(x << 1).
As 1i.,e., the frequency is increased the pattern broadens until x = 1.84
where the Bessel function Jl(x sin @) has a meximum. Up .to this point the
maximm of the pattern is on the ground. As the frequency is further
increased the main lobe lifts off _he ground and increases in aize. The
radiated power increases alaso as is evident from the incressed area covered
by the pattern. The lobe maximum {s at an angle On determined by the
first maximum of Jl(x sin 0_) which osccurs &t X sin Gn = 1.84, Thus
sin Om = 1.84/x.
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The radfation pattern for constant radiated power is given by (2.7}.
The field intensity at constant distance in the far field is proporiional

to K. The variation of the field intensity on the ground {0 = 90°) is
x J, (x)
represented by Ka S St an’ 18 plotted on Figure 2-2 as a function of x.

JBO GR
Figure 2-4 shows radiation patterns at various frequencies for the same
anterna (b = 20 feet) as used for Figure 2-3. As the frequency is increased
the ground field intensity is reduced and a lobe develops whose elevation
increases as the frequency is increased. The reduction of the ground field
intensity is due to the fact that the radiation is more and more concentrarted
at higher elevation angles and therefore, with the same total radiated power,
the radiation at the lower angles is reduced. This is in contrast to tae
case of constant slot voltage V8 where constant ground field intensity is
maintained at the expense of increased radiated power. When the frequency
is increased to the point where x = 3.83 or po/l = 0.61, the Bessel function
J1 passes through zero and the ground field is zero, KD = 0 ‘Figure 2-2).
All the energy goes into higher elevation angles, the maximm of the lobe
appearing at an angle given by sin Om= 1.84/ At still higher frequencies
{x > 3.83) a second lobe develops on the ground, giving rise to a ground
field intensity that is slmost as large as it is at low frequencies (x < 1).
This is apparent from Figure 2-2 which shows KO =1 at x = 5.4.

The directivity g of the annular slot is given by (2.5). It is a function
of » and the angle @. Of particular interest is the directivity (gc) in
the direction @ = 20° (along the ground), and the directivity o in the
direction of the first lobe maximum. From (2,5) we obtain

[ x Jl(x)]2

8 = T30 6y =3 K

2

. 2 2
. - [x J,_(x sin Om)] i F (K.Dm)
m 30 GR 30 GR
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These directivities together 1{th the elevation angle ‘m - 90° - Omo of the

first lobe maximum are plotted versus x = k;po on Figure 2-5. For x 5 1.84
the lobe maximm is on the ground (cn = 0°) and B, = By The directivity

g, = 3 for x < 0.5, and decresses (because of pattern broadening) until

E, = B = 2.42 at x = 1.84. With increase of x beyond 1.84 (x > 1.84), the
main lobe lifts off the ground, and g, (which is proportional to the radiated
power density along the ground) decreases to zero at x = 3.8, since 11(3.8) = 0.
At thie point the pattern has a mull on the ground. For x > 2.8 the ground
directivity g, increases again up to value of 2.8, which is close to the
value at low frequencies. In this same range x > 1.84 By’ after a very
slight dip, increases rapidly past the point x = 3.8 where the ground field
has its mull (go = 0), until a maximum is reached. This occurs at x = 4.4
where g = 8.9 and the lobe elevation angle € = 65°. 1In the range

1.84 < x <=3 the lobe elevarion angle increases rapidly from 0° up to 52°,
Forx > 3 the increase of € is somewhat slower.

2.1.3 Admittance of the Annular Slot Antemna

To establish the efficiency and bandwidth of the anmular slot antenna,
as well as the tuning and maitching circuits, one must know the terminal
admittance of the antenna. Since the radiation or far field of the antemna
is due almost entirely to the fringing of the electric field meintained
across the gap between the disk and adjacent highly conducting ground it
was possible to derive the radiation characteristics by considering the
civcular diffraction of an annular slot in a perfectly conducting screen.

To obtain the admittance one must consider the environment of the annulax
slot. Below the top disk at a distance h is a highly conducting ground
screen, This together with the surrounding earth forms a cylindrical cavity,
Thus the antenna may be considered as a cavity backed annular slot with an
electric field across the slot producing the radiation. An analysis of the
performance of a cavity backed annular slot antemma - without a lossy layer
of debris over it - has been given by Galejs and Thompson.4 Their results
have bezen expanded by Galejs and Row (ARL Research Report No. 359) to cover
the question of debris effecis on the performance of the annular slot antenna.
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The analysis of the cavity backed annular slot antemna without debris
cover yields the admitrance scross the slot. The edge of the disk and the
edge of the cavity are considered as terminals. The actual feed points
of the antenna are at the center of the disk and the ground plane forming
the bottom of the cavity. To obtain the terminal admittance at this point
the slot admittance must be transformed to the center feed point, which can
be accomplished by using radial transmission line analysis. (See Sectiom 2,.2.7)

The admittance Yo across the slot is composed of two parts:

+ -
YT =Y +Y

Y is the admittance reflected to the slot plane by the outside space,
Y  is the admittance reflected by the cavity.

Using @ zero order approximation of the field distribution across the slot
(Eo(p) = ao/p) one finda:

(2.9)

. e)? (oo )? (ko)
Y =380 1--—3 + 58 + ...]

kp 8p
—olgg —2o— . 1,2 2 -
+ 60#[‘“ Py - Py 7*3 (kpo) + ..] Gp + 3B

where Do = (a + b)/2. This 18 in agreement with the principal mode aduittance
seen by a ccaxial line that radiates into a half space, as calculated by

Levine and Papas.2

The real part of x' is the radiation conductance GR which is in agreement

with (2 8). The imaginary part of x' is a capacitive susceptance (BS) repre-
senting the slot fringe capacity due to the outside field. Both GR and B

S
are independent of the dielectric constant of the medium inside the cavity,
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The admittance reflected by the cavity is
2 YR ]
bp ) % coth{ Y -klh,
-a
q=1 _ 8
~/x3 i3

Y = - drjwe,

J (A a) «J (xb) - _
X BJ.(A b ]'G"'-”
q 1 q

vhere the height h of the cavity is taken negative : h < o. Aq is defined
by Jo(lqb) = 0. kl is ths complex wave mmber:

e N
kl = W “o(l 1 - e H ‘1 a ‘oclr
and 0, are

€1r is the dieleciric constant of the cavity fill material € L

the dielectric constant and conductivic; respectively of the cavity fill
material. Its loss tangent is tg 61 = “—1— and this determines the magnitude
of G- = 0. It is apparent that, while ' Y' {s dependent on Ky, ¥ 1s
dependent on k,. This means that Y' is not affected by the dielectric in
the cavity, but Y 1s affected because the velocity of propagation inside
the cavity is reduced by ﬁ .

The total admittance is then

Y, = (Gn +G) +} (ns +B) = Gp + 3 By (2.11)

with

G.=G, +G and B, =B_ + B~

T R T S
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Considering ths susceptance B , one finds that it is capacitive for

small values of b/A. Then all the cavity wmodes are below cutoff and the
cavity reflects & capacitive susceptance. Since Bs i1s aleo capacitive,
representing the slot capacity due to the outside field, the total susceptance
BT is capacitive for small values of b/A. As the frequency 1is in;re;aed 2
one of the cavity modes will propagate. Now cutoff occurs when Aq-kl-(zi/h) tl,
and where the Aq are determined by the tgots of J (xqb) In the case of

a low-loss cavity-fill material k = (-—) e Thus with the first thres

roots of Jo(hqb) the following relnciono are obtained:

A b x=2.403 ~ bkl
ql

A L,b =552 = bk

q2 1 (2.12)

A b =8.65 = bk

q3 1

This results in b/A values as tabulated, both for air in the cavity and

asphalt (elr = 2.8 and e " 3.85).

b/A for air b/x for agphalt b/A for asphalt

bkl €le = 1 € = 2.8 €1 " 3.65
2.40 0.384 0.23 0.20
5.52 0.878 0.525 0.45
8.65 1.385 0.822 0.72

Thus, the first propagating mode starts when b/A> 0.23 or b/A> 0.20 if the
cavity is filled with asphalt which has & dielectric constant, €. = 2.8
or €, = 3.65, respectively.

1r

For the case b/A << 1 the antenna acts iike a radiating capacitor. The
total capacity fe that of the disk against the cylindrical cavity. including
the fringe field. The capacity CT is approximately equal to the capacity of
two parallel plates at a distance h, one of the plates being very large,
representing the ground plane.
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The computation of the admittance of the annular slot antenna can be
accomplished with a digital computer after the dimensions of the antenna
have been chwsen. The cavity diamstar 2b is determined by the desired
radiation pattern at the upper end of the frequency band in which the
antenna shall operate, in our case 30 Mc. The s of b determines the
madium cavity radius pou 2_;:_! and thereby x = —;9 - f—'- P, where A 1s the
- wavelength in air. It should be noted thar the radiation characteristics
are not affected by the dielectric in the cavity, whereas the admittance
depends on the charac - -{stics of the cavity fill mmterial. Therefore the
relations describing ti radiation characteristics as presented before can
be used without change.

The limits in the choice of x; i.e., of po are determined as follows:
If x is made large, lobing of the radiation pattern occurs and the energy
1is radiated at high clevation angles. Thus with a choice of x = 3.84 one
would obtain a lobe elevation angle of 80° and there would be no radiation
along the ground. On the other hand, the efficiency drops as b is made
smmller, since the radiation conductance cll i{s proportional to x4 and there-~
fore drops very rapidly as x and therefore b is decreased, as shown in
Figure 2-2. This then dstermines the lower end of the useful frequency band
of the antenna.

The computation of the admittance was carried out for the antenna dimensions
shown in Figure 2-1. The radiation patterns of this antenna are shown on
Figure 2-4. The results of the computation are shown on Figures 2-6, 2-7, 2-8,.
and 2-9 together with curves describing the effects of debris covering the
anteina ', Figure 2-6 shows Im {‘lo} = Bg + B = B, versus frequency (curve
marked 0 debris). The total susceptance Pr is composed of two parts. BS is
the susceptance of the fringe capacity CS between the edge of the disk and

.Effecu of debris will be discussed in a following section
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ths cavity. Its valus changes slightly with frequency, and varies from
spproximately 300 wF at 3 Mc to 25° ¥ at the upper end of the band. B

is capacitive until the first cutoff frequency is resched. This is the case
for b/a = 0.23, fc = 11.5 Mc, for a cavity fill material with e = 2.8,

At this point B becomes very large and changes sign. As the frequency is
increased above £, B represents an inductive susceptance which decreases
with frequency goes through zero, snd becomes capacitive agsin until the
second cutoff froqu-ncy is reached at the point wheve b/A = 0.525; fcf 26.2 Mc.
At this point B has a positive mix{mum again, but not as pronounced as at

the first cutoff frequency, changes sign and becomss inductive, thus repeating
s similar variation as occurred at the first cutoff frequency. B.r is the
p:rlll.l combination of the slot suscept.unce Bs and the cavity susceptance

B . Its variation ie shown on Pigure 2-8. The cutoff frejuencies are easily
recognizable at those points where ‘T abruptly changes sign. Thias is similar
to the series resonance of & series L - C circuit. In between the two cutoff
frequencies, a parallel resonance condition is reached at about 18 Mc. This
is the case vhen 3 = - gi 1-¢., when there 1s parsllel resonance between
the cspacitance ls of the slot and the inductance of the cavity.

The real part of tha admittance Y.r or total conductance {s shown in
Figure 2-7: Re Y, =G, =Gy + G . The total conductance {s composed of
two parts. G‘ is the radiation conductance, which is the same as in the
air case (ch_ = 1), Equations (2.8) and (2.9). The variation of G with
frequency is shown in Figure 2-8. G, is extremely small at low
frequencies and increases very rapidly with the forth power of the frequency.
At x * 3 & maximm is reached with GR % 0,03 who, at a frequency f = 26.9 Mc.
The cavity conductance G has been computed using a loss tangent of the
cavity dielectric tg 61 = :,% Figure 2-7. G has two pronounced maxima of
4 who and 1.5 who at the cutoff frequencies: 11.5 Mc and 28.2 Mc. These
are rather high values and, since the cavity susceptance ia slmost zero at
these points, this has a shunting effect. The slaor i{s shunted by a compara-
tively low resistance, so that a power loss is uxperienced at these frequencies.
Between the two cutoff frequencies the conductance G is low, reaching a
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minimum at adout 15 Me. Figure 2-9 shows the conductance/susceptance ratio
of this antenna as & function of b/A{asphalt). There are three points where
the GTjBr retio has extrema. These are

b/A

(asph) 0.39 0.58 0.88
X (asph) 15.4 10.3 8.83 m
Aatr™ 28 Xiggph)  26.0 17.3 11.4 o
£ 11.5 17.4 26.2 e

The first and third extremum are at the cutoff frequencies of the cavity.
Here G representing losses in the cavity is comparatively large. Gl‘ G + GR
is therefore also comparatively large. At these points the efficiency of
the antenna is low, a3 will be shown in the following section.

The point in between at f = 17.4 Mc is of a different nature, as far
as G 1is concerned. G~ is very small at this frequency and G, is considerably
larger than G so that G = G+ G, is again comparatively large. But in this
case the efficiency is high because GR>> G~ and GR ~ GT' As will be shown
in the following section, parallel resonance occurs at the middle frequency
(18.4 Mc) and this is the condition for high efficiency. At the cutoff
frequencies there is a series resonance condition which yields very low
efficiency. 1In all three cases the total susceptance BT = 0 and changes
sign, but at the cutoff frequencies the losses (G ) are high, whereas at the
parallel resonance frequency the losses are small.

Knowing the variation of the admittance with frequency as described by

the BT and G, curves one can define an equivalent circuit which has the same

T
resonance points and similar behaviour over the frequency range of interest.

(Figure 2-10) and is useful in describing the general behaviour of the

admittance variation. The circuit consists of a susceptance B_ representing

S
the slot capacity. Parallel with BS are series circuits of L,C and small R,

1
= for the
11 “lcl

one for each cutoff frequency. At the cutoff frequency w.L
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first cutnff frequency fl‘ and “’21‘2 = ;1?- for the second cutoff frequency
fz' etc. Pigure 2-10 shows two series clr&.m for the two cutoff frequencles
occurring in the frequency range 2-30 Mc. In addition there are the conduct-
ances, GR representing the radiation losses, G representing cavity losses,
and GS representing ground lossea. The parallel resonances are obtained
when the susceptance Bs of the slot capacity {s equal in msgnitude to the
inductive susceptance of the series circuits; i.e., every time when B = - 8
The slot capacity is then in resoramce wirh the resulting inductance of one
of the series circuits. As mentioned before these are important conditions

since they yield high efficlency.

s

The parameters of the equivalent circuit can be obtained froa the
computed conductance as a function of frequency. For this purpose we consider
the admittance of a series resonance circuit near rezsovance.

1 > G .—..L—'-L.m_gc_jn
1 o 2
l+J(uL—m) i1+ (20Q)7)

Y1=

with

. - 2 ) < L
o c’ @ R zoco‘wo:/&_'

The conductance of this series circuit has a frequency dependence near its
resonance frequency which is quite similar to the computed conductance curve
of the anmular slot antenna near the cutoff frequencies. The conductance

G has a shapr peax of magnitude G, at the resonance frequency fo, which is
thereby determined. The bandwidth Aw is detormined from those frequencies
where G has dropped to one half of the peak value. From w Go. and

!} =;‘w—‘i; one obtains
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If, on the other hand, one does not have the conductance of the ante...” as
a function of frequency one can estimate the static capacity of the antenna
and thereby get C. Then the losses in the antenna cavity can be estimated
from the Q of the cavity filler material. The cutoff frequency is equal to
the resonance frequency, thus yielding W From these L, R and Z° can be
calculated.

This technique describes only the behavior of the admittance close to
the first cutoff frequency. It can be refined by assuming several series
circuits, each resonating at the consecutive cutoff frequencies as mentioned
before. The determination of the various components of the equivalent circuit
becomes then rather cumbersome.

A simpler representation of the behavior of the admittance frequency
function using transmission line analogy is given in the following section
in connection with efficiency considerations.

2.1.4 Efficiency of the Annular Slot Antenna

The efficiency of an anterma is determined by the ratio of the radiated
power to the total input power of the antenna. The total inpur power {s
composed of two parts: the radiated power and the power caused by the losses
in the antenna. There are two kinds of losses in the antenna proper (not
considering the tuning circuit); 1i.e., losses in the dielectric filling the
cavity, and ground losses in the surrounding ground including copper losses.
The dielectric losses are ng G~ , the ground losses are Vszca. The radiated

pover 1ig ngﬁ hence the efficiency

Rl
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n= 2—‘—'& = a - 1
V. (GR + G+ GB)

where GL =G+ 68 represents the sum of all losses in the antenna. In the
case of debris covering the anterna the ground losses are incresased. result-
ing in an increase of G!. The total susceptance of the antenna is BT = BS+ B .

2.1.4.1 General Efficiency Considerations

To obtain a first estimate of the losses which determine the efficiency
of the antenna we make use of some basic energy relations. In circuits as
well as in transmission lines the effect of losses can be estimated by
considering the ratic of the average stored electromsgnetic power and the
average dissipated powsr which is the Q-factor of the system. In a component
with the admittance Y = G + JB the average stored power is VZB and the
average dissipated power {3 vzc, 80 that Q = B/G. 1f there are a number of
components in parallel connection one has the total conductance

GT = Gl + Gz + .a Gn

The average stored total power ir a circuit of parallel components
with the same voltage applied to each of them can be expressed by Hp =
Bc is a capacicive susceptance which contains the same stored power as the
whole system. In a resonant paralle} system of L, C and G, Bc= Yo= T
vhereas at very low frequencies B = jt and at very high frequencies B = «C.
Relating the conductance of each component to the average cgtal stored
power in the circuit one obtains the Q of each component as Qn= =< and

Gn
the following expression for the total QT' which {3 defined as

Qr‘;c"
T
L S
Q@ Q9 Q,
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or

With the aid of the Q-factors the losses In the circuit can be evaluated,
stnce the Q-factars are characteristics of the components and materials and
can be readily estimated.

In an antenna the active power divides into two parts: radlated pover
and dissipated power. The ratio of radiated power and stored power defines
the radiation power factor p of the antenna, which plays an important role
in efficiency considerations:

1

P = GR/’Bcz '6;

The radiation power factor is the reciprocal of the radiation QR

With respect to efficiency the antenna is characterized by the following
data:

The effective susceptance designating the stored power BC
The radiation power factor P = GRch
- s s
The loss-Q of the antenna QL Bc’cL
The total-Q of the anternia QT = BC/GT
With
U S S |
r R Q
and
PQ = GGy
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The efficlency can bde expressed as

7 = -G—R = PQ,. = —B-S.L_ - —...—1_._
GT T IWQL 1+GL/GR

QT is related to the bandwidth Aw of the antenna considered as a circuit
lvading the generator:

1 | A
Qp @

Hence

G
A g2y .p.R
2 n(5) =P B

The efficiency bandwidth product is equal to the radiation power factor
which, therefore, is s measure of performance of the antenna. Electrically
small antennas have a small radiation power factor because the radiation
conductance is small, and have a Q,, which 1s much smaller than 1/p so that
the efficiency n =p QL’ and the efficiency bandwidth product are small.

The only way to increase the efficiency of the small antenna is to make
QL as large as possible; i.e., decressing the losses,therebv reducing the
bandwidth.

Electrically large antennas, however, have a large radiation power
factor because the radiation conductance is large. The loss QL can be small
or large depending on the resonance conditions. Parallel resonance conditions
are favorable since QL is then relatively large, resulting in p QL >> 1.
In this cage the efficiency

1
n=1- pQL =1 - GL/GR

can be quite high, depending on QL'
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The antenna lcyses are conveniuantly determined from Qc of the antenna.
The controlling factor are the dielectric losses in the material with which
the antenna is filled. Considering only the dielectric losses one obtains

Q = uwe,/G = 1/cand

where tanl is the losg tangent of the dielectric. Measurements of the loss
tangent of asphaltic material in the frequency range 0.5 to 30 Mc show

that Qc values ranging from 50 to 100 and higher can be obtained. To thease
dielectric losses Zround and copper losses can be added thus reducing Qc.
Our measurements indicate that Qc values of 25 to 40 and up to 70, including
all losses, for frequencies up to 18 Mc are realizable.

Both the upper and lower limits of Qc have been used in the computations.

The preceeding results of computations of the prototype ammilar slot
antenna show that the admittance of the antenna across the slot is similar
in behkavior to that of an open ended transmission line with low losses. A
brief analysis of a resonant transmission line using the basic energy
relations outlined above will be useful in explaining the behavior of the
efficiency and admittance dependance of the antenna.

To bring out the basic characteristics of the antenna in the simplest
form, we consider a uniform transmission line open at both ends whose length
is an integer multiple of quarter waves (n )A/4) and therefore displays
series resonance phenomena for odd miltiples of A/4, and parallel resonance
phenomena for even multiples of A/4. Omne open end represents the slot of
the antenna. The voltage and current distribution on the line are practically
sinusoidal since the losses in the line are assumed low. The voltage maximum
V appears A/4 removed from the slot and the current maximum appears at the
slot if the line length is an odd multiple of A»/4, and the conductance at
the slot is high. The role of V and I are reversed if the line length is
an even multiple of A/4 and the conductance at the slot is low. In both

cases of resonance the average stored power on the line is

43




c
1., A U
-E-Vz n;w:\rzﬁ‘::vzn

Bc is the susceptance representing the average stored power in the line.
Bc = %1 Yo is propartional to the characteristic admittance Yo of the line

and proportional to its length.

The average dissipated power on the line, considering both dielectric
and resistive losses, is

Vz A R1 .
Hx-z—{cln-;--f;—i nz}
[
5l m
o
G R G R
1 1 nr 1 1
="2{R;+ aq}rz - v, {wc— ;c—}
o 1 1

Thus the lin= -Q is given by

1% _ S M
Qc ; Bc wcl le

Qc can be estimated from the Q factor representing the losses in the dielectric
material of the line, for instance asphaltic concrete. ard from the Q factor

representing ohmic losses.

From the radiation conductance and the average stored power the radiation
power factor is determined as:

= EB i GR Zo 4
P B nt
c
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Finally the conductance at the end of the line, representing the slot,
is needed for the calculation of the efficiency. Conditions are different
for the series resonant quarter-wave line, and the parallel resonant half-
wave lina., In the first case {(n = 1,3,5 ..) the current is maximm at the
slot end, and the power dissipated in the slot conductance {s equal to the
total dissipated power in the line: Iz/cl/4 = W. This ylelds the slot
conductance GL for the A/4 - case

,‘
v e R
IR Vil w1
) o ¢
and > n=1,35..
QL=E’. = (_E'.{I‘ZO) = (ﬁ.)z 1
G Ne 4 %
J

The frequency dependence of the conductance cl 4 Mear resonance points {s
characterized by a lhigh peak of magnitude 4Q c/nt zo as shown above and a
bandwidth Aw/wo = Q , Wwhere Aw is the dlffen?nce of the frequencies at

which the conductance GL has dropped to one half of the peak value. Thus

ot |E

1
Qc

The bandwidth of the G, curve is determined by the Qc of the line.

L
Having found a simple expression for GL and the radiation power factor p,
the efficiency at the A/4 points is readily obtained as

7' = pQL = 1 = 1
e 1+ L 1+ i L
pQL GR Z0 n¥
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with

- Gt Oy
P v and pQ, = q, 4

In most cases pQL << 1 so that

na 2 T o«

Hence the efficiency is small at the quarter wave resonance points, depending

largely on l/Qc. Summerizing the essential points for the A/4 - case, we

find that:

4Q

C
n¥2
o

a) the maximum of GL =

b)

is proportional to Qc

QL is inversely proportional to the iine - Qc hence low

¢) the Qc of the lime, not QL determines the bandwidth of the GL curve:

Q = wo/Am

d) the efficiency is small, proportional to GRzo/Qc'

GL and the

efficiency can be egtimated from a knowledge of Qc and the

characteristic impedance zo.

In the half-wave resonance points (n = 2,4,6
to those at the quarter-wave resonance points.

...) conditions are inverse

The voltage is maximum at

the slot end. Thus V2G = W. This yields the slot condu’ ‘ance for the

1/2
A/2 case
G. = G :-‘-’—=-B—c~—n’
L 1/2 v2 Qc - 4QCZo
and
QL = Bc/GL * Qc
46
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The frequency dependance of the conductance 61/2 around the resonance points
is characterized by a very small variation with frequency, and a small

magnitude of G The bandwidth is broad. The relation between the minima

1/2
of 61/2 at the A 2- points and the maximum of the first 2’4 point (n = 1} {is
n Yoz
GI/Z = ; 2 = 1% n =246
0 1/’4 !
61/2 and 01/4 are inverse to each other.

The efficiency at the 2,2 - points is

A T 1
) I*DQY ‘ 1+ } Ll
GRZch 4
vith
G,z 4
- Ro__ - 4
P = and PQ = GRonc nr

If Qc is sufficiently large, then pQL >> 1 and

nn 1
n =12
4 GRZOQC

can assume values greater than 0.8, thus vielding efficiencies of B0 percent

and more.
Following are the essential results fcr the A/2 - case.

a) The slort conductance GL is not constant, but varies strongly

with frequency, assuming low values at the iA/2 - resonances,
and high values at the x4 - resonances. The minimum value

_nﬂ
of GL = 4Q 2
c O

is inversely proportional to Qc'

47




b) Q = Qc' Q is determined directly by the line - Qc,

c) The efficiency for sufficiently high line Q. is high and can be
estimated from a knowledge of Qc and Zo.

Having outlined the bdehavior of the gnremma at the resonance point there
ceaning to ocutline tle lreguency denandence of the antenna in the region
below the first quarter-wave resonance. The antenna behaves similar to a
short open-ended transmission line with a cowparatively high Qc. The
conductance at the slot end

3
t ¢
_ 221@: 8 T (B0)
L 4q_"ctg (B1)+(B1)* Q.

vhere the second expression is an approximition for 8t <1 ; i.e., for
small line length ¢ compared to the wavelength. For this case the radiation
conductance is approximately

4

GR = 1%%%— according to equation (2.8), and the efficiency

Q_(k0)

1

N x J————m—r= = =
T+ 6,/8, 3

180 Y_ (g) + Qi

Q.z (A1)
- S for kt « 2
180 (8/k) )
with
B/k = lo/lc
xo = wavelength in air
xc = wavelength on transmission line.
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For an electrically small anterma (8¢ << 1) the radiation conductance
<:]l is very small so that a small loss conductivicy and hence s large Qc are
required to get the best possible efficiency. Tie efficiencv {= propertions!
to Qc and increases linearly with B¢, 1.e., with frequency for constamt
length.

26: the frequency increases and the quarter wave vesonance is approached
GL" Z—H becomes large and the efficiency drops to a minimim ar *he guarter
wvave Soint. At 8 frequency below the quarter wave resonance ¢ msximum of
efficiency 1s reached at g point where the rapid incresse of Gl is out-
veighed by the incresase of the loss conductance GL A comparison of the
results of the preceeding transmission line model with the computations of

the admittance and efficiency of the annular slot antenna yields the fcllowing

teble, which summarizes the basic facts.
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Two kinds of resonance phenomena (Qc >> 1)

Series or A/4 Resonance
at cutoff fregquencies

Parallel or A/2 Rescnance
in between cutoff frequencies

Slot Susceptance

Bys 0 B, 20
Large negative slope dB.r/du Small positive slope dB_r/dw

proportiomal to Q. proportional to 1f2°
@ Loss Conductance

¢ s =D
Gy, iz G =3 2 G,

Low flat minioum
Proportional to l/Qc

High sharp maximm
proportional to Qc

Bandwidth of G vs w curve

w14,
W, Qc ¥ L

Narrow Wide
Loss QL
n¥ i
Q. = ) chw Q, = Q_ High
High losses Low losses

Radiation Power Factor

4
c.2 P = ny¥ GR zo .
0 Ro - - A
PO =T T <t Ph GG P = ar GgZl 1
2
- £ (8L -
- Qc (4 ) NC
Efficiency 1 = -——1-——_—1-
1+(pQ;)
= PQ -9-'-0‘2"«1 n zl--l-closetol
Nnin L 4 q T max, M
Deep and sharp minimum Flat maximum

The bandwidth of the 1 vs frequency
curve, where 111 = 2110, is

M 1
wo QC

oS PRYERETOR SUCNT SRR BTN g



In both cases: With a2 knowledge of the loss Qc and the characterfiscic

{mpedance z° the quantities GL, Qt’ %f and 7 can be eatimated.

The cavity acts similarly to a radial transmission linez comsisting of the
disk and the ground plane (bottom of cavity). The line length is approximately
equal to the sverage slot radiue P, = (a + b)/2. The characterisric impedance
varies with radfus. The resonance phencmena, as described in above table,
are therefore shifted in frequency, but they are in principle the same as
those of the uniform transmission line.

2.1.4.2 Results of Computations of Efficiency

The efficiency of the annular slot (Figure 2-1) has been computed and
is plotted in Figure 2-11 by using 1 = GR/GT' The main source of losses is
the dielectric material which fills the cavity. These losses are taken into
consideration by using a complex wave number

/ 1
kl = Iq/pocl 1 - we,

o

where ;%— is the loss tangent of the dielectric, and the reciprocal of this
1 wWe

is the Q factor: QD = -El as value of 70 = QD was chosen. This actually
1

includes all the losses in the antenna. Considering the curve marked "O"
debris in Figure 2-11, and 2-12 the following results are obtained:

At the cutoff frequencies the efficiency drops to very low values,
causing deep notches in the efficiency curve.

At the same frequencies the BT curve (Figure 2-6) passes with a high
slope through zero and the GT' GL curve (Figure 2-7) has a high, sharp
peak. Thus all typical series resonance phenomena are exhibited. The

bandwidth of the GT and 7 curves %g = %6, according to the aasumed Qc' From
o

Go = 4,3 mho and 1.6 mho at the first and second cutoff frequency an estimate
of the characteristic impedance Zo = 2.0 and 19Q respectively is obtained,
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using the relation GL = AQc/(nl zo). The radiation power factor is compara-
tively high for all frequencies beyond the first cutoff frequency, but pQL-p/Qc
is low because of the high Qc, so that the efficiency is very low. The high
loss conductances at the cutoff frequencies have a shunting effect on the

slot and thus cause these efficiency notches.

At f = 18.5 Mc we find the typical phenomena of parallel resonance:
By = 0, and Che BT curve has a small slope at this frequency, the loss
conductance GL and therefore the losses are very low, down by a factor of
2/Z°2~ 1/200 from its value at the first cutoff frequency, and also smaller
than GR' The efficiency is therefore high, reaches about 88 percer and
exhibits a flat maximum. Using the linear transmission line formu .s similar
results are cbtained by using Qc = 35 and 2 = 20, and GR = 20 millimoho
as obtained from Figure 2-8. This gives p = 0.255, ch = 8.9 and 7 =

n = (1 - 313“) 100 = 89 percent.

It can be seen from Figure 2-11 and 2-12 that the optimum operating
frequency band of the annular slot antenna is between the first and second
cutoff frequency. This particular antenna with a cavity radius of 20 feet
is capable of covering a frequenc, band of 2:1, extending from 12.8 to 25.8 Mc
with an efficiency higher than 25 percent.

Below the fivst cutoff frequency there is a maximum of efficiency which,
however, is much lower than the main efficiency maximum,because at this low
frequency x = kpo is small and therefore the radiation concuctance GR is
small, This maximum is at 8 Mc and reaches a value of 29 percent. The
explanation of the maximum is, that at low frequencies GR increases with the

fourth power of the frequency, but G increases only with the third power,

L
as outlined earlier. As the cutoff frequency is approached the increase of

GR slows down, but G, increases fest and reaches a high value at the cutoff

L

frequency. The maximum of 1 = E——%—E— lies there where the rate of increase
R L

or G, and GL are the same.

R
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At very low frequencies the efficlency is very low, amounting only to
a few percent and less.

Above the second cutoff frequency another efficiency maximum is reached
which is however lower than the main maximm because losses increase at the

higher frequencies.

It is evident from these observations that the optimum frequency range
of operation of the annular slot antenna is between the first and second

cutoff frequency.

The effect of varying the cavity depth h is shown of Figure 2-13. This
shows efficiency curves for two cavity depths: Z1 = 2.5 ft andz1 = 10 ft
this is 1/2 and 2 times the cavity depth which was used in Figure 2-11. The
cutoff frequencies remain unchanged. The effect of increasing the cavity
depth from 2.5 ft to 10 ft is to alightly broaden the efficiency curve. The
difference in efficiency near the maximum is small, amounting only to a few
percent. However at frequencies closer to the cutoff frequencies the efficien-
cy of the deeper cavity can be 2 or 3 tines greater. It is to be expected,
of course, that the deeper cavity gives higher efficiencies, but the gain in
efficiency i{s at the expense of volume; i.e., cost. The 10 foot cavity has
4 times the volume than the 2.5 foot cavity and therefore would cost about
4 times as much since the whole cavity has to be filled with dielectric
material. 1In view of these facts a cavity depth of 5 feet, as has been

chosen for the computations appears to he a practical compromise.

2.1.4.3 Effects of Debris on The Annular Slot Antenna

In the preceeding section the performance of the annular slot antenna
under normal conditions has been described; i.e., with no layer of lossy

dielectric above the top hat.

An analysis of the performance of this cavity-backed annular slot
antenna - without a lossy layer over it - had been worked out by Galejs and
Thompson4 and could be used to compute the admittance appearing across the
slot due to the asphalt filled cavity. This analysis has been extended by

55




1.0

107!

n - EFFICIENCY

0-?

w0’

FREQUENCY IN MC

410758
=
- z;
-
-
-
s
-3
i b= 6 METERS
- Q=N
: Z; = CAVITY DEPTH
P-
| L L A i L I L 1 A
L] 10 12 14 16 8 2 n 24 2 2 ki)

Figure 2-13, Efficiency of 40' Annular Slot Versus Frequency
With 3ackup Cavity Depth o3 o Varying Parameter.




) e e SR o .

L)

Galejs and Row7 and has been used for the camputations. This analysis was
originally designed for electrically small antennas. Only a linear field
distribution across the slot was considered. At the higher frequencies the
slot width may be a considerable fraction of the wavelength, and a different
field distribution may result. It is therefore possible that the validity
of the analysis in its present form {s limited to the lower frequencies.
Results of measurements indicate that good agreement between theory and
measurements is reached up to the second cutoff frequency of the cavity.
Above this cutoff frequency measured efficiencies are considerably lower than
theoretically predicted. However this can have several reasons, and need
not necessarily reflect on the invalidity of the analysis. 1t is well
possible that greater losses in the antenna ere incurred at the higher
frequencies which were not accounted for. The results of the computation
are therefore presented with this reservation.

Figure 2-14 shows the geometry of the mocdel adopted for the debris
analysis. The top hat is backsd with a conducting cavity of radius b and
depth z,. The cavity is filled with a lossy dielectrir with wave number
ki which alsc overlies the top hat to depth d. In practice this dielectric
will be asphaltic concrete. The debris then ig represented by a uniform
layer of conductivity oy > w €, The space above the ground plane inrtead
of being infinite is bounded at radius C by perfectly conducting cylindrical
walls so that it forms a circular waveguide of diameter large compared to
a wavelength. The reason for choosing a waveguide is that there are funda-
mental analytical difficulties in treating the problem of radiation into
an inhomogeneous half space such as made up of conducting dielectric layers
of finite thickness. 1t can be shown that the calculations of the slot
admitrance are made practicable 1if the slot is assumed to radiate into a wide
waveguide instead of an inhomogeneous lialf space. Since the admittance of
the waveguide of finite diameter approximates the admittance for an inhomo-
geneous half space and the flelds in the vicinity of the slot are not affected
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by the presence of the waveguide walls, which are far removed from the slot,
this geometry yields realistic susceptances and also realistic estimates of
losses in the lossy dielectric and debris layers.

Using this model the slot admittance follows as

® 2
4x $ T+ 3«&2 1+ B;@_ {J (x_a) - Jo(x“b)}

v.

Y =

[+]
—= ¥ ~ -—-_-_—-(__T__-
P. b ] 2 nel Yh2 1 an knch xnc

o—
8‘

2

la

O+ jwe, 148 [Jo(xma) - 3,(A b) }

Y, 1 - Bm Ame 1T:xmb)

feas

=Y + Y
(o] w

where
Jo(hmb) = Jo(Anc) =0

1he reflection coefficient Bw is determined from the ri¢quirement that
Ep(p,zl; = 0. This gives
-27mz

B =e
m

i

The reflection ccefficient an are determined after matching the Ep and H’

components across the dielectric interfaces at z = 2, and z,. A computation

results in

5o Tns®y [S_n.i_.‘fm_}

where
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2
I:I ]I =2y z
Snj - [ kj {e n(} b + 'n(j¢l)]

-2
By, = izl [‘ - ‘nu-u}
nj

and wvhere § = 1 or 2. The computation starts by determining Bnl with Bno= 0

(there are only outgoing waves for z > zl). This value of Bnl is cthen used
for computing B_,, which completes the determination of the slot admittance.

The radiation conductance GR may be determined after computing the

power flow for z >»:1. GR is given by

I A“"r
G, = 2' R ——
R e o jwto v
where
“Y (& Y. 2 Y a2 Y nZ
nl'l nl’l n272 n2"2
Av .. e + Bnle e +B 2 e
-y = -y .2 Y . Z
no L nl 2 nl 2
e e + Bnl -]

2(0, + Jwe,)J (x &) - I (A b)

b
(log . ) (1 - an)rnzlnch(knc)

Theae formulas have been evaluated by a digital computer both for the
annular slot antenna of Figure 2-1, and for the large Warrensburg antenna.
The results for the 20 ft cavity radius antenna of Figure 2«1 are shown in
Figures 2-6, 2-7, 2-8, and 2-11 for a 1 and 2 foot debria coverage together
with curves for no debris coverage, marked "0" debris. For these computations
a debris conductivity o4 = 0.01 mho/m and dielectric constant €= 6 were taken.
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Extensive measurements of soil conductivity in Warrensburg, Missouri, and
comparison with other measuremunts (see Appendix A) indicate that these are
realistic values for the frequency range 2-30 Mc. Following are the results
of computations of debris effects fcr the 20 ft antenna Figure 2-1. Figure
2-6 shows the effect of a 1 foot and 2 foot debris coverage (0 = 0.01 mho/w)
on the susceptance BT of the antenna. The curves marked

a = (BT)o debris '(31)1 foot debris and

& = (B}, debris ~(Br'2 feet debris

indicate the change of susceptance by 1 fzot and 2 feet debris coverage
respectively. For ' foot of debris A1 is always negative. This means that
the total susceptance with debris is positive slmost over the whole frequency
range, except at a frequency which is slightly greater than the cutoff frequency
between (11.7 - 11.8 Mc). The change of sign of BT at the second cutoff
frequency disappears and the parasllel resonance frequency (BT = 0) no longer
exists., The debris therefore increases the capacity of the antenna. The

same is true for the 2 foot debris coverage. The susceptance BT remains
positive at the first cutoff frequency, but changes sign at the second

cutoff frequency. The parallel resonance frequency (BT = 0) is still pregent,
but shifted to a higher frequency (~ 21.5 Mc).

Figure 2-8 shows the effect of debris on the radiation conductance. This
is ‘ncreasingly reduced with increasing height of debris. The reduction of
GR is roughly 40 percent for the 2 foot coverage at the high frequency end,
and decreases to about 25 percent at 10 Mc.

Figure 2-7 f{llustrates the effect of debris on the total conductance
Gp = Gg + G . At the cutoff frequencies Gy peaks up to high values. These
peaks are hardly affected by the height of debris. Away from the cutoff
frequencies G, is much lower and is substantially increased as the debris

cover increases.
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0f particular interest is the effect of debris on the efficiency, which
is calculated ss = GR/GT' This is shown on Figuree 2-11 and 2-12. Both
figures contain the same inforwation, Figure 3-11 on a semilog scale,
Figure 2-13 on a linear scale.

Considering the optimm frequency range between the two cutoff frequencies
one finda that the reduction in efficiency berween the maxima of the 0 and 1
foot debris curves is from 0.9 to 0.3 (i.e., about 5 db) and between the
maxima of the 1 and 2 foot curves is from 0.3 to 0.15 (i.e., about 3 db).
This indicates that the first foot of debris coverage causes the greatest
degradation whereas additional debris coverage causes a relatively smaller
degration. In other words the degradation of efficiency is not proportional
to debris thickness, but increases at a2 less than linear rate.

Looking now ar the efficiency mexima at the frequencies below the first
cutoff frequency one finde that the efficiency peak with zero debris is about
1/3 of the peak in the optiou— renge. Furthermore this peak is now reduced
to 1/6(by ~ 8 db) by a 1 foot debria coverage, whereas the second foot of
debris causes & further reduction of only 1.6 db. Thus the electrically
small artenna suffers muchk wre by dobris, particularly for the first foot
of coverage, then the large: antenna. This again points out that the optimm
operating range is betweer the first and second cutoff frequenciesa.

Beyond the second cutaff rreguency the curves show a very marked increase
of efficiency which almost reaches rhe same lsvel 0f the peak between first
and second cutoff. It must be pointe. cut however, that these high efficien-
cies beyond the second cutoff frequency --mld not be measured with the
Warrensburg antenna, so that it is quest.onable if such high efficiency
are realizable in practice. There are a miber of reasons explaining the
lower efficiencies at the high end of the bzod which are discussed elsewhere
in this report.
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2.2 EXPERIMENTAL INVESTIGATION AND COMPUTATIONS FOR THE HF ANNULAR
SLOT ANTENNA LOCATED IN WARRENSBURG, MISSOURI

2.2.1 1Introduction

The results of our irnitial studies in the field of Hardened HF Antennas
indicated that the annular slot antenna shown i{n Figure 2-15 has desirable
electrical and mechanical properties {i.e., hardness capability to withstand
high overpressures) warranting further study. Following the theoreticsl anas-
lysis of the performance of this antenna in the HF band as presented in
Section 2.1 an experimental investigation of a full-scale HF annular slot
(approximately 56 feet in diameter) in Varrensburg, Missouri, was carried out.
The performance of the actual model f{s in close agreement with the theoretical
predictions from approximately 2 - 15 Mc and deviates from theoretical pre-
diction in the 15 to 30 Mc region. This section presenta a detailed report
of measured performance in the HF annular slot antenna in Warrensburg with
and without a debris cover.

2.2.2 Annular Slot Computation

Based upon the theory for the annular slot antenna presented in Section 2.1
and vsing the physical parsmeters of the Warrensburg Antenna a theoretical
solution 1cr the efficiency and admittance of a full scale annular slot antenna
was generated in the frequency range 2 - 30 Mc.

The parameters used for the computation are:

Average slot radius p = 28 feet
Cavity depth Z;= 5 feet
Qc representing all loases Q.- 25
Dielectric constant of

asphaltic concrete €R° 3.65

Debris conatants used in the computer solution were obtained from the
debris weasurenents wade in Warrensburg. The meagsured value of debris con-
conductivicty varied from approximately 1()°3 to 30 x 1()-3 who/n from 2 to 30 Mc.
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Computer solutions were generated for ¢ equal to 1.5, $.5, 10 and 30 millimhos
and then appropriate valus based on the debris conductivities data plotted

in Figure 2-13 in Section 2.2.6 were used to plot tha theorstical efficiency
versus frequency curve in Figure 2-11. A full uniform cover of debris having
thicknesses of 12 and 34 inches vas assumed in the theoretical computer
solutions. This represents the worst possible debris louading condittion,
probably more pessimistic than reality. Studies in the sres of debris
loading indicate situations whereby the debris as a result of nuclear weapon
would be randomly distributed in mounds of varying heights over the surface
of the antenna. Some portions of the antenna would be loaded one, two, or
several feet depending upon weapon yield and range, and others would be clear
of debris. Operation of the antenras in such an environment would always be
better than that under a full uniform debris layer. Measurements at Sylvania
showed no degradation in the annular slot performance over the no debris case
when only the top hat was covered with debris; i.e., the alot not covered.
Degradation occurred only when the slot was covered with debris.

2.2.) Discussion of Predicted Results

The results ot ocmputations using the parameters listed in Section 2.2
are presented in the following figures. Figures 2-16 and 2-17 present the

inside conductance Gin due to cavity losses, and the inside susceptance Bin

reflected by rthe cavity as a function of frequency. The series and parallel
resonance conditions showing the cutoff frequencies and anti-resonance fre-
quen:ies characterized by the maxima and minina of the conduc:ance are clearly
indicated.

Seri1es resonance {cutoff) frequencies are at 6, 14, 22.8 Mc
Parallel resonance frequencies are at 11.5, 21, 30 Mc

The maximm conductances at the cutoff frequencies taxen from Figure 2-16,
and the effective Qc computed from the bandwidth of these curves, together

with effective characteristic impedance, computed from Q. and GL max

(Zo = 4 Qc/nt GL) are listed in Table la.
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TABLE Ia =

feo fn & %

Me who ohm A:

6 0.76 15 25 :

14 0.42 15 15 e
22.6  0.23 15 17

There is a8 great differsnce between the maximum and minimum conductances as
seen from the curves in Figure 2-18 and the maximum conductance at the cutoff
frequencies is quite high. The Q. taken from the bandwidth of the G-curve is
lower chan the Qc which was used for the computation (Qc = 25). 1t appears
that Q. when used for crude estimates should be about 1/? of the cavity filler
material.

Figures 2-18 and 2-19 show the conductance Re[Yo]= G, and susceptance

1m Y°]= B which are due to the field outside the cavity. This outside
admittance is affected by the cover of asphalt above the disk and the debris
laysr, whereas the inside admittance is not affected by these.

The outside conductance Go shown in Figure 2-18, is practically identical
with the radiation conductance, if no debris is present. The only difference
stems from the losses in the asphalt cover above the disk. Debris increases
the outside conductance by adding losses, due to dissipated power, to the
radiation conductance.

Figure 2-19 shows the variation of the outside susceptance with fre-
quency. It stems from the fringe capacity of the disk against the outside
space. The susceptance curve shows a flat portion indicating a decrease of
the fringe capacity with frequency in this range. The effect of debris is

generally to increase the suaceptance.
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Figure 2-20 shows the variation of the radiation conductance Ga with
frequency. The difference G° - Gy represents the effect of debris and
asphalt losses in the asphalt blanket above the disk. At low frequencies
there is no effect of debris on GR' At the higher frequencies the curves
separate and GR increases with thickness of debris cover. This increase of
GR with debris does not show up if the debris conductivity is chosen higher
than it is here, as is apparent from a comparison with Figure 2-8 where the
debris conductivity is 0.01 mho/m. It is doubtful if the increase of GR as
shown in Figure 2-20 is realistic or due to inaccuracy of the theory at

higher freouencies resulting from idealizations i{n the assumptions.

The final regult of this computation 1is presented in Figure 2-21
showing the variation of efficiency with frequency. Points of maximum
efficiency and debris degradatior are listed in Table Ib: The
last two columns contain the radiation power factor and estimated efficiency
at parallel resonance using the transmission line approximations and Qc and Z0
listed in the preceeding Table la. The maximum efficiencies range between ~
607 to 80% without debris for the first two parallel resonance frequencies.
Comparison with the crude estimate based on the simple transmission line
mode indicates that the maximm efficiency can be estimated with a fair degree
of accuracy if the effective loss Qc is assumed about one-half of the @ of
the dielectric filling the cavity. The first maximm of efficiency at 4 Mc
is low since the cavity radius /wavelength ratio is low at this frequency
and there does not exist a parallel resonance condition at this point, which
would reduce the effective losses appearing across the slot. Degradation from
debris is predicted as ranging from 1 to 10 db for a one foot debris cover,
and increasing to 2 to 14 db for 2 feet of debris cover.

The versatility of the computer program permitted the theoretical in-
vestigation as to the effect of the thickness of the asphalt blanket for a
40 foot diameter annular slot optimized for operation from 10 to 30 Mc on
the radiation efficiency. As shown in Figure 2-22, the efficiency of the
antenna is essentially independent of asphalt blanket thickness whether or
not a debris cover is present, thus the criterion for this parameter is
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determined by thermal ablation reguirements. For a multiple hit capability,

a two foot asphaltic blanket is indicated from theoretical ablative con-
siderations,

Comparisons of the above mentioned predicted performance parameters
with actual measurements for the annular slot in Warre
in Sections 2.2.5 and 2.2.9.

burg are presented
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2.2.4 Warrensburg Antenna Site

The configuration and dimensions of the MF annular slct antenna are
shown in Figure 2-23. The antenna consists of a ground mat 63 feet in diameter,
a top hat 48 feet in diameter, and a slot width of 7.5 feei. Spacing between
tocp hat and ground mat is approximately 4.5 feet,

The antenna is completely embedded in ssphaltic concrete having a Q of
25 and a dielectric constant of 3.65. An access hole is provided in the
center of the antenna for making connections from the underground coaxial
feed cable to the antenna input terminals. A test shed located approximately
287 feet from the antenna feed point was used throughout this experimental
progran for exciting the antenna and performing input impedance measurements,
The radiated field intensity along the ground was measured at a point 385
feet frcx the antenna. Figures 2-24 and ?2-2° indicate the experimental test
set-up at Warrensburg and expanded view of access hole. Photographs in
Figures 2-26 and 2-27 show profile views of the annular slot antenna.

Electrical measurements made on the RG-220 coaxial feed cable indicated
a physical cahle length of 287 feet. Cable measurements also showed that the
feed line is a multiole half wavelength (i.e., series resopant) at the
following frequencies.

st = 1.15 mwhere m=a 1,2,3,4,.....
in mc

The frequencies at which the line length is a multiple quarter wavelength
or anti resonant is as follows:

fAR = 3.575 n where n = 1,3,5,7 ... {cdd integer)
in mc

ilectrical line lengths were established for each of the interested
€requenc.es in the HF band (2 to 30 Mc) and having the measured value of
antenna input impedance at the shed (i.e., ZShed)' standard transmission
line techniques were used to roll back the impedance toward the antoenra
terminals to establish the input impedance or zent' Lumped LC networks or
appropriate series capacitors were used to efficiently match the antenna for
the fieid intensity measurements,
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Figwe 2-25. Expanded View of Accems Hole Showing Electricol Connection to the Antenna.
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Figure 2-26,

Profile of Annular Slot Looking in NW Direction.
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Figue 2-27. View of Antenno from Test Shed Looking in

SE Direction,
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2.2.5 Measured Terminal Input Impedsence and Field Intensity

Mgasurements wers made as to the terminal input impedance, and radiated
field intensity along the ground. These were made for the following con-
ditions shown in Figure 2-28.

(a} Antenna with no debris cover
(b} Antenna under condition 1
(c) Antenna under condition 2
{d) Antenns under condition 3

The soil in the vicinity of the antenna was used to provide a debris
cover for these measurements. Electrical measurements were made on random
samples of the soil so as to establish debris paramsters for the cover. A
detailed discussion of the test procedure and tabulation of debris parameters
for the HF region is given in Section 2.2.6 of this report.

Input impedance measurements for the antenna are presented in the Smith
plots of Figures 2-28 through 2-34.

The field intensity as measured on the ground at the "test point located
385 feet from the antenna is plotted in Pigures 2-3§ through 23-38. All curves
have been referenced to the theoretical field strength at 385 feet for a
short vertical monopole {(of 100 percent efficiency) having a power input
of 1 watt. This corresponds to a field intensity along the ground of 98 db
above 1 nv/m; therefore, the left hand ordinate in Figures 2-35 through 2-38 is
field strength along the ground in db referenced to a short vertical monopole.

The right hand ordinate for Figures 2-35 through 2-38 is the deviation from
theoretical monopole (100 percent efficiency) for the Warrensburg annular slot
antenna as derived from the computer solution and includes the effects of
lobing (1i.e.,the K-factor discussed in Section 2). Taking the difference
{in db) between the solid and the dotted curves of the field intensity plots
provides the antenna efficiency, either theorerical or measured, for the

antenna. Fo. example, Figure 2-35 is a plot of the field intensity with no
debris cover. At 12 Mc, we have
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ll - 'fl.ld w 92,2 db measured for Warrensburg Antesnna

‘2 - ‘:ul a" 83.5 db theoretical for Warrensburg Antenna

l3 = 'flol.d = 96.4 4b for theorsetical annular slot of 100 percent

efficiency

{Theoretical lfﬂcioncy)ntm.- E,- By = (93.5 - 96.4)db = - 2.9 db or 51%

{Neasured Efficiency)r, 4 .1 = 5, - By = (92.2 - 96.4) db = - 4.2 db or 39%
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Figure 2-28, Conditions Under Which Antenna wos Tested.
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Figure 2-30,

Terminal Impedance of Antenna, 11.2-25 Mc, No Debris.
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Figure 2=31. Terminai Impedance of Antenna, 2-17.2 Mc, Holf Cover Condition 1,
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Figure 2-32,

Termingl Impedonce of Antenna,

13- 29.96 Mc, Holf Cover

Condition 1,
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inal Impsdonce of Antenna, 0.44-24,1 Mc, Full Cover Condition 2.
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Figure 2-33.
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Figure 2~34,

Terminal Impedance of Antenna, 0,44 - 24, Mc,

Full Cover Condition 3,
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Figure 2-36,

Measured Field Intensity Along the Ground Half Cover Condition
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2.2.6 Debdris Characteristics st Antenna Site
2.2.8.1 Dabris Measurement Technique

The conductivity and dielectric conatant of the ground surrounding the
annular slot antenns in Warrensburg, Missouri were both measured by the
impedance bridge technique. The soil in the immediate vicinity of the annular
slot was used to provide a debris cover for the antenna. Basicelly, the
dabris parametar measurement technique consists of determining the impedance
of tha debris between two parallel plates of a capacitor. Pigure 2-39 shows
the basic setup. A GR type 1606A impedance bridge together with a NF 105
f£fisld intensity meter for the null indicator were used.

The debris measurements were made on samples taken from each of the four
quadrants of the antenna top hat and at random from regions near the radiating
slot. Msasurements were made on samples taken from both the first and second
12 inch covers, in addition, the effects of soil compaction and rain were
observed.

2.2.6.2 Summary of Debris Parameter Measurements

Figures 2-40 and 2-41 are plots of the actual reactance and res{stance of
the debris samples as measured on October 28,1963 (first 12" cover) and
October 29, 1963 (second 12" cover), The following should be noted.

Sample
1l is from SE quadrant of antenna
2 is from SW quadrant of antenna
3 " {8 at random from vicinity of radiating slot
4 is from NE quadrant of antenna
L is from North half of radiating slot
5 is sample 5 after 0.13 inches of rain (2 hr rainfall)
6 is from central region of antenna near the input

terminals

An initial calibration was made on the test set-up of Figure 2-39 with
a dielsctric of air and is presented below.
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Figure 2-40, Plot of XM“ Verws Frequency for Debris Cover.
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Plot of Rd.bvis Versus Frequency for Debris Cover,
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Freqienc 2. {for air dielectric)
eq Y

ir

Mc ohma

2 0.1 - 3352
6 0.3 - j3oa
1o 0.3 - 3175
1t 2 - j96.7
21 1.8 - j47
25 1.75- 319

These reasurements were used te compute the effective series lead inductance
in the circuit which had an average value of 0.383 ph,

2.2.6.3 Calculation of Debris Parameters and Summary of Debris Constants

The measured data of the reactance versus frequency for the parallel
plate capacitor filled with debris approximates that of a series resocnant
circuit shown in Figure 2.42. From Figure 2-40, the rate of change of the
reactance X versus frequency (g%) at resonance (~ 11 Mc) is 4,5 ochms/Mc, thus

= 1dx
L=3aw
and for
ax _
8?74'5
L) (4.5 = 0.358 un
L—’i?;’ - £ - P

This value ot series lead i1nductance closely correlates the previous calculations
of L {within 7%) made from the impedance measurements in air. Having

e abl:shed a value for L, impedance measurements were made on the circuit

«. Figure 2-42 with debris as the dielectri~ in the parallel platc capacitor, C.
Si1rce the GR 1606A i1mpedance bridge measures net reactance {i.e., XL - XC),

1t 15 necessary to add the reactance of the series inductance L to the measured

e su das to obtain the corrected value

~
[*H
Ls]
re
[+H)
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WHERE
RS REPRESENT DEBRIS LOSSES

Ls REPRESENT SERIES LEAD INDUCTANCE
C REPRESENT DEBRIS CAPACITANCE

ZIN - RS 4+ XS AS MEASURED ON GR0&A BRIDGE

WHERE XS = XL - Xc

Figure 2-42, Equivolent Circvit for Debris Meawring Circyit,
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for xc, the reactance of the debris icaded capacitor. Having XC, the relative

dialectric constant and § of the debris is computed as follows:

f = xt(airz
R~ Xo(gebris)
for any frequency

where at 2 Mc is 952 ohms, and

xc(air)

Xc(debris) _ 1

Q
Rs(debris) tan 5

debris T

where tan > is the loss tangent of debris. Now the debris conductivity is
found kXnowing =ac 3 from formula previously derived in Appendix A.

l.e.,
. tan %
o Y
where
¢ = mho/m is the debris conductivity
v = wavelength in meters
t,. = relative 2talectesic onnsotart
n
tan > = loss tangent cf dielectric

Table 11 presents a computed summary of the debris parameters from the measured

parameters of the first and second 12 inch debris cover. Figure 2-43 is a
plot of the deb:ris conductivity versus frequency from which the following
can be concluded.
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TABLE 1I

* SUMMARY OF DEBRIS CONSTANTS COMPUTED FROM THE
MEASUREMENTS AT WARRENSBURG, MISSOURI

£ € Qdebtis tan % (]
me - - - mho/m

2 10 1.37 0.73 0.8 x 1073
6 6 1.88 0.532 1z 1073
10 6 1.73 9.579 1.9 x 1073
15 6 1.31 0.764 3.9 x 10”3
21 8.6 0.8 1.25 1.25 x 1074
25 9.8 0.6 1.67 2.5 x 1072

*
Where tR* Qdebris’ and . are average values of all samples measured at

particular frequencies.

tan © = l/chebxus
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Figure 2-43, Debris Conductivity ot Worrensburg Versus Frequency.
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Fror The Scil Conductivity is

-6 Mc -~ 18 mho/m

6-10 Mc v~ 1.5 x 1072 mhe/m
10-15 Mc -~ 3 x 10"} mho/m
15-20 Mc ¢ -8 x 1072 mho/m
20-30 Mc 2~ 3 x 107° mho/m

The effects of rain on the debris parameters at Warrensburg, Missouri
do nct appear to be significant urtil a condition is reached whereby the soil
becormes essentially a paste-like or heavy liquid. The measurements indicate
an essentially negligible increase in the relative dielectric constant and
series resistance after a 2 hour rainfall in which the total accumulated
rain wrs 0,13 inches. Soil compaction by bull-dozer and walking over debris
samples has the effect of increasing the dielectric constant, tRo slightly.

2.2.6.4 Conductivity Messurements by the 97 CPS Probe Technigue

Debris conductivity measurements were made at 97 cps using the buried
four electrode technique or Vibraground Tester shown in Figure 2-44. The
separation betweer electrodes was 6 inches and the depth of burial was
approximately 12 inches.

The summary of the debris parameters measured at 37 cps are l:sted :in
Tacle 3 where it i35 shown that the average measured value of debri: con-

) . -2 .
ductivity was ten mi'li-mhes per meter (1. o, my .

From ahnve it can be concluded that measurements of debris conductivity
by the 37 cps technigue produces results that fall within the range of values
measured by the impedance bridge technique from 2-30 Mc.
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Figure 2-44, Debris Conductivity Measurements by Four Electrode Merhod,
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TABLE II1

| {
] Depth of Separation _
f f Sample Probe {D) R avg
ops Tested inches inches wo| ossom mho/m :
-
37 "5 12 6 90 | 8.62 x 10" | 1.16 x 107% |
97 " 12 6 100 | 9.6 x 16*% | 1.04 x 107°
Y 4 6 6 150 | 14.4 x 10*2 0.7 x 10 "¢ |
i
where
R = DR x 191.51
avg
D - Separation of probes in feet
T Vibraground meter reading in ohms
and

100

— mho ‘m

R

10
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5.2.7 Evaluation of Impedance Messurement. of Annular Slot Antenna

Carrelation of Theoretical and Measured Terminal Impedance of Antenna, No
Debris,

The admittance of the annular slot antenna has been calculated by
Calejs and Thompson3. The antenna is a cavity backed annular slot and 1t 1is
assumed that the radiation or far field is due almost entirely to the
fringing of the electric field maintained across the gap between thec dirsk
and the adjacent highly conducting ground. The admittance across the slot
is calculated, i.e. the edge of the disk and the edge of the cavity are con-
sidered &s terninals, In practice, however, such an antenna is fo¢id from the
center by inserting a coupling rietwork between the center of the disk and
the ground which forms the bottom of the cavity, In the Warrensburg antenn:,
the feed network at the center of the antenna consisted of a vertical wire-
fan, iength 1.2 meters, made cf three wires which were connecred to a coax
feed cable, The ground screen was raised in *he center and connected to the
outer conductor of the feed cable. (See Figure 2-25).

The impedance of the antenna was measured at poinrt P where the feed
cable is connected to the raised ground screen, Since the impedance was
measured in the center of the antenna, ard was calculated at the slot it .s
necessary to establish the analytical relation between the impedances at the
two terminal points. The following approach was chosen,

The ant=anna structure 1is considered a radial transmission line shown in
Figure 2-45 which is formed by the disk (hat) and the ground plane with
asphaltic cencrete as the dielectric, The average radius between disk and
encd of cavity r, = tl + t?‘ The inside radius r, oas the average radius of

2
the wire-far at the feed point. The transmissiaon line i1s loaded at tte

outer end by the admittance (Ycut) reflected to the slot plane by the ocutside
space. This has been cosmputed using the results of Gale)]s and Thorpson
analysis of the cavity backed annular slot. Y = GR + }DCS where G

cut R
t e radiartion conductance of the slot and CS is the edge capscity of the

1is

Jdi1sk against the surrounding ground., At the 1inner end (near the center) the
radial transmission line is connected to the short fan-shaped line. This 1is
considered as a linear transmission line of short length (carresponding to

the physical lengch) and air is dielectric, The outzide adrittance
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Figure 2-45,

/COAXlAL FEED CABLE

Radial Tronimission Line Mode! for Annuler Siot Antepna.
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{load admittance) 1s transformed by the radial transmissicn line to the input
admittance at radius r,: which then is the lcad admittance for the short
linear transmission line. This transformation 1s accomplished by the fol-
lowing relations4 which are valid for the dominant E-type mode il.e., mro,

n=o),

¥Yi(e) = 3+ Y'"r ) Lx,y) ct (x,y) (18)

Ctlx,y) + 3 ¥'(r ) Jix.y)
where

ctix.y) = T10ON W) - Nyl I, 0y)
3. 0x) N_(y) - N_(x) J_(y)

Ct(x.y) = Jl(y) No(x) - Nl(y) Jo(x)
Jl(x) Hl(y) - Nl(x) Jl(y)

lix.y) = I (x) N {y) - N_(x) J_(y)
3,(x) Ny (y) - Ny(x) 3, (y)

x = kc “i y = kc I's

Y'(rl) = Y(rl) = Y(r.,) Z. = zx
Y. 1 1 Z(r )
1 1

¥ir) = Y;‘o) = vir; oz, = %

o Z(ro)

Zl and zo are the characteristic impedances at the irner radius r;y and
.dter radius r, respectively

A ot g S o yme s o
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21 - =D s A = ._"‘;.b._
2'rr1 o Z"ro

- , \
-
[ =
Eﬁ
o

where b is the distance between the two plates of the radial transmission
line. The dielectric in the radial transmission line is asphaltic concrete
which has losses which can be expressed by the Q - factor, kc is there-
fore complex and is expressed by the complex dielectric constant which is
given by

c o :
r
€' . = S N |
Ct LDE £r [ - tg T Q
2 _ 2 - 2 B e
kC =R, Bl (% goao)s (1-3 5;
- 2 3
= 7 pe,) £ {1 - 2}
Q
= Ve, iz - i
kC ko Er 1 6 ko \f;r (1 2Q) if Qg >>1
- - 2rf _ a2r
ko =t¥rofo = ¢ T
o o
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Using these equations x and y are found to be

x = k.r. = 4L ‘V; - i
iti L r Ty 20’
- .

x = 1%0 £ch ver Ty a- Eé”}

= - _J
Y = k5, = 150 fmcv;:_r ro, EE)

For the characteristic impedances one need not use the complex dielectric
constant since Q is large. Thus Zi and Zo are real:

120r b _ 60Db

Yooy, =¥
60 b

r €
ov—r

The constants were chosen to give best agreement with the measurements, and

A =

o

they are inr agreement with the physical dimensions of the antenna. The
relative dielectric constant of the asphaltic concrete 38 € s which varies
between 3 and 4. A value of 3,65 was chosen since this agrees with the
second notch of the field strength versus frequency curve at 14.6 Mc, The
outer radius r, is the average between disk and cavity radius. The inner
radius r, is not critical. A change of T, hetween C.1 and 1 meter hardly

affects the impedances The following values are used for the computations;

ri VEr = 0,3 r, "er'= 15.9

r. = 0.157T m r_ = 8.3 m

i c

(The average outer radius is M_;i.é = 8,45 m)
b=1.3Tm tr=3.65 Q=25




With these data the characteristic impedance at the cuter radius

€0 b _ 82,6

o r ‘Fr 15.9
o r

= 51.9 ohms

The efficiency of the annular slot artenna, using the radial line
technique, is calculated from the basic line equation:

viv) = V(ra) (Cslx.,y) - j Zol(ro) sn (x,y)

21 (r) = ZOI(rO) cs(x,y) - j V(ro) Sn (x,y)

- IV(ro)l ZGR

i '2 . ,
where | v(ir) ["Re{ Y (L)} ]

Vir,) 1s the voltage at the outer radius r_, and (V(ro)lzGR 18 the radiated
power, V(r) is the voltage at the inner radius ry- and Y(r ) the input
admittarce at this pointand?V(risze:Y(ri); is the inpui power.

The jnput admittance Y(ri) and the normaiized input admittance Y‘(rl)
are related by

Y(r ) = ¥ () : Y'(rl) is given by Equation (18)
Z
Vir) = vir)) (Cslxy) - j Y'(ro) sn (x,y)!

It

Vir,) F o o(x.y)
Thus

= GR

Fix.y)? Ref¥(r )}
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Best agreement between measured and theoretical impedances was achieved
by using a short linear line in series with the radial transm:ssion line,
The product of characteristic impedance and line lernith of the ]inear line
wag chosen so that the calculated reactance was equal to the measured reac-
tance at the frequency of 3.43 Mc. At this frequency the input reactance of
the radial line is -8.0 ohms, and the measured reactance is + 21.3 ohme,
Thus the linear line shculd give a reactance of 21.3 +« B = 29,3 ohmg at f =
3.43 Mc. The reactance of the line is

regt szer ool _Em g

300
Thus 2 = 3%;1 392- - 408 o meters

The physical length of the linear line is 1.2 m

Hence ZzZ = 12" 340 ohms

408

1.
The value of the characteristic impedance corresponds to the average

characteristic impedance of the wire fan which constitutes the line,

The equivalent circuit which was used to calculate the input impedance
is shown in Figure 2-46,

Tre radial line is loaded at the outer end with the cutside adumittance

r T yucs of the cavity. The radius r, = 1 ' %2 1s the average be-
2

tween disk and cavity edge, The impedance (R + }X) at a small radius r, is

Youtr = G

calculated by radial tranwmission line theory, This impedance (R + }X) 1s the

load for the short linear line which transforms the load impedance to the
input impedance (Rl + jxli using conventional transmission line theory (Smith
Chart). The result of this computation 13 given :n the following Table IV
and 1s plotted on the Smith Chart (Figures 47 and 4B) together with the
mea=<ured impedance (referenced to an impedance of 50 ochm). It car be scen
that the agreeinent between theory and measurement up to a frequency of about
13 me i3 very good, in particular with respect to the reactance. At the low
frequencies the theoretical resistance values are smaller than the measured
7alues. This could possibly be due to the fact that the actual Q value of
the radial line, which i1s determined by ground losses and dielectric losses
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Figure 2-47, Input Impedonce Versus Frequency for Radial Line - 1,16 to 13 Mc.
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input Impedance Versus Frequency for Radial Line -~ 11,2 to 25.3 Mc.
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TABLE 1V

CALCULATED INPUT IMPEDANCE OF THE ANNULAR SLOT

e Ss,
. R, “
£ Dx - ﬂm R X Nw X~ 56 ..»o
3,40 63 x 10 1 1,412 x 1072 .225 - 8.0} 23 L e 24 .005 ¢ .48
5,74 .29 2.58 " .537 - 1.86 .60 | + 49 .ol +1.0
8.04 L8551 : 1.12% " 2.39 +10.8B 2.4 + B2 .05 +1.6
9.18 868 3.53 ” 8.21 +29.7 8.2 + 106 .16 €2.12
6.1 1.252 1.835 " 63.6 +87.3 7% + 190 1.56 +3.8
10.91 1.468 ,96 " 214.5 -10.6 210 ¢ 47 4.2 + .94
11.0 1.90 1,10 " 189 -52.6 177 . 14 1.55 + .28
11.2 i.9¢ 4.12 " 135 -95.8 120 - 14 2.4 - .27
11.46 2.084 4,11 " 83,7 -103 75 - 10 1.5 - .20
1.8 2,202 é.10 " 48.1 -90.8 44 » 8.5 .B8 S
12.06 2.32 4.12 4.1 -80.4 4 v+ 1) .68 PO Y |
2.61 I 2.5 4,12 " 20 -64.) 20,5 + 41 .4l + .82
1: M 2.64 $.10 N 15.4 -56. 4 15 + 68 .30 1.4
14 N ¥ 4.04 " 10.4 -42.7 14 s+ 718 .28 +1.6
14.7 3,07 _ .02 . 9,135 -35.6 12 v 92 .24 +1.84
16.0 3,27 4.05 10.3 -23 14 +119 .28 +2.40
18.0 1,26 4.4; 21.7 « 7.7 34 +178 .68 +3.56
20.0 3.0 £.28 " 58.2 +40.2 227 +150 4.59 +1.0
21 2.91 5. 86 N 18" +30 7 95 + 24 1.0 .. 48
22 2.83 6,49 " 136 -156 34 + M .68 +1.5
23 2.82 7.10 - 47.0 ~131 22 +109 .44 +2.18
24 .80 7.64 23.9 -102 18.5% +142 .37 +2.8%
25} .16 B.12 " | 9.0 - 76.1 27.0 +187 .54 +3.74
- R 1
-
Y. ® Aux - ) .R.m

(¥}
-

-
Sae {i1cure

34 fo:

definition of 1

. X, w~, X,




1in the asphaltic cancrete, 18 different from that chosen for the camputation
(Q = 2% was chosen). Theoretical reactance 18 somewhat slipping behind the
me:sured reactance in patticular at the higher frequencies. Between 14 and
16 Mc the measured 1mpedance forme a srall leoop or the Smith Chart, This
doet not show up in the theoretical curve and 1t is not clear what causes
this locp. It might perhaps be a higher mode of the radial line_  which
starts propagating. The third loop of the measured curve {20-25 Mc) has a
smaller radius and is shifted tc higher resistances and reactances than the
corresponding theoretical loop in this frequ-ncy range, The shift to higher
resistances 1& probably due tc a lower Q in this band. Measurements indicate
that the artual Q drops to 5 and below at the high end of the band, thus ex-
plaining higher input resistances and lower efficien~y. The 1ncreasing
slipping of the reactances with increasing frequency seems to indicate that
the outer radius L of the radial line 1s a little bit toco small. A =zmall
increase in r, will have an effect on the 1nput reactance which increases
with freguency. It would hardly be noticeable at low frequencies but have

an appreciable effect at high frequencies, So 1t 1s possible thar a slightly
larger T will produce better agreerent between chearetical and ireasured
data, From this comparisor of theoretical and measured data the following
conclusions are drawn:

The input impedance cf the annular slot antenna can be predicted with a
fair degree of accuracy by using a model shown in Figure 2-46 consisting of a
radlai: transrission line which 15 loaded at 1ts outer end with the outside
adrittance of the cavity, and is connected close to the center of the line

with a short linear transmisslion lire. The constants of the radial line are

A -
determined by the average outer radius , = -1 * 55 . the 1nner radius r
o —= 1°
i 2
which 1s very srall '\'r1 Eo ~ f@ 2r less, not criticall, the height of the

d1sk above tre ground, and the dielectric corstant and Q factor of the
dielectric which fills the cavity. The characteristic inpedance and lingth
2f the lirear transmission line are corresponding to the average diameter of
the wire which rakes up the line, and to the physical length of this wire.,
whlch 1s about equal to the distance between the top hat and ground of the
arterne. For trhis case, ZG was taker, equal to 340 ohms and the length of

lire was 1,2 reters.

Further study 1s required to determine the effects of debris on the an-
terra arpeiance. Debris coverage will affect the outside slnot adrattance
4nd possibly the attenuation and characteristic impedance of the radial

trinsmission line. 116




2.2.8 Measured Properties of Asphaltic Concrete

2.2.8.1 Q Factor

A celcalation of the asphaltic O of the antenna was made from a measure-
ment of the input impedance at 440 kc. A GR-1606 A impedance bridge was
connected zocrogs the input antenna terminals in tae access hole of the antenna
fur these measurement.

Thus
Zin= R - IX,
= 2 - 3§50
and
Q,sphalt = )—:f- - 3P . s

The antenna at these frequencies represents a parallel plate capaciter having
a capacitance of 6900upf.

Another measurement of asphaltic Q was made in the HF region. A small
screen was placed over the top of the antenna and impedance measurements were
made 28 to the capacitance of this plate to the top hat of the antenna. The
results of thes= measurements are plotted in Figure 2-49, and indicate a close
correlation to the measurements at 440 kc. Another interesting point shown
in this figure 18 the roll off of the asphaltic Q beyond 12 Mc. This may
be a contribu;ing factor as to the low efficiency exhibited by the antenna
beyond 15 Mc, and is probably due to the cracks developing in the antenna
asphalt blanket, especially in the vicinity of the central access port.
This cracking msybe due to the bulldozers and associated construction equip-
ment used to put on and take off the debris cover on the Sylvania investiga-
tions of the annular slot antenna for the minuteman program,

2.2.8.2 Dielectric Constant

The calculation of the dielectric constant of the asphaltic concrete
was made from the antenna input impedance measurements at 440 kc and the
mea surement of the second notch in the field intensity versus frequency curve
(Figure 2-3)).
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Figure 2-49, Asphaltic Q Versus Frequency.
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Now the antenna input impedance measurement at 440 k¢ indicated the
following:

Z, = 2 - jsS0

in
from which the capacity of the antenna embedded in asphalt is 6900 ..f, cor
4 times that of the antenna with a dielectric constant of unity {(i.e.,
capacitance in air).

From Section 1.3 Admittance of the snnular Slot Antenna, Equation (2.12}.
the notches in the efficiency and field intensity curves versus frequency cccur
when

Roots of Joi§gp) ay

2"\/—71 2w\[?1‘

b
S-S

where
= 2.403 for 1lst notch, = 5.52 for 2nd notch, = 8.65 for 3rd notch
= outer radius of annular slot,

= wavelength

- W e

= dielectric constant of asphaltic concrete

Considering the second notch which was measured at 14.6 Mc, we find that
for an £y (asphaltic concrete dielectric constant) of 3.65, the thecretical
and measured notches coincide -- i.e.,

2
€. = vair ai
1 <34

where
a, = 5.52 at second notch
Vair = 1000 x 10% ft/sec (velocity of propagation in air)
b= 31.5 £t
f = 14.6 Mc
122
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thus

€. = 5:52 x 1000 ,1( = (1.91)% = 3.65

The value of dielectric constant as measured in the HF range was used in the
computer program for evaluating the theoretical performance of the annular
slot antenna.
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2.2.9 Anslysis of Dats and Conclusicons

A comparison of theoretical predictions and the measured parametars of
the annular slot antenna in Warrensburg, Missour: yields the following
conclusions:

2.2.9.1 Notches in Efficiency

The predicted notches in the efficiency from 2 to 30 Mc were observed,
They are due to the multiple series resonant frequency of the back-up cavity
at which point the cavity presents a low impedance across the radiating
annular slot, The predicted and measured notches are as follows:

Measured £ tcl PredictedAfﬂotch c v

4.5 to 5 Mc 6 Mc Shift in position of
measured notch may be
attributed to antenna
lead in series inductance
slight changes in both
asphaltic dielectric
constant and effective
radius of radiating
slot,

14,6 Mc 14.6 Mc Both notches coincide
for an average radiusa
of 28 feet, and an as-
phaltic dielectric con-
stant of 3,65,

21.6 Mc 21.6 Mc Both notches coincide
for an average antenna
radius of 28 feet, This
null is due to the sky
wave effect or shift in
elevation of the main
lobe of the antenna at
the upper end of the
HF band.

72.2.9.2 High Efiiciency
The predicted regions of high efficiency in between the notches were
measurad. For an asphaltic Q of 25, the actual antenna efficiency curve

approximates the predictions from 2 to 15 Mc: above 15 Mc, the assumption
such as uniform excitation of the annular slot both radially and
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circumferential, constant asphaltic Q do not hold; therefore a greater
deviation exietse between theoretical predictions and actual meagurements,

The Warrensburg antenna appears to be an optimum physical design from
3.5 to 13.5 Mc where the efficiency, with no debris cover, is equal to or
greater than 10 percent, From 5.5 to 12.5 Mc the efficiency, with no
debris, is greater thian 25 percent and approaches 40 percent. These
efficiencies are for a measured asphaltic Q of <5+ if the asphaltic Q were
70, antenna efficiencies in the arder of B85 to 90 perveat would have been

possible.

2.2.9.3 Performance of Antenna Under & Debris Cover

3 3

to 30 x 10~
mho/m were observed under conditions 1,2, and 3. Measurements were

made as to the field strength at a point 385 feet from the antenna., The
1eferance used thioughout these tests was the computed field strengt®: 2t 385
feet for = short vertical monopole {100 percent efficiency) having & power
input of 1 watt, or a theoretical field strength along the ground of 98 db
abcve 1 mirrovolt/meter. Tables V and VI summarize some of the significant
data taken from the field intensity plots in Section 2.2.5,

The effects of debris having measured parameters from 10~

From the spove, and curves in Section 2.2.5, 1t can be concluded that:

(a) Antenna degradation due to debris is a minimum at frequencies
for which the antenna dimensions are optimized, i.e., a diameter-
to-wavelwijth ratio (D/A) of 0.9 to 1.

(b) Debris Asgradation is very low in the cptimized frequency
range under ¢ondition 1; i.e., approximately -1 db.

(c) Debris degradation is greatest under condition 2; condition 3
appears to degrade the antenna slightly, i.e., approximately
0 to -2 db,

{(d) Debris degradation is more severe at frequencies for which D/
approaches 0.25. Thus in the frequency range of 2-4 Mc,
degradation increases from -7 db at 4 Mc to -18 db at 2 Mc.

(e} At 25 Mc or the upper end of the band, the antenna efficiency
appears to be lower than in the 5.5 to 12,5 region by approximately
14 db (with no debris). The deterioration in antenna efficiency at

the upper end of the band indicates either an increase in total
antenna losses or conversion of the uniform excitation of the slot.
Increaged loss at the upper end of the band may be attributed to a
decrease in asphaltic Q and increased ground losses. Further in-
vestigation is required into this effect.
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TABLE V

+!N>hcxm0 FIELD INIENSLIY ALONG THE GROUND FOR WARRENSBURG ANNULAR SLOT ANTENNA

WITH WITH DEBRIS COVER
FREQ. NC CONDITION | CONDITION | CONDITION LOSSLESS ANTENNA SLoT**
DEBRIS 1 2 3 ANTENNA WITH NO DEBRIS
me db db db db db
2 82 75 64 64 98
4 30 87 83 81 98
8 92 91 88.5 86.5 97.5
10 91.5 90.2 87.5 86 97
16 85.5 85.5 76 78 94.6
25 78.5 82 76.5 75.5 91.6

*Field Strengths are for an RF antenna input power of 1 watt at a range of 385

*trpmoretical field strength for a 100 percent efficient anterna

feet
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EFFICIENCY OF THE ANNULAR

TABLE VI

SLOT ANTENNA

j Freq. No *Debris Cover Comments
Debris CONDITION|] CONDITION | CONDITION
1 , 2 3
Percent Percent Percent Percent
2 2.5 0.5 0.04 0.04 for asphaltic cavity
4 16 8 3.2 2 Q= 25
6.% 36 20 12.2 10.7
B 28 22 12.5 B
10 28 6.7 i1.2 8.5
1z 39 12.5 12.5 8
1€ 12.5 12.5% 11.2 -]
20 12,5 3.2 3.2 S
25 3.2 7.2 2 1.6

e

P



Debris degradation in vicinity of 25 Mc {s only 2 db for condition 2.

{f) Debris cover has the effect of dsmping out and shifting the location
of the notch rfrequencies.
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2.3 DESIGN PROCEDURE FOR THE ANNULAR SLOT ANTENNA

Measurements have indicated that the optimm frequency range of operation
of an anrular slot antenna i{s between the first and second cutoff freguencies
Uperation below the first cutoff Frequency is possible with decreased efficiency.
The radius of the cavity. therefore, is chosen so that the second cutoff rre-
gquency is2 slightly above the upper end of the freguancy band in which the
antenna is supposed to operate.

The cutoff frequencles are determined by bkl = Rn vhere R are

the roots of JO(M
27 ) ®1r L 1x
k=% V% = 7366 fe © 360

= dielectric constant of cavity filler material
(asphaltic concrete)

“ir

wWith fc given ap approximate 1.05 f to 1.1 f the cavity radius b is

obtained as follows: [fn = highest operating, frequency]
where
and b = Eﬂ . 300 *n - :Z;Z_EE
] kl i "fc € i £ e
1r cV ir
_ 263 1
For the second cutoff frequency R2 = 95.92 and b = , R (=)
€ 2
1r
with fz in Mc. (second cutoff frequency)

This is the cavity radius which gives optimm efficiency between the first

two cutoff frequenciess, whose ratio
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The maximunm efficiency occurs between f1 and f,
resonance frequency. The efficlency at this frequency (without debris cover)
can be crudely estimated by using the equivalent linear transmission line
operating in the A /3 wmode with maximm voltage at the open end. The Q of
this 1ine can ba estimated from the Q of the dielectric which fills the

cavity. With asphaltic concrete Q. will range approximately frou 25 to 50

The characteriscic {(mpedance Zo of the antenna circuit can ba estiuated
by considering the cavity as an radial transmission line, whose characteristic
impedance at any radius r is given as

vhere h = distance between disk and ground.

An approximate value of the effective characteristic impedance of the
equivalent line is cobtained by using an average radius r = % . The depth
h of the cavity has to be estimated. Normally a dupth between 1 and 2 =
is adequate. The greater depth will give a slightly increased efficiency,
but the cost increases approximately proportional with h.

Having chosen h one obtains Z_ = 120 h

o .
ﬁfslr b

The radiation conductance GR of the annular slot antenna depends on the
average slot radius p = (a+b) /2 = b - § » where w {8 the slot width. This
has to be estimated. A first choice of w equal to one to two times the
cavity height will be adequate in most cases. Thus the average slot radius

Py is fixed and the radiation conductance G, can be obtained from Figure 2-2

R
2%p "o f
using x = x = 150
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At the parallel rescnance frequency fp the efficiency has a maximan.

fP is estimated as the geometric mean between the sdjacent cutoff frequencies:

f =aff.f. . At this frequency the radlation power factoy is obtained from
] Vit
Qc. ZQ. and GR as
P = 2.2 and, with pQ = L Q
7 RV’ P L 7 "RYo%e

the efficiency

1

7' - —————

max 1 s (PQL)-l

This is the maximm efficiency occurring at the parallel resonance frequency
fp. The efficiency drops to practically zero at the cutoff frequencies.
Below fl it increases again, reaches a maximm, which {s much lower than

the main maximm, and then decreases rapidlv approaching zero for very low
frequencies. However, experiments show that the null at the first cutoff
frequency is not as deep as predicted by theory, but actually is hardly
observable, so that practically the efficiency dect ses monotonically from

the main maximum as the frequency is decreased.

Having determined b and Py the radiation pattern obtained with this P,
in the operating frequency range has to be examined with respect to the
elevation angle of the lobe maximum, the directivity on the ground and in
direction of the lobe maximum. The following points are of interest:

Zero ground field will be obtained when

2o vf p
X=X T 7150

= 3.88
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3.83 x 150 D“ﬂ

i.e., at a frequency fo = 7o,

150 R‘
Combining this with Py =

4 fZ«/Z;;

one obtains the following relation between fo and f

foPo 150 x 3.83

v fe. 3-8 [

fzpo I.IEO.R2 1r 5.52

- o.sosfc';

_— 1 -
Thus for vr‘lr 2 5895 cor €, 2207 € >f,. If € >12.07 the fre-

1r

quency which gives zero ground field is greater than the second cutoff
irequency and therefore is outside the frequency range of interest.

The quantity x = 2!po/l which determines the dircctivitv at any frequency
vfp

o
150
The directivity g at the frequencies of interest snd the elevation angle of the
lobe maximm can be found from Figure 2-5.

f is given by x =

Having determined the pattern characteristics for a known cavity radius P,
one has to examine if the pattern characteristics (lobe elevation angle
directivity) meet the required specifications especially with regard to pro-
pagation requirementa.

This procedure establishes the approximate cavity radius b and average
slot radius po and maximum obtainable efficiency if the highest operating
frequency is given. It was necessary to estimate the cavity depth h, and
slot width w from practical considerations. With the data then a computer
solution for the efficiency variation over the whole frequency band of interest
should be made, in order to obtain an exact knowledge of the frequency
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dependence of the antenna with the chosen parameters. The results have to be
compared with the specified requirements, and if necessery, changes in the
paraxetere a, b, h and the material Qc have to be made until the required
performance is achieved.

The design procedure is summarized in the following table.

Cavity Dimensions and Maximum Efficiency

Given Highest operating frequency En and

Operating frequency range

Chooae
Dielectric
e .8 - 3.8
Q. 25 - 50
Cavity Depth h 1 ~-2m
Slot Width w w=(lto2) h
Determine
Second Cutoff Frequency f2 = 1.05 fn
First Cutoff Frequency f1 = f2/2.3
Parallel Resonance
Frequency fp = flf2
Cavity Radius b = 263
€1r f2
Dizsk Radius a=>b-w
Average Slot Radius P, = b - w/2

e




Computer Solution for n over the frequency range to determine exact performance.

Effective Characterist
Impedance

Radiation Conductance
atf.—.fp

Radiation Power Factor

at £ = f
P

at £ =f
P P

Max. Efficiency at

f=f
P

Ground Null Frequency fo

Frequency fB where lobe lifts

off the ground, xg = 1.89

ic
Zo . 180 h
elr b
zf p
x = b9
P 150
Gp = F(x)

from Figure 2-2

2
7 %rZ,

p =
PQ = PQ_ 2
ns 1

P 1 (pop

Pattern Characteristics

—
fo/f2 = 0.695 ‘\/Elr

x_+ 150

- & . =
f.g = P €, =0
En = 8y = 2.4

Directivity at highest operating
frequency fn

134
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An example will illustrate this design procedure.

Cavity Dimengioris and Maximm Efficiency

Highest Operating Frequency fn = 25 Mc

Thoice € = 2.8 le 50
h=1.5% w=15m

Determine fz = 25.1.05 = 26.2 Mc
fl = 26.2/2.3 = 11.4 Mc

£, =262 x 114 - 17.3 Mc
b = 263/,/2.8x26.2)= 6 m

a=6-1.5=4.%m

p. =6 = 0.7 =5.25 m

[ ]
z, = 120 x 1.5/@/2.3 x 8)= 17.9 ohm
_F17.3 x5.25
Xy © 150 = 1.9
(g = 18 x 10”3 mho
p=218x17.9x 107 - 0.205
pQ = 0.205 x 25 = 5.1
1 1
n_ = . = - 0.84
P 14 (5.1)-1 1.196
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Pattern Characteriatics

Ground Null Frequency fo = 26.2 x 0,605 x "/2.8

= 30.5 Mc -
Fregquency f8 where lobe lifts off

the ground, e” = o f8 = lﬁ!g—i—igg = 1T Me
xs = 1.85 ; B = 8, = 2.4
Direc -ivity at £ = fs By = &, = 2.4
Directivity at £ = £ e - 47°
n m
7 25 x 5.25 _
where x = 150 = 2.75 8p = 2.1
8, = 1.5
o
Directivity at £ = fp /;m = 15
vhere xp = 1.9 &, = 2.4
80 = 2.4
The complete solution for this design
b=6.0m a=45m h=15m

is shown in Figures 2-6, 2-7, 2-8, 2-9, 2-11, and 2-12.

o
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SECTION 3

LOG SPIRAL ANTENNA

3.1 INTRODUCTION

The equiangular spiral antenna represents & relatively simple structure
exhiblting some very interesting and desirable properties in the HF region.

8,9,10 and ochersll'lz

Investigations by Dysomn at UHF and microwave frequencies
have demonstrated the essentially frequency independent radiation and im-
pedance characteristics over bandwidths in the order of 10:1. The design of
the antenna is specified entirely by angles and its performance appears to

be indepandent of frequency. The equiangular log spiral antenna has the
property that the specifications for the highest and loweat frequencies of
operation are independent; f.e., the highest usable frequency is generally
determined by the inner diameter of the spiral and the lowest usable frequency

is determined by the cuter dismeter of the antenna.

The two-erm planar log spiral antenna provides a circularly polarized
bidirectional beam on the axis of the antenna. This {s shown in Figure 3-1.
A four-arm planar spiral, on the other hand, with appropriate feed system
produces a more desirable radiation pattern for HF communication. A typical
radiation pattern for a four-arm log spiral operating in this so-called
"Second Mcde" is also shown in Figure 3-1.

3.2 DESIGN PROCEDURE

The equiangular spiral shown in Figure 3-2 may be defined by the equation
p =k e.ﬁ where p and ¢ are the polar coordinates of & point on the spiral.
The constant, a, controls the rate of spiraling about the origin and k

determines the radius p or size of the terminal region.
A physical antenna is generated by considering the following curves:
ag
pl = ke

and : kc'(ﬁ'b)

Py = ko,
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Figure 3-1,
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Figure 3-2, Parometer for Equiongulor Spiral.
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where

P
Kueab=—z—\l
1

Thus if we consider an antenna with 8 conductor having its edges specified
by Py and Py (which is Py rotated through an angle 8), the arm width is imme-
diately specified by the fixed rotation angie 5.

A planar balanced spiral consisting of four such conductors represents
one form of the spiral antenna capable of operation in the second mode.. An-
other form of this antenna consists of a spiral slot cut in a large conducting
sheet. An appropriate backup cavity is required to support such & structure
and limit the radiation to that hemisphere above the ground. The con-
figuration of such a backup cavity should be such that the basic properties
of the log spiral in air are not radically disturbed.

Design criteria for the spiral geometry based upon Sy.vania scale model

tests at 90 Mc is as follows:

0.05 re® 3

1

Py = 0.9 py

where
21

5 (determine the lowest usable frequency of
operation fl)

Quter diameter

Inner diameter = %; (determine highest usable frequency of
operation fz)

A = wavelength in agphaltic concrete at fl

Backup Cavity Height = ' (in asphaltic concrete)

Using these relations, a 45 foot (OD) and 7.5 foot (ID) log spiral would

theoretically cover the frequency range of 8 to 30 Mc at maximum efficiency.

The spiral alot antenna has been found to be the most useful form since

it permits the feeding of such a balanced structure in a completely balanced

| 140
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manner by embedding the coaxial feed cable in the ground plane. Figure 3-3
shows this technique as used in the experimental evalustion of scale model of
the HF spiral. Dyson refers to this method of feed as the "i{nfinite bslun."
Flgure 3-4 shows the technique that should be used to excite the four arms

of a spiral slot antenns operating in the second mode.

3.3 RADIATION PATTERN

The antenna radiation patterns are relatively insensitive to the number

of turns used although there may be optimum ranges of operation. Good patterns
are generally obtained for spirals in the order of 1 to 1.5 turns.

The log spiral radiates a circularly polarized field (axial ratic - 2:1)
for frequencies in which the spirsal arm length is equsl to or greater than a
wavelength. For frequencies such that the spiral arms are short in terms of
A, the radiated field is linearly polarized. This would be the case for
frequencies below £,- In the vicinity of fz, the terminal region of the
spiral becomes the radiator and since this approscheszs a half wave dipole, the
radiated field in the vicinity of f, becames linearly polarized.

3.4 INPUT IMPEDANCE

The input impedance of a log spiral antenns converges rapidly as the
spiral srm length exceeds a wavelength and is generally a function of the
factor K = 23 . In general, for conduction arm or slot spirals, the antenna

P
is rarely -ii-ltched by more than 3:1 to a 50 ohm line and as exhibited in
the Sylvanis experimental program, the VSWR is usually less than 2:1 over
the operating frequency range.

This feature of the log spiral antenna is outstanding in that once the
design of the antenna is established, operation over a broad frequency band
is poasible ut hing n . In adaition, the constant
input impedance characteristic of the log spiral sppears to be maintained
under the effects of a debris cover; in the experimental program at Sylvania,
for a 10 ft diameter spiral, the input impedsnce improved with debris loading.
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3.5 EXPERIMENTAL INVESTIGATION OF THE LOG SPIRAL ANTENNA

The experimental investigation of the log spiral during Phase 2 was
concerned with the measurement of {input impedance, bandwidth, field i{ntensity,

and the effects of debris on these parameters.

Measurements made at 90 Mc on random samples of the farm loam used as
& debris cover indicated an average conductivity of 3 x 10'3 mho/m and a
relative dielectric constant of 3.3. Appendix F contains a discussion of
the test procedure and tabulation of dehbris measuremer(s at Waltham,
Massachusetts.

The log spiral scale model used in the experimental program is shown
in Figure 3-5. 1t is 10 feer in diameter and was fabricated from copper
wire insect screening attached to a plywood form, Design details together
with appropriate equations for each spiral slot arm and feed cable are shown
in Figure 3-3.

The four-arm spiral slot antenna investigated at Sylvanits (Figure 3-5)
was placed uver an 18-inch backup cavity and 1s showm in Figure 3-6. Addi-
tional construction detsils are given in Appendix B.

An infinite balyv: feed arrangement is shown in Figure 3 3 together
with an expanded view of the central region in Figure 3-4. Dummy cables
{(RG-8/U short circuited ar both ends) were used to maintain structural
symmetry on the other three arms.
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Figure 3-3, Log Spiral Antenng,
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G- U
COAXIAL CABLE

SIDE ViEw

RG- 8/U FEED CABLE STRIPPED OF INSULATION
AND S(}LDERED TO SPRAL SCREEN

DUMMY CABLE
SHORT CIRCUITED AT POTH ENDS
FEED FOR OTHER ARMS OF SPIRAL

Figure 3-4. Log Spiral Antenno F ed Arrangement.
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Figure 3-5.

Photo of Scale Model of HF Spiral




1 4

Bk

CU-MESH TACKED CN ANL e

10 Fr. g

4-1 0748

SPIRAL TOP HAT
GLASS BLOCK STANDOFFS

o) fe— 174 PLYWOOD
(3]

CONNECTED WITH 15 STRAPS ©

- |

o ;
221 . 5

- 18" FILL + |LOAM ON TOP
. “ GROUNDSCREEN CU, 16 §MESH, 015 WIRE

-

PR

I 6" ASPHALTIC §CONCRETE

ASPHALTIC CONCRETE 20° 4

4 a v
o | i hnCmImoH STONE (/2

GROUNDSCREEN 20!

Figue 3-6, Cros-mction log Spiral Antenno ond Back-up Coavity.




Input impedance measurements on the four-arm spiral antenna from 85 to
120 Mc are shown in the Smith plot of Figures 3-7, 3-8, and 3-89, for no
debris and for conditions 20 and 21. Figure 3-10 presents a composite plot
of these conditions where it can be seen that the measured input impedance
with no debris'blosely spproximates the design criterion of 50 olms. Load-
ing the log spiral antenna with debris improved the input impedance match
to a 50-ohm line.

The debris cover was placed on a plywood platform spaced approximately
6 inches sbove the plane of spiral by glass blocks. This spacing served to
simulate the isolation effects of an asphaltic blanket placed over an actual

anterma to orotect it from the ablative effects of a nuclear weapon,

Because of the weather conditions existing during the experimental pro-
gram, soil was packed in 30 pound bags and stored at above freezing tewm-
peratures until actuslly used. The log spiral was tested under two debris
blankets, the only difference being in the way the debris bags are placed
over the antenna (completely random) and the distribution of the glass blocks
underneath the plywood platform asupporting the debris (also random).

The radiated field intensity from the spirsl antenna was measured at
seven astations situated on a circle 53 feet from the center of antenna site.
These stations are shown in Figure 1-3. A plot of the elevation pattern of
the log spiral at station 8 is shown in Figure 3-11 for the vertically
polarized component of electric field, Ev. Bandwidths of approximately 20°
were measured for Ev with and without debris (first cover). The field in-
tensity under condition 21 increased by 3 db over the no-.ebris and is due
to a conversion of energy from the horizontally polarized component EH’ to

the Ev component. This fact is illustrated in the data plotted in Figure
3-12 where

Ev is the vertically polarized electric field with no debris

E g 18 the vertically polarized electric field wich full cover of

debris (second cover)
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Figure 3-7. Input Impedance of 10" Diameter log Spiral No Debris,
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LOG SPIRAL ANTENNA IMPEDANCE DEBRIS CONDITION # 20 (1/2 COVER)

Figure 3-8. Input Impedonce of 10* Diometer Log Spiral Half Cover of Debris,
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Figure 3-10, VSWR Verss Frequency for Log Spiral With and Without Debris.
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EH is the horizontally polarized electric field with no debris

ERd is the horizontally polarized electric fleld with full cover

of debris {second cover}

The ordinate in Figure 3-12 {s normalized to the field intensity which
would be received from a 100 percent efficient X/4 monopole over a perfect
ground (0 = ®) at a range of 53 feet. Its magnitude would be 85.7 db above
1 ww/m for an input power of 1 milliwatt. This is a standard reference

ugsd tla . dg.oul tals repore.

Referring to Figure 3-12 we see that loading the log spiral with full

layer of debris (second cover) had the following effects at station §:

{1) Magnitude of EH decreased approximateiy 8 to 10 4b for elevation
angles of 7 to 30 degrees.

(2) Magnitude of E, decreased slightly at low elevation angles

{7 to 130) and then remained essentially constant to 30°. It can
be seen that Evd at an elevation angle of 30° is greater than Ev

{no debris case) by 12 db.

{3) Circularity ratio (EV/EH) improved significantly with debris
load.ng especially at the higher elevation angles where its value
was unity.

An elevation pattern taken at station 6 indicates the change occcurring in
the radiation pattern of a spiral under second debris cover. These patterns
are plotted (Figure 3-13) from data of Figure 3-12 and correspond to a full

debris cover at a range of 53 feet. The radiated field intensity received

from the A\/4 reference monopole at station 6 is also plotted in Figure 3-13.

Figures 3-14 and 3-15 summarize the measured field intensity at stations
5 and 1 for the log spiral (with and without debris) and the reference
2 4 monopele. The measured data of EH versus 95 at these stations followed

the same behavior as at station 6; i.e., it decreased with debris loading

153



R4l

D

et N A S~
... /..z/ // . u/ N /
gk | ﬂ
-,
\
Shi f
AT e ) . A . ./
i ! i AN Y /
,wmt.i? i fote I )
TR e T
_— ST COTT L AD
- ; . * I
- | ,
_ M ; k -
. U co : e N
-1 TP - P
22 T., .., P 4 - i ,,ﬂ\
4 .., 4... Pt - L Vs
<7 AT A K 4 S
P n ® VERTICALLY POLARIZED COMPONENT OF ELECTRIC FIELD - NO DEBRIS / ~a
e 5 ‘.\\. n 7 .« ‘ ' t ) \ % N ~ “ '
g " <m-:m>=< POLARIZED COMPONENT OF ELECTRIC :m_,o FULL COVER.(2nd) DERRIS |

»o
34

30
A

” \
\.\-.., ~

- 7 I FOR RANGE OF 53* >_ m::.OZa / N I~

J -

. . BN \ ' . Y " A )
L \\ . - . \. \., , / ) \ . > i /, N P Lo
P G A . SRR NG X
s D : 4 //N / “ <4 / . e ’ / SN
s - \ -y “ - \ \ s
< < . L - A

Y

o’
Az
A !
150

Figure 3-13,

&3

Elevat

. ~

—‘t \ . \ ! ! y / . \/, . \ N . ) /.l_f.v

~
/
S
15@
e

Mol
>

m w, LEEE R £ 13

i -

‘o ; i \ . CoooN. X C
St Y i [ P WU, PSR //
e

™
e

146
7

ion Pettern for log Spiral and A/4 Monopole With and Without Debsis.

Aot §



111!

4-1-0769
a T T Y T T Y T ¥ T T T T Y T ¥ T T T
o -
MONOPOLE  Eu
-4 MEASURED . — e O - -
- l|.\.'-\|| L e l""‘l’l".
-
PR
- ‘\ .
- - tOn
- 1 Mﬁsbm
-8 ' * FOLy p
5 o
m 7ed FULL COVER LOG spira E, —
m -2 NC DEBRIS -1
g | §
-
4
mm.h -6 -
m m<l VERTICALLY POLARIZED COMPONENT OF ELECTRIC FIELD - NO DEBRIS
b
= - 3 a" VERTICALLY POLARIZED COMPONENT OF LLECTRIC FIELD - WITH FULL COVER DEBRIS T
£ v
m ~20 #.0, FOR RANGE OF 53" AT STATION =5 ~
ey P =l mw
LY 1] -
-4 -
L 4
. I 1 1 1 i 1 L 1 1 1 1 1 L | 2 1 i X
4 8 12 1] .0} 24 28 32 36 40

Figure 3-14,

ELEVATION ANGLE IN DEGREES

Measured Field Intensity Versus Elevation Angle for Log Spiral ot Station 5
With ond Without Debris,




251

o

D8 BELOW THEORETICAL MCNOPOLE AT 53° (85 YDY)

4-1-0770
T T ) 4 Y T 1 T A T Ad LS T T Li T L Ad
2k y
A .
b £, OF MONOPOLF |
PP SRR
s f,q OF LOG SPIRAL :
- . —
ok {ist FULL COVER OF DEBRIS) )
128 A
LOG SPIRAL E I

ST ¥ od o -
~16 4
18 £ = VERTICALLY POLARIZED COMPONENT OF ELECTRIC FIELD - NG DEBRIS

s v y

® £ Ql VERTICALLY POLARIZED COMPONENT OF ELECTRIC FIELD - WiTH FUlL COVER DEBRIS
v
-0k -4
Fobe FOR RANGE OF 53* AT STATION * '
By o P, | mw ~
tn

RIS .
2% Il i A y i i 2 i A 'y 1 1 . 'S i A 1

G ? 4 [ 8 10 12 14 16 18 x 2?2 24 26 2C 30 32 34 36

ELEVATION ANGLE IN DEGREES
Figure 3-15. Measwred Field Intensity Versus Elevation Angle for Log Spiral ot Station 1

With ond Without Debris.

tes il 3

R

hS




whereas in Figures 3-14 and 3-15 EV increased with debris loading. This
was consistently observed during the experimental program &nd appears to be

a characteristic of the log spiral antenna.

The azimithal radiation pattern of the log spiral (for Ev) at a fixed
elevation angle of approximately 18° is shown in Figure 3-16 together
with that of the reference monopole. These field intensity plots were made
at 90 Mc with an antenna input power of 1 milliwatt. For the case of a log
spiral operating under a debris cover, radiated field was only monitored
at stationsl, 5, and 6. Referring to Figure 3-16 we see that the log spiral
exhibits lobing in the azimuthal plane with an increased gain over a monopole
(- 4 db) at OAZ of 45° to 900, a null at OAz of zero and a second maximum
at eAz egqual to -45°.  Debris loading appears to fill in the null in the
azimuthal pattern without significantly affecting the second maximum in the

NW quadrant.

3.6 SUMMATION OF EXPERIMENTAL RESULTS

The experimental invesiigation of the 19 ft diameter log spiral antenna
with backup cavity with and without debris resulted in the following con-

clusions.

3.6.1 Input Impedance

The measured input impedance closely correlated theoretical predictions
over the frequency range used in the test program. The input VSWR from
7 to 120 Mc decreased with debris loading as shown below and approached a

matched condition (Zﬂ = 50 ohms)
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Frequency
Mc

5
80
90
100
110
120

‘e debris ~ 2 to 2.3 x 1()_3 mho /m )

eR~3.5

No Debris

2
1.65
1.70
2.25
1.9

TABLE V1I

Input VSWR

Full Debris* Cover

L T e
~
[

B0 to 160 Mc frequency band
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3.6.2 Radistion Pattern

The log spiral exhibited lobing in both the azimuth and elevation planes
for the no debris case. The antenna gains taken from azimuthal patterns
{Figure 3-18) are as follows

Frequency eAz Gain over A/4 Monopole
Mc db Comment s
90 45° to 90o 4 for Pin= mw, R = 53 ft
o and no debris.
90 0 g -16 Reference for oAz is
90 -45 -1

true north.
The elevation patterns for Ev. and E“ indicate a beamvidth of approximately
20°, Under debris loading, the followirg effects were noted in the radiation

patterns a. 90 Mc.

(a) 1In general, the vertically polarized electric field

component Ev’ remained the same or increased significantly.
(Thus, debris loading appears to enhance E,-)

(b) 1In general, the horizontally polarized electric field
component E“, decreased --i.e., the energy being
converted Into vertically polarized component, Ev‘

(c) Beamwidths of the Ev and EH components in elevation
are not affected significantly by deoris; i.e., BW is
20° with and without debris.

(d) No azimuthal lobing was observed at monitoring stations.
The null in patcern at station 1 (under no debris case)
was filled in under the debris loaded condition.
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The effects of debris loading on the log spiral versus frequency are

shown i{n Figure 3-17. These results are for field intengities measu-ed at
station 1 and at an elevation angie of 18 degrees. This figure clearly
shows the increase in the vertically polarized E field intensity (Ev) with
debris loading. It can be seen that under a full cover of debris, the
gain of the log spiral is approximately 1 to 2 db over a A/4 monopole from
86 to 118 Mc. At 90 Mc, the vertically polarized component increased
approximately 3 db with a half cover of debris, and 7 db with a full cover

of debris over the no debris case.
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SECTION 4

LINEAR SLOT

4.1 LINEAR SLOT ANTENNA BACKED BY A RECTANGULAR CAVITY

Slot type antennas as used in the microwave field, provide an antenna
which can be mounted flush with the ground and therefore can be made ex-
tremely hard, capable of withstanding very high overpressures. Basically it
is possible to use a long slot in a conducting screen vwhich is placed on the
ground surface and separates the lossy ground from the lossless air. By
exciting the slot by a current source which lies in rhs interface tatween the
two media an electric field is set up across the slot, producing a radiation
field. An antenna of this type has been analyzed by J. Galejsls. The
radiation efficiency of the slot is very low (less than 1'10€) due to the high
ground losses. Therefore this type c¢f slot antenna is not .seful for the
application at hand. However, much higher radiation efficiencies are possible

in a slot antenna backed by a cavity, as has been shown by J. Galejsl4.

The basic configuration of the rectangular cavity-backed linear slot
antenna is shown in Figure 4-1. The upper surface of the cavity (length L
width yo) is flush with the ground surface. The depth of the cavity i4 z,.
A horizontal slot, parallel to the longer side of the cavity (xo), is placed
in the upper surface. The slot width is d, and the distance from the edge is
Yo+ The slot poeition in the upper surface is arbitrary; i.e., the coordinate
of the slot center (yc) can vary from d/2 to y°/2:

Yo

d < <
T S Vs T
Of particular interest are the positions

v, * ; slot at one side of cavity

y
o
Vo * ¥ slot ir middle of cavity
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Figure 4-1.

Cavity Bocked Lineor Slor Antenna in Air,



®
The source is applied either scross the slot in the middl~ (at x = z= ) or by

a vertical E prote in center (or to one gside} or by a loop at one side of the
cavity The etectric field is excited across the slot in the y-direction.

The cavity acts &s a waveguide which is shorted at one end, operating in the
fundamental TElO mode. The direction of propagation {s either in the z-
direction or y-direction depending on the excitation and position of the slot.
The predominent components of the E field are EY and Ez,respectively. One
propagating mode is obtained when xo < x < 2 X, if the cavity is filled with
air. When the cavity is filled with a dielectric of relative dielectric

constant, € _, the guide wavelength is reduced to

A =
g
with
A
XC=
/m ¢ 4, 2
M(zxo) +(2yo)
AC)
For the TEIO mode, Ac = 2x° and Ag = =5 - The cutoff wave-
- /
€ (Ao 2xo)
. . _ , . . "
length is given by q?; =2 2x 5 A, = N 2%, In order that the TE .

mode can exist the operating frequency must be greater than the curuff fre-

quency fc; i.e.

C [«

£ > XQ > L £, = f.. where
T o T 2x Vﬁ' -
o V'r VT;
o
fco = 7 is the cutoff frejuency in the air-filled cavity. When the cavity
o
is filled with a dielectric material with a dielectric constant of - . the

cutoff frequency is reduced by 1/ v?}. Thus for a given cperetin. frequency

the cavity cross section cen be reduced to (1 MQ})Z =1

-
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4.2 DESIGN OF ANTENNA

We consider two designs which yield optimum efficiency. In one case the
slot i{s at the edge of the cavity, in the second configuration, it is in the
center. 1In order to get optimum efficiency the cavity 13 designed to operarte
at a frequency vhich is above the first cutoff frequency, so that the TEm
mode can propagate. When the slot is in the center the direction of propa-
gation is in the z-direction. Optimum efficiency of the cavity would be ob-
tained if the cavity depth could be made one fourth of the guide wavelength
As. Considering a frequency of 10 Mc (wavelength of 100 feet in air), a
quarter wave depth would be 25/ W/?; = 15 feet using a fill material ~ith a
dielectric constent of 2.8. However it is possible to achieve good efficiencies
with considerably smaller cavities which are designed to operate close to

resonance.

The design of such a cavity is as follews: The condition for propagation
-£ +h .
2f the TEIO xoce 1a:

c
o
AO = ?; < 2!04’ €

Choosing & design frequency of f =10Mc, we get x >c /f 2-/c «10°/i00 2 .=
o 0" o "o Ve it

- 50//\[cr feer. The length of the cavity X, must be greater thai 50 feet
for air, and greater than 50/'V2.8 = 30 feet for asphalt (e, = 2.8). We choose
x, = 60/4/‘: = 36 feet (or 60 feet for air).

The width Vo and depth z, are chot n so that the cavity is resonant at the
design frequency fo = 10 Mc. The terminal susceptance B of the slot measured
betv»een two points in the middle of the slot is then zern. For a certain slot
width there: is a combination of Yo and z, which makes the cavity resonant,
Table VIII (for au air-filled cavity) shows data for various cavity widihs yo
which yield a resonant cavity. The slot width is small (1/4 foot). The slot
position is either in the middle .f the top surface (yc = yO/Z) or at one end
(yo = d/2). The table shows that resonsnt cavities car be obtained with
cavities of depths of less than § feet. The cavity volume is always smaller
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TABLE VIII

CAVITY DATA VERSUS CAVITY WIDTH yofko AIR FILLED CAVITY

z /x Cavity Vol. BW/ £ (BW/Vol) x10°
O O Q
x 10¢

oo v, _ X% A R ¢ Yo g
A =T ) I 2 2 2 2 2
0.42 0.05 - 12.6 - 0.15 - 1.3 .
0.40 0.055 0.016 15.2 3.85 0.17  0.036 1.3 0.95
0.30 0.08 0.04 14.4 7.2 0.18 0.08 1.3 1.1
0.28 - 0.05 - 8.4 - 0.09 - 11
0.20 0.12 0.0 14.4 108 0.19 0.12 1.32 1.1
0.10 0.10  0.17 12 10.2 0.16 o0.12  1.33 1.2
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£f the slot is on the side but the efficiency is also less. An estimste cf
the efficiency {s obrained bv congidering the relative bandwidth of the

cevity which is tabulated in Table VII1. The bandwicth ncar resonance ls de-
fined as BW = f2 - f,, where the susceptance {B{ of the slot is twice the
conductence ¢ at fl and f2’ There is a maximum cof bandwidth for a cavity
width Yo approximately 0.2 L The maximum bandwidth {s grearter {f the slot
is8 in the center of the cavity, and also the bandwidth per unit volume is
greater in this case. We find, therelore, thet within the range of parameters
considered, the cavity with the slot in the center appears to offer & better

utilization of the cavity volume and therefore may be somewhat more economical.

The bandwidth of the slot can be increased by increasing the slot width.
At the same time the depth of the cavity must be Iincreased toc obtain rescnance.
But the percent iu=rease in bandwidth is greater than the percent increase in
volume so that the bandwidth per unit volume is increased as the slot is made
wider. The maximum obtainable bandwidth for a resonant cavity (air filled)
with a slot width of 1/4 ft is 12% with a volume of 10.8 x 10° ft° ( Table VIII,
dlat oo one 81dl). As the ;lot width is incrzased to 2 feet the paximum
bandwidth increagses to 30% and the volume doubles. Thus we have the situation
that the vniume has to be increased if the slot is increased, and as a result
a greater bandwidth is obtained.

When the cavity {s filled with dielectric material all dimensions of
the cavity are reduced by 1 Nf?;. The slot length is therefore reduced and
radiation conductance, which is determined by the slot area, is reduced. This
reduction of Gn can be compensated within certain limits by increasing the
slot width; i.e., by maintaining a constant slot area. Furthermor:, the Q of
the cavity 1s reduced 1if it is filled with dielectric msterial due to the di-
electric losses. In air the Q cf the cavity is determinel by the radiation
conductance and the ground losses, which are small. The Q of the dielectric
cavity is determined by the radiation conductance and the total loss conduct-
ance. The Q resulting from the losses is determined by the dielectric fili
material, as when .sphaltic concrete is recommended. Practical experience
with asphalt-filled antennas indicates that the QL is irn the range of 50 to
70.
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4.3 EFFICIENCY CUNSIDERATIONS

The efficiency of the slot antenna {s determined in the same manner as
has been used with the annular slot antenna, using the basic relation between
bandwidth and radiation power factor p that is valid for every tured circuit

or cavit-:

¥

where Auwyw is the relative bandwidth of the cavity which is only loaded with

radiation conductance.

The efficiency

pQL 1
no=pQ = Topq, = T+ 17PQ,
" e 1

1 + QEIQ
<5 L

The efficiency that is obtained with a bandwidth of 10% and z5;y a Q, =
50 is therefore

n = ! = 3 = 0.83 or 83%
1
L+ 31750

and with a bandwidth o 27; i.e., 7 -0.02

N —t % or 502,

1
1l + §7027%0)

We can now proceed to design the cavity for an operating frequency of
10 Mc. The cavity is filled with asphaltic concrete to obtain the necesrary
hardness. The 0 of tae cavity due to losses is taken as QL = 50. The depth
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of the cavity is chosen at about 5 feet, since this is a depth which will
yield a bhandwidth which is nor far removed from the mavimum obtainable band-
width, while on the other hand, it kceps the volume and hence cost within

practical limits.

Design A. The slot is in the center of the cavity as shown in Figure
4-2. The dimensions of the cavity in air having a depth of 5 feet are taken
from Table VIII end compiled in Table IX. The dimensions are then reduced by
1/ ﬁf:;ﬁ= 0.6 for asphaltic concrete=filled cavity and the slot width in-

creased to 2 feet in order to chtain optimum bandwidth.

Design B. The slot is at the end of the cavity (See Figure 4-3), and
the slot width is taken equal to the cavity depth. In this manner a folded
cavity is obtained. The wide slot gives a z-comporent {vertical component),
of the electric field at the slot edges. This field can propagate in the
y-direction. To obtain optimum efficiency the width Yo' which is not actually
the depth of the cavity because y is the propagation direction, should be
approximately 1/4 wavelength. The design data are listed in Table X.

These two antennas provide high efficiency with a comparatively low

volume (120 cubic yards).

4.4 SUMMARY

The rectangular slot backed by a rectangular cavity is very suitable for
use as a hardened antenna, capable of withstanding severe nuclear weapons
effects. The size of the antenna designed for a frequency of 10 Mc is in
the order of 18 x 36 feet and the depth need not exceed 5 feet. yielding a
cavity volume of 120 cubic yards. The bandwidth of this antenna is in the
order of 107 to 15¥, but with & suitable tuning and matching network at the
fe.- point it may be cperated over & broad frequency range of approximately
2:1. There will be changes in the operating mode as the frequency is increased
and the cutoff frequencies of the higher cavity modes are exceeded. This will
cause changes in the radiation pattern and var'ations in the terminal im-
pedance which have to be further examined. The radiation pattern of the slot

operating in the dominant mode is similar to that of a vertical loop. It is
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Cavity length X,

Cavity width Yo

Cavity depth z,

Slot width W

Cavity Volume

Bandwidth Anya%

QL
Efficiency

TABLE 1X
Alr

60 ft
30 f¢c
8 ft
1/4 ft

14.4 x 10°

cub. ft
0.18

150
95¢

Asphalt

36 fe
18 ft

5.0 ft

3.25 x 10° cub.

50
89%

ft
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TABLE X

Alr Asphalt
Cavity length x 80 ft 38 fc
Cavity width Yo 30 fe 18 ftc
Cavity depth z, 4 ft 5.4 ft»
Slot width w 1/4 ft 5.4 ft*
Cavity volume x_y z_ 7.2 x 10° 3.5 x 10°

cubic ft cubic ft
Bandwidth Aayhh 0.08 0.09
QL 150 50
Efficiency 929 82¢

‘The depth was increased from 4/VE; = 2.5 fr to 5.4 ft in order tc increase
the bandwidth and efficiency.
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figure x shaped on the ground and vertically polari-zed, thus providing
directional radiation {(see Figure 4-4), It is prssible to obtain omni-
directional radiation by using a square cavity (same depth) and providing two
slots at right angles, crossing at the center of the cavity. The two slots
are fed separately at the center by two transmissicn lines with a phase shift

of 90° between the two feed voltages.

The construction of the cavitye-backed slot antenna is simple. The walls
of the cavity are made from heavy copper mesh, and it can be filled with as-
phaltic concrete of high dielectric quality and high strengiu: thus a linear
slot represents an extremely hardened antenna in the HF band. The upper sur-
face of the cavity with the slc* 's covered with a layer of asphalt of at

least 12 to 13 inch thickness, 1 provide protection against thermal radiation

effects.

4.5 EXPERIMENTAL INVESTIGATIONS

4.5.1 Scale Model

The scale model of the linear slot antenna used in the experimental pro-
gram is showr in photograph Figure 4-5. Design center frequency for the
antenna wes 90 Mc. The model, dctails of which are given in Appendix B,
urtilized a telescopic feed probe centrally located within a rectangular back-
up cavity and provisions were incorporated for varying the slot aperture.

Glass blocks in the back-up cavity were used to support the top cover.

Debris loading of the antenna consisted of the placement o debris on a
wooden platform 6 inches above the plane of the antenna aperture which as in
the case of the log spiral simulates the isolation which would be provided by

an asphaltic blanket in an actual antenna.
Two cases of debris loading were considered

(a) uniform cover over one half the aperture (condition 20, HC)

(b) uniform cover over the whole aperture and designated full cover
(condition 19).
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Figure 4-4, Rodiation Pattern of Lineor Slot,




Figure 4-5. Photo of Linear Siot Scale Model Antenna.
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4.5.2 Input lmpedance Considerations

a} Taebles XI and XII., Figures 4-6, 4-7, and 4-Bsummarize the input
impedance and VSWR from 75 to 100 Mc. Appendix C contains a detailed
swaary of the experimental setup and impedance roll-baci techniques
usecd at Sylvania for measurement and calculation of antenna {-put
impedance. -

b} Experimental {nvestigations Indicate taat the input impedance is not
critical to slot aperture variations in tne ordur -7 6 to 13 inches. -
Uewes. v, it was &8 fimrrion of the feed probte position when the probe
was centrally located. -

c) Without debris, for VSWR Z 2:1 {nu tuning cr matching network}
Bandwidth = 84 to 91 Mc, or about 10 percent for B8 Mc.

d) With debris, VSWR (from 84 to 91 Mc) increased to 10:1,

e) With appropriate tuning and matching network, can achieve the follow-
ing performance with and without debris:
without debris, VSWR -0 2.5 to 1 from 75 to > 100 Mc
with condition 20 HC debris, VSWR < 2.5 t~ 1 from 75 to > 100 Mc
with condition 19 FC debris, VSWR < 3.4 t. 2.5 from 75 to 85 Mc

VSWR 2.5 t> 1 from 85 to > 100 Mc.

WA I AY A

4.5.3 Field Intensity Measurements

(a) Radiation Pattern

The azimuthal radiation pattern at a fixea elevation angle of 18
d. grees as a function of frequency is shown in Figure 4-%, and exhibits that
expected from such an antenna {i.e., a tigure-eight pattern in azimuthal
plane). Appendix C contains details of experimental setup used to perform

the field intensity measuremencs.

{b) Gain over an actual ’4 monopole.

£ Gain eAz for max.
76 Mc 1 db 70° from plane of antenna
85 Mc 2 db 90° from planc of antenna
90 Mc -1 db 125° from plane of antenna

(c) Antenna Bandwidth
Field Intensity versus frequency at Station 1, which is approximately
90° to the plane of the linear slot, is shown in Figure 4-10, indicates the

following characteristics.
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(1) Without Debris, antenna exhibits gain grcater than a A/4 monopole
from 78 to 92 Mc with peak field intersity occurring at B5 Mc.

{2) with condition 20 HC of debris, the peak in the field intensity
versus frequency curve shifts to 90 Mc. In general th: =—¢.-ured
field intensity decreased agprouximately 2 db from the no-debris
cage Conparing the linear slot field intensicy with that of the
monopole, it is seen that debris degradation is approximately Q
to 2 db from 78 to 82 Mc.

(3) With condition 19 FC ot debris,the pesk in the field t=i-rsitv
curve shifts from the nc-debris case to 90 Mc. In general, the
measured field intensity equals that of the A/4 wonopole from 76
to 86 Mc, was greater zhan the monopole from 85 to 97 Mc, and
reached a peak value 4 db above the moncpole at 90 Mc.
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TABLE XI
NORMALIZED ANTENNA INPUT IMPEDANCE (Z0 = 50 ohms)

No Condition 190 Condition 20
Freq. Debris Debris Debris
Mc Z,/z, z,/2, 2,/
R X R X R X
15 V.43 -1.7 1.0 -2.9 1.4 -2.6
80 0.5 -1.11 0.85 -2.7 1.4 -2.8

85 1.08 -0.62 0.70 -2.41 1.22 -2.55

80 1.7 =0.5 G.55 -2.00 0.75 -2.1
85 2.5 ~1.15 0.49 -1.70 0.61 -1.81
100 1.1 ~1.9 0.45 -1.38 0.48 -1.71
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TABLE XI1

VSWR ANTENNA INPUT (ZO = 50 ohms)

Freq. No Condition 19 Condition 20
Me Dedbris

15 9.0 10.0 6.9

8o 4 1 10.0 6.2

85 1.81 106.0 7.0

20 1.9 8.1 7.8

95 3.3 8.2 8.0

100 4.2 6.7 8.8
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Figure 4-8,

Linear Slot Input Impedarice Versus Frequency
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SECTION 5

THE WIRE SLOT ANTENNA

5.1 INTRODUCTION

The Wire Slot Antenna (WSA) consists of 2 vertical wire slot mounted
above a conducting plane. (Figure 5-1a.) The two vertical wires form two
vertical monopoles which are connected by a horizontal wire serving as a
feed line for the aecond grounded monopole. The other monopole is directly
connected to the coaxial feed cable.

The two monopoles are the principal radiators of the vertically polar.ized
fields. The cavity is excited by the menopoles and apparently acts as a
resonator which contributes essentially to the radiation field. This combin-
ation of a pair of vertical monopoles within a cavity or trough in which thay
are placed, constitutes the mathematical modal on which the following analysias
is based.

5.2 ANALYSIS OF THE WSA
The basic dimensions of the WSA are as follows:

w = distance between the two vertical wires (monopoles)

h = height of the wire slot or height of each monopole above
the ground plane; {.e., depth of cavity

a,b = length aud width of cavicy

We consider first the current distribution and input impedance of the antenna.
The two monopoles are connected at the top by a horisontsl wire of length w,
parallel to the ground plane, which acts as & transmission line feeding the
second monopole from the top, whereas the f{rst monopole is fed from the
base-end; 1i.e., from the botton. Thus we have the following equivalent
circuit in Figure hH-1lh.
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The grounded radjator carries the current lo. This curient varies
sinusoidally along the length of the line, since the attenuation along the
line is negligible, and the far end of the line i{s grounded, ac that a standing
wave along the horizontal wire is obtained; f{.e., I = Io cos Bx., The current
maximum I° is at the grounded end and the input current at the feed point is
I, = Io cos B(W + 2h) with 8 = %F
Since B(w + h) > % , the current reverses its phase at the point

Bx = % , 80 that both Iin and I0 are flowing in the same direction (upward);

in

i.e., they are in phase. The lead through connector at the feed point has

a certain capacity Ci which shunts the feed cable. Parallel to this eagacitor
is the transmission line which has the impedance Zo. The -haracteristic
impedaice 18 that of a wire of radius r at height h above a metal plane.

Thus
2h

Zo = 138 10810 T

For

N

2 . 100, z, « 280 ohm

which correlates reasonabiy well with the measured impedance of the model
{315 ohms). The reactance of the shorted line is j Ao tan B(w + 2h)

= ] Zo tan 3¢ = jX f = w + 2h. The resistive part of the input impedance is

in’
determined by the radliation resistance and loss resistance of the antenna.
Of particular interest are the first series and parallel resonances of the

antenna. These occur when

tan ﬂll =0 ; Bl =n Series Resonance
and
Zo tan ﬁzl = ;iEI Parallei Resonance
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The model WSA antenna has following parameters

w=1%55a0a; h+«2025n; 0 =yssh=32.00m

Series resonsmce frequency f.s t‘l = 76 Mc ; 7\1 = 3.5 m
Parallel resonance frequency t‘ps fz = $25 Mc ; xz = 324w
Characteristic lmpedance z.= 315 ohm
- 2 - =85 =
Effective length Bll‘ 11 !e =305 le L §
- L8 . 108,
which is quite close to the actual length
£ =2.05 m.
_ e _ )
Electrical length ﬁzle- 324 X 1.8 = 1,23 7 or 220
Capacitance C, = 1 = 1 = 1
“271 "z tan B,1_ 315 tan 220° = 264
1 8 1
Capacity C,= 0, 1 __ = 8.5 puF

1 264 185 (w)
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5.3 RADIATION PATTERN AND RADIATION RESISTANCE

The radiation pattern of two vertical monopoles which are fed in phaze
and are separated by the distance w is obtained as the product of the pattern
of a single monopole, and the group pattern of the two wonopoles.

ED = 60 IF (x) X G(4,4)
D = distance from antenna
¢ = elevation angle
¥ = arimith angle meagsured from plane of wire slot
Io = current in the grounded monopole
1
Iin=plo;p=cos5£=-l-u‘-

0
The pattern function of one monopole 1is

Fm(x) = B coas ¢ (¢ rer perfect ground)

The group pattern function for the case of equal phase in both radiations is

G(o,¥) = \/a + p)2 - 4p sinz( pzi cos $ cos ¥)

o

The maximum of G is at ¢ = 0°; ¥ = 90", G

ax = 6(0°, 90°) = (1 + p)

13

The minimum of G in the ground plane is at ¢ = 07 ¥ = 0°,

6y = 6(0°,0°) = \/(1 +p)2 - 4p sin® ( %’-)

mi

The ratio of the square of the field intensities on the ground plane
(¢ = 0), at the azimuth angles ¥ = go° (maximum) and ¥ = 0 (minimum) is

2. loe P [1 _ ap sin?(Bw2) ]'1

lG(Oo,OO) ‘2 (1 + 1:.)2
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The radiation resisctance of a single short monopole of height h over

perfect esrth referred to the curvent Io is

, 2 2,h.3 2h,2
R, = 40(An)" = 40x 45" (D)7 = 18077 (3)

The effective height is equal to the sctual height in this case, since
the horizontal feed wire acts as a top load for each of the moncpoles, so
that the current is practically uniform on the antemna.

The radiation resistance of the group referred to the current Io in the
grounded monopole is

3
Rrg = Rro“ + p + 2ps]

S is a function of (Bw) for the case of equal phase of the two radiator
currents. It is determined by the mutual coupling between the two monopoles.

The current Io in the grounded radiator, to which the radiation
resistance is referred, is given d¢ the total input power P.r and the total
resistance in the circuit, which is thie sum of the radiation resistance Rr
and the loas resistance R!

2 r .
L (Rrg"' B) =Ips

R.L can be estimated from the QL of the T :nsmission line:

L 1]
. =2 -
QL ZRL for the half-waveleugth line

nZ
- =2 = =
R.L = 2QL with QL 150 and Zo 315 ohm

R, - -'-;(3)—(1,-5- = 3.3 ohan

This 1s approximately the loss resistance of the model antenna.
192
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r-250-1

The efficiency of the antenna ia

R
IR . 2
n = ; d =
er + RL The radiated power is Pr 10 Rrg.

Thus,
I = \ﬁr/“.rs

and the field intensity on the ground is

(ED)O = 80(BL) G(¢,¥) Pr/Rrg

(£p) = 89 G 30 G(6,¥)
o =
lfa‘ﬁh 1 + p° + 2p§ «/10 Q}l + pi + 2pS
G

= 9.5 S for Prslwatt.

In the direction ¢ = 0 ; ¥ = 90° (broadside direction) the field is

DE (0,80) = 9.5 §(0,9 . 9.5 1+ p
1+p‘+2p5 Jl +;r+2ps
and in the endfire direction ¢ = 0° s W= o°
&(0,0) 9.5 4/(1+p)? - 4p sin?(Bw2)
DE (0,0) = 9.5 a "'—-—1===-——'.2.___—:——
I\/1+p!+298 AL+ p® + 2pS

= DE (0,80)/K

= = K as indicated above.
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The field intensity of the aingle top loaded vertical monopole over
perfect ground is obtained for p = 0, and G(#,¥) = 1. The current Io of the

monopole is Ioz lro = Pr

Io = Pr/Rro.
Thus

DE(0) = 60X Bt A/Pr/am = 9.5 Volt for P = 1 Watt

The field intensity ratio of the monopole pair to the single monopole
for equal radiated power is in direction ¢ = 0 ; ¥ = 90°

(BD)DO
= G_ (Directivity of WSA in the
mono 1+p + 2pS broadside direction)

and in direction ¢ = o° s Y= 0° or endfire directi-n,

(ED)g ]2 [ (ED) 99° ]2 1
[ ED mono i ED)mxmo Kz

2

L gent g

(1+p° + 2pS) K
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Table XIII lists relative field intensities and radiation resistances
as calculated with the preceeding expressions for the conditions cf the

- model antenna:

, TABLE XIII
Am P = o

f Mc  meters W/ Be cos Bt 380°(3)

65 4.80 0.338 161°  0.544 121°

70 4.28 0.362 172°  o0.991 130°

76 3.95 0.393 187°  0.993 141.4°

80 3.75 0.413 197°  0.957  149°

85 3.53 0.440 209° 0.873  158°

90 3.33 0.465 222°  0.743 167°

95 3.16 0.401 234°  0.583 1771°
f Mc 25 1+p2+ 2pS K R

To rg rs ohm Go

65 0.5 2.36 4.65 11.0 2.95 2.0 db
70 0.35 2.33 5.40 12.6 3.2 2.3 db
76 0.11 2.09 6.3 13.2 3.3 2.8 db
80 0 1.92 7.0 13.4 3.5 3.0 db
85  -0.15 1.63 7.9 12.9 3.7 3.3 db
90  -0.30 1.33 8.9 11.9 3.9 3.6 db
95 -0.40 1.11 9.9 11.0 4.3 3.6 db
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TABLE X1V
(ED) o0 [() 0]2 [ (ED) 0 12
f ~{ED).0 ° K 20 log K '(-—;'QQ— T_TL
(ED 0° ED mono ED mono
76 3.11 8.8 db 2.8 db 2.8 -90.9=-17.14db
90 5.8 15.3 db 3.6 db 3.6 -15.3 = -11.7 db
£ L 2 “Q R R
“’CL o Rl. L rg ohm rs ohm
76 312 86 315 Q 3.3 0 150 13.2 3.3
90 264 03 3150 4.0 O 150 11.9 3.8

‘Q is an assumed value that characterxizes the losses in the WSA., For
a l‘WSA imbedded in asphalt, QI is approximately {0.
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Table XIV contains the essential data at the two resonance frequencieas
tor the monopole pair, without consideration of the back cavity or trough.
Considering the two resonance frequencies the following facts are observed
for the theoretical monopule pair model. The pattern ia roughly a figure w
shape at both frequencies, with the maximum broadaside to the plane of the
wire slot. The minimum radiation along the ground, or at low elevation
angles, is in the plane of the wive slot, and the ratio Emlxjﬂmln.E(DOO)/E(Oo)-K.
at series regonance (f = 76 Mc, K » 9.8 db) the ratio is smaller than at
parrallel resonance (f = 90 Mc, K = 15.3 db). This means that the pattern
pulls in more at B0 Mc than at 768 Mc. In both canes the broadside fiwld
intensity of the wire slot iy greater than that of the ummidirectional
monopole. The increase in field intensity is larger at 90 Mc (3.8db) than
at 16 Mc (2.7 db), Thery is not mich change In tho radlation resistance
of the wire nlot at the two resonance frequencies.

5.4 DISCUSSION OF MEASURED FIELD INTENSITY (WSA)

Analyzing the measured patterns and input impedances of the WSA the
following observations are made and summarized in Tahle XV.

The input impedance Smith Chart plot Figure 8.2 shows clearly a oeries
resondnce irequency at 76.3 Mc and a parallel resonance frequency at about
92 Mc. The purely resistive impedancea at theae frequencies are b ohms
and approximately 2600 ohma respoctively, The arimuthal patterns are
difforant at the two resonance {requencies. At 70 Mc the pattern ia
almost circular, but at 90 Mc the pattern has the expected figure a« shape.
Moasurements over a flat ground, {nstead of the cavity, showoed an increase
in fleld Intensity and radiation resistance at the reaonance frequencies,
Tuble XV summaries certain results of measurements used for comparison with
the theory (since the pattern fa alightly nerated, average valuea for
E(90°) in the broadside direction were used for thia compariason) .
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TABLE Xv
MEASUREDL DATA (AVERAGES)
WIRE SLOT ANTENNA IN TROUGH

Frequencien E(0) E/90) gi *M é’%; = K Rin

WS 78 Me 72 dh T0 db <7 db «7 db 0 db 5 ohm
Mano 19 db 77 db
W8 00 Me 9 db 8.4 db +4.8db 10 db +14.8 db 2800 ohm

WIRE SLOT ANTENNA ABOVE FLAT GROUND

Frequencies E*g%} rough) ‘*lﬂl (Flnt) R

M
10 Mc + 8.8 db <= D.b db 8 ohm
! R0 Mc v 3.8 db v db 2500 ohm
|

e o e N . e o e 4 i
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5.5 EVALUATION OF WSA PERFORMANCE

Comparing measured and theoretica) data, as derived from the monopole
pair model, without cavity e¢ffects, ylelds the following evaluation at the
two resonance fresquencies.

a) Parallel Regonance, f = 92.5 Mc

At the parallel regonance frequency the theoretical and measured
pattern shapas of the wire slot agree well, as shown in the table belcw

Theoxetical Meggured
G° " ﬂl%ﬁl s 4+ 3,0 db + 4.8 db
Data at li:l s - 11.7 db - 10 db
f=00 Mo

K !-ml w 18.8 db 14.5 db

The ratio E(90)/E(0) 1s almost the same in both cases. Also the directivity
Go and the ratio l(o)/tH agree within meapurement accuracy (+ 1 db).

From this agresment of the patterns the conclusion is drawn that the
monopole pair model is a reasonably good representation of the wire slot
at the parallel resonance frequency. In particular this indicates that the
currents in the two vercical legs of the wire slot are in phase, that the
current ratio la/l1 - IO/I1 v p ¥ 0,74, and that the space phase angle fw
is determined by the physical separation w of the two radiators. The
pattesrn is mainly generated by thease two currents and the horizontal wire
dows not have an appreciable effect on the verticul compouent of the far
field patterna,
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From the agreement between calculated and measured pattern, and directivity
Go it is concluded that the radiation resistance at the parallel resonance
frequency of the WSA is as calculated in Table XIV. Rrg = 11.9 ohm. This
radiation resistance is referenced to the base current (Io) in the grounded

monopole. The total radiated power is, therefore, P_ = Io Rrg'

The input resistance and efficiency of the WSA at parallel resonance
are cal-ulated with the aid of an equivalent circuit. (Figure 5-1b.)
The radiation resistance Rr is placed at the end of a transmission line of
electrical length 8¢ = 220°. In series with it is the loss resistance
which represents the sum total of all losses in the antenna. At the input
of the line, where the feed cable is connected, the current I1 is flowing.

No attenuation is assuv~_d on the line, thus

I, =1, cos Bt = p 1, =- 0.766 Io

The line at its input terminals represents an impedance

(R__ +R)
zl-Jzouna!+—53——R&—

coazﬂl

The inductance of the line is in resonance with the input capacity Ci. which
is formed by the lead-through connector. The input impedance at parallel

resonance is ohmic and given as:

2 2 2
X Z ° tan“B1
R S 2
TR W con 1

A 2 uinzﬁl
[¢]

= = 2600 ohm
ZRrg + RL’

since Zin was measured as 2600 ohm.
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Hence

2 .2
Z ° gin“st 2 2
. . 215% x 0.048%
Re* Bo 2600 2600 15.8 ol

RL = 15.8 - R__ = 15.8 - 11.9 = 3.9 ohm
g

This is in close agreement with the estimated loss resistance of
4 ohm, using a line QL of 150.

The efficiency is then

R
= r = 11- =
n i;;:ai; TET% 0.75 or 75 percent.

Measurements of the WSA over a flat ground screen wicthout a cavity, as
shown in Table XV, fllustrate the influence of the cavity. Over flat
ground the directivity in the broadside direction is increased by approxi-
mately 3 db. However the radiation resistance ie hardly changed and the
efficiency is somewhat increased.

b) Series Resonance,f = 76 Mc

The situation is different at the series resonance frequency (76 Mc).
We find that the radiation pattern is pra-tically circular, that the field
intensity of the wire slot is considerably lower than that of the monopole,
and that the input impedance is quite low. This different behaviar as
compared with the predictions based on the model is attributed to the
influence of the cavity.

Comparing the measured and calculated patterns shows that the field
intensity ratio of the wire slot in the endfire direction (¥ = 0°) and
the monopole agree in both cases. However, the broadside field intensity

is at the same low level as the endfire field intensity, indicating a circular
pattern and low efficiency, since the broadside field intensity {s much lower

than that of the monopole. Table XVI shows the comparison between theore-

tical pattern and measured patterm.

202

e ——t g ity . - m




BERITET:" 11 SR

TABLE XVI
Theoretical WSA Measured WSA
EO) . _7.1 ab -7 éb
G = E(90) _, 3.8 ab -7 db

° B
E(90) _
—é-(-a;-- 9.9 db 0 db

From this discrepancy of the patterns the conclusion is drawn that the
currents and fields excited in the cavity produce a far fleld which is also
figure © shaped with opposing phase so that the total radiated f eld has a
circular form. The radiation resistance is therefore equal to that of a
short vertical omnidirectional monopole. The radiation resistance of one

of the two vertical radiators of the wire slot is 6.30. This radiator
represents the reference monopole to which the wire slot antenna is compared.
The field intensity produced by the WSA is 7 db below the reference monopole.
This is due to a reduction of the effective height of the WSA and is
apparently caused by the opposing currents in the cavity or trough walls.

The radiation resistance Rrg of the WSA referred to the current in one of the
two radiators is therefore reduced by 7 db from the original value of 6.3 ohm:

R =6—'5'3— = 5 ohm.

rg = 1.3 ohm. The measured input impedance is Z

in
The equivalent circuit representing the losses and radiated power is

the same as used before in the case of parallel (Figure 5-1b) resonance.

The line length is now one-half wavelength. The line is terminated with

Rrg’ which is now very much smaller than in the case of parallel resonance,

and by the loss resistance RL’ which has approximately the same value as

before. Since the line is A/2 long, the line impedance at the input terminals

1
practically no effect at this frequency since its reactance is high compared

is equal to the terminating impedance: Z. 6 = Rrg+ RL. The capacity Ci has

to Z,. Thus Z, = R_+ R = 5 olm (measured). This yields RL= 8-R = 5-1,3 =3.7ohm.
1 in rg L rg

203




o & P T I X St ’ T LIRS T EERGEr

The efficiency of the WSA at tha series resonance frequency is

R
n -R—J;LF' = l'gi- 0.25 or 25 percant.
rg ‘L

Measurements of the WSA over a flat ground screen at the seriaa
resonance frequency as shown in Table XV indicate the significant influence
of the trough., Directivity under these conditions is increased by 6.5 db
so that the broadsiuve field intensity is approximately aqual to that of
the A/4 wonopole. The radiation resistance for the WSA over a flat ground
plane is computed to be approximately 5 ohms resulting i{n an antemna
efficiency of €0 percent. This calculation assumes & reduction of the loss
resistance to 3 ohms due to tha elimination of the trough.

The radiation pattern for the WSA above a flat ground screen exhibits
directivity and conforms to theoretical predictions.

5.6 WIRE SLOT EXPERIMENTAL INVESTIGATION

5.6.1 Scale Model

The scale model of the wire slot in a trough is shown in the photo-
graph of Figure !i-2., Appendix B contains additional details as to the
dezign and construction of the model antenna. The frequency for which the
total perimeter of the slot (i.e., width + 2 (height), or w + 2 h) {s a
half wavelength at approximately 76 Mc.

The antenna consists of two vertical sections (or A/16 in heighc)
which act as vertical radiating monopoles connected by a horizontal feed
line. An insulator is utilized to jsolate the input terminal wherever
the second vertical radiator is grounded to the trough screening,

Input {mpedance and field intensity measurements were made under the
following conditions of debris loading:

s
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(a) Condition 1, uniform debris cover over one-third
of the wire slot and trough. This simulates the
loading of one of the vertical monopoles.

(b) Condition 5, dehbris cover centered over one-half
the wire slot trough. This similates the loading
of the complete wire slot antenna; i.e., the 2
vertical monopoles and horizontal feed line.

(c) Condition 12, uniform debris cover over the entire
wire slot trough.
The debris covers dilacussed above were placed on s 3,/4" plywood platform
which covered the entire wire slot and trough. Debris as for the other
model antennas had the following characteristics in the test frequency range.

¢ debris ~ 3 x 10°° mho/m

€ debris~ 3.8

$.6.2 JInput lopedance Mesguroments

Figures 5-3, 5-4, 5-5 are Smith chart input impedance plots from 75 to
110 Mc. From these curves, the following characteristics are observable:

(a) The input impedance of the wire slot in a trough versus
frequency appears to follow the same pattern with and
without debris, however with debris loading, it tends to
spiral in a clochkwise direction and shrink toward the
origin of the Smith Chart.

(b) The antenna exhibits two frequencies at which the input
impedance 1is resistive; {.e., approximately 76 Mc where
the antenna is series resonant and at 91 Mc where (t ls
antiresonant. These frequencies are shifted down approxi-
mately 3 percent with debris loading.

(¢) 1In air (without debris), the above resonant frequencies
are related to the frequency (f,) for which the wire
slot perimeter (w + 2 H) 1is a hﬂlf—wnvnlongth; i.e.,

f weries rosonance » 1.09% fd

f antirvsonance = 1,38 fd

0%
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Figure 5-3, Sinith Plot of Input Impadanca vi Frequency,
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Figure 5-4,

Smith Plot of Input Impedance vs Frequency.
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Figure 5-5.
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(d)

(v)

1t should be noted that the antiresonant frequency ia
determined by the resonance of the input terminal
capacitancu with the wire sint luap inductanes, thus
the above factor of 1.2% will depend upon the wire aslot
cnnfigura;ion. Approximate limits of this factor are
1.1 te 1.4,

Bandwideh of gggrﬂlf Slot _Antenng - Without Debris
For input VSWR 5 BW ~ 4 percent at T8 Mc, MW ~ 18

percent at 90 Mc wie.ch, aw will he ahown {n the next
section was approximately the center fvequency of the
optimum band of operation extending fvom 83 to 98 Mc,
(L.e., where the wire slot exhibits maxlmm gain
over a A ‘4 monopole,)

?gndggﬁgh_gf ;Eg w;gm,gégs Aﬂiﬁ?ﬂ& « With condition 13
ull cover of debrle., Under this condition, bandwilth
and optimum band of operation are not aignificantly
changed over the no debrin cane. Thus far

Input VSWR £ 2:1

MW ~ 4 percent at T8 Mc

BW ~ 18 percent at 00 Me

Optimum Band of Operation ~ 83 to 98 Me

5.4.9 Fleld Intenaity Messyremepts

(a)

Rediatfon Pattern

The azimithal radiation pattern at a fixed elevation
ungle of 18 at 78 and 90 Mc together with a 2 /4
moriopole (4t 00 Mc)  are shown In Figure §-8. Patterna
meanured wore an oxpected for this antenna. Averaging
the moasured fiold intenaity {n the broadside direction
(0, + 00V) hetweon the asimuth ang.en 700 to 1389, the
Ra K of the wire nlot antenna compared to the monopale
i an follows:
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Average Fleld Inteunity*

Fraquency Mono Wire 8lot Gain
0 Mo 71 db 70 db «7 db
90 Me 7 dh #1.% db +4.8 db

(b)  Eleld intensify veraua Irequengy < With and Without Debris

The field {ntensity versus froquency at atation 1,
located approximately 909 (1,v., broadeide) to the
plane of the wire alot is ahown in Figure 5-7. It
is ween that the wire alot exhibits gain in thia
par%%gu;:r direction over & A/4 monopole from 80
to ',

These values for fleld intenaity are useful for
detetrmining the variationas with fregquency and the
qffvctl of debris on the wive slot antenna,

Under condition 1, the entive curve of fleld intensily versus frequency
in shitted up in frequency and raised approximately 3 db over the no debria
cane.  tnder conditiona B and 12 the fleld {ntenalty s reduced in the order
of 8 dt at the auntiresonance frequency and degraded approximately 2 db at
the sories resonance polut, Thesv resulta are sunmarised in the table
helow)

‘Mnnupnlu Field Intonuity also averaped trom .Au of 70° to 138",

Pl"- 1 nw

Range « 03 feet
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Figure =7, Flald Intensity vs Frequency - ~ Menopole and Wire Slot with and witheut Debris,
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Frequency
Mc

78
20
100

®
For P, = 1 mw
in

Range = 53 ft

e R 8

Wire Slot*
Field Intensity Debris Degradation
No Debris Full Cover -
72 db 70 db - 2 db
86 db 78 db - B db
18 db 71 db -7 4db
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SECTION 6
BURIED WIRE ANTENNA
6.1 INTRODUCTION

t the low end of the HF band, in the frequency range from 2 Mc to about
6 Mc, the wavelength is long, so that large structures are required to obtain
reasonavle efficiencies. In addition there is the problem of high loss fac-
tor (tan 8 >> 1) of debris which may cover the antennas, causing considerable
degradation of efficiency. 1In order to reduce costs antenna structures have
been developed which have a small volume, and which can be directly embedded.
in the ground to provide the necessary hardness. A linear wire antenna
naturally uses up very little physical volume and has been used submerged in
the earcth.

The basic element of this type of antenna is an insulated wire which is
buried in the ground parallel to the surface of the earth. The length of
the wire can vary. The burial depth ol the wire is determined by the hard-

ening requirements.

The earth in which the antenna is placed is s lossy medium which causes
considerable losses of the electromagnetic energy. A bare wire imbedded in
the earth would have very high losses. The attenuation constant of a current
flowing on the wire would be as large as that of the surrounding earth. An
insulated wire provides an efficient way of reducing the attenuation on the
wire and of establishing a linear current distribution in a lossy medium.

Two types of current distribution can be distinguished. If such a wire is
center-fed, and is insulated at the extremities, it will have a sinusoidal
current distribution, provided its length is not too large. This is the
standing wave type antenna. The traveling wave type antenna uses a traveling
wave current distribution, which is obtained by terminating the wire in such
¢ manner through a resistor, that no reflections take place at the ends. The
fields immedialely surrounding the antenna excite the interface ground-air
immediately above the antenna and produce a field above and on the surface

which then propagates in the upper half-space in air.



The theory of operation of the buried antenna desls with two major
problem areas. The first category involves the propagation along the antenna
wire, the second category involves the coupling of the energy of the buried
antenna into the air-medium above. The following sectiona will deal wich
the theory and application of buried wire antennas, dividing the subject into

the two categories of standing wave antennas and traveling wave antennas.
6.2 BURIED HORI2ONTAL WIRE ANTENNAS WITH STANDING WAVE CURRENT DISTRIBUTION

This section deals with buried horizontal half~wave dipole antennas of
various configurations. The dipoles are open ended so that a standing Wave
exista and the current along the antenna has a sinusoidal distribution.

The radiation pattern and efficiency of single dipoles and dipole arrays
buried a few feet in the ground have been investigated, The arrays include
the linear array, the Z-type array (both directional), the grid array and
the circular array (both omnidirectional).

6.2.1 Impedance Properties of the Buried Dipole Antenna

The antenna wire can be treated like a coaxial cable when the suprround-
ing earth represents the outer conductor. The axial propagation characteris-
tics can be described by the propagation constant I' = o + {4 along the wire,
and the characteristic impedance Zo of the insulated wire. o is the attanu-
ation constant. The phase constant

A A
, 2n an o 0
Beis =) (GT) kg
[of o o [

describes the wavelength Ac on the wire, and k = Zn/An describes the waves

length A, in air for a glven frequency f.

¢ and B are a function of the wire diameter &, the insulation diameter
b, the gkin depth 8 of the earth surrounding the wire, the dielectric cons
stant € of the wire insulation, and the bhurial depth h. Typical values of
« and 3, together with other data, are tahulated in Table XVIl for the fre-
quency range 2-30 Mc, using the following data:
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CONDUCTING EARTH

Burial depth: h =1 m

Conductor diameter: 2a = (.06 m

Insulation diameter: 2b - 0.018m : b’a 3 3.6
Dielectric constant
of fnaulation: €, ® 2.235

Earth conductivity: d » 0.01 mho/m
Earth dielectric constant: ts 8

Losa tangent of earth: tgd « p = po_-‘fg

N 60610/18 - AO'/ 10

A A
Skin depth in earth: . !-‘;’- T !-‘"3'\/?_
R o
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150

7

30

1%

10

TABLE XVII.

v{m]

.49

0.94

AR i\g/-\c

3.4%

kr/ziml

1.8

11.1

4,55

SINGLE ELEMENT ALONE

d/,’

0,066
0,070
0,Q70%
0,071

0.070

[

= T R

22.4




ihe buried dipole has a length ! = AC/2. The wire wavelength i35 deter-
mined by /K = ko/Xc. The table shows that the ratio of air wavelength
to wire wavelength is approximately 3,3 and does not vary very much
with frequency. Thus the wavelength on the cable is approximately 1/3
of the wavelength in air. The column RC/2 gives the length of the
half-wave dipole, which is the basic antenna element.

w/i = a(hC/ZW) indicates the attenuation over (Ac/27) of wire
length, This quantity also does not vary much with frequency and is
approximately 0.07, The attenuation on the wire is low due to the in-
dulation of the wire from the ground. 1I1f the wire were directly im-
bedded in the earth the a/f ratio would be approximately 1, just as it
i3 in the earth,

The input impedance at the fead point in the center of the wire
ia purely resistive, it the wire length is made approximately AC/2.
Rin is approximetely 23 .. and does not vary much with frequency, if the
length is made xc/z for each frequency. On the other hand.the input
impedance of the dipole behaves quite similarly to that of a dipole
irn air 1f the frequency is changed and the length is kept constant,.
Both resistance and reactance vary widely, as long as ot more than
cne or two wavelengths are on the wire. The fluctuations of impedance
decrease as the frequency ig increased and the wire is 2 - 3 wavelengths
long and more, This provides a possibility to make the antenna broad-
banded.

The data in Table XVII pertains to a single dipole buried in the
ground. These data charge if the dipole is used {in an array, due to
mutual coupling of elemerts, The mutual coupling is detrimental to
the antenna efficiency since 1t increases the input impedance of each
element., However, the mutual coupling de:rsases rapidly with increased
spacing betwee: wires and becomes negligible for spacing between ele-
ments of mora than 3 skin depths, On the other hand mutual coupling
becames signifi ant as the spacing becomes less than one skin depth.

A good approxination ot the mutual coupling effects for a large loosely
coupled array is obtained by considering each element as 1f 1t were 1n

an infintte array of uniformly spaced elements, which are fed with
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TABLE XVI1I. SINGLE ELEMENT IN ARRAY

f o Ny 3(m] Bk = N /A, A/ m] {a/p) oo R, (ulw

m in
2 150 3.558 3,45 21.8 .U 5.6
4 75 2.51 .38 l1.1 0.10 35.6
10 30 1,60 3,30 4.55 0.09 0.8
20 15 1.12 3.18 2.13% 0.c8% 27.8
30 10 0.92 3 12 1.61 0.081 26.0
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equal currentg., Table XVIII shows the data of one element in an infi-

nite array. Only o and R o 8ve different from the values obtained for

i
a single element alone, The change of 4 and therefore of AC {wavelenth

on the wire) is small under the stated conditions.

6.2.2 Radiation Characteristics and Efficiency of Single Element

The coupling of the RF energy from the buried antenna into the
upper half-space ia accomplished by the near zone field of thea buried
dipole, This field at tho interface produces a field . the loasloss
air half-space which is quite similar to the field proluced by a hori-
zcntal dipole at the intertace sir-ground, the only difference being
an exponential term o ! which multiplies the field of the buried
dipole and causos an exponential decay with burial :epth h., (The
radiation field of a horizontal dipole over a lossy half-apace accord-

ing to K.A, Norton18 {s as follows,

The far zone fielda of a horizontal dipole at the interface as
woll as those of a buried horizontal dipole have horizontally and
vertically polarized components., Using a ¢ylindrical coordinate syn-

tem (p,d,2) with the
pointing upward, and
the three componentn

+2

E ~ C cos
\
1

srigin at the interface, the +2 axis vertical
the g-coordinate meyaurad from the dipole axis,
of the far zone field are as followst

[
E_~Ccong ALQ—E—~L n = refractive irdex
"

g L S S

2 E -
n® +z 2
Vn‘ -1

Ed 18 negligible

In the directicn of the dipole axis (g = 0) both E,, and E_are maxi-

mum, ir the direction perpendicular to the dinole (= n/2) both com-

ponents are zcro, (see Fiqure 6«1). The azimuthal pattern on the ground

plare {5 given by the cos d function, i.e., it 1s figqure 00 shaped
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E‘ 1S HORIZONTALLY POLARIZED COMPONENT OF FAR FIELD

Figure 6-1, Radiation Pattern for o Single Buriad Horizontal Dipole,
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with the maxtmum in the direction of the dircle ax!s., Since the E

: camponent b the ground i= small the field on the ground 1s vertically
polarized. Abowe the ground the Ed fs no longer negligible aud the
“1eld therefore has a4 horteontal component, This becomes apparent from
an tuspection of the elevation pattern., In the vertical plane {g = Q)
the nlevation pattern is remi-cfrcealar,  There is no appreciable Eﬁ
compuhont {n the -~ U plante, and the fleld (s theretore polarized in
this plane} t.e,, vertically polariged, 1In the vertical plane perpendi-
cular to the dipole axis (f » /7 there ta only an Eg - compohent in-
dicat ing hortzontal polarization, EFls in thia plane varies with sin ¢
al the elovat fon angle and (s zero on the ground and maximum in the
vort teal directton,  The pattern han circuler ahape as shown in Figure Gef,
and the field 1s hortzontally polarized in this plane,

Comparing the radiation pattern aw desctribed with that of a small
vert ital loop antenna one readily scea thit borh are identical. The
sarth currenta flowing trom one side of the dipole to the oppoaite side
together with the current on the antenna wire give this effect. The
direct vity gain of the horizontal buried dipole iws therefore 1,75 db
with respect tu an isotropic radiator over perfect ground radiating
1rto & hemiaphare, and 4.75 db with respect to an isotropic radiator
in free apace which radiates into the full dphere,

It is interesting to compare the lar-zorne field of a horizontal
Afpale at the tnterface qround-air with the far-zone field of a ahort
vertteal dipole at the interface,  The radiat!{on pat uxnﬁin\:hown m
Figure 8«2, (f .

This dipole produces on the ground a Yertical field component

= (0
vBez ™

and a radial field component

E = :igz:z:i { E )A:-:%EE::E‘C

o Py vob 2
Vo, I’l‘ 2 n

The ratio ot the fie!d components is determined by the refractive

tndex n between ground and airs
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ELEVATION PATTERN
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= E, S CONSTANT FOR A PARTICULAR ELEVATION, ¢

Figure 6-2, Rodiahion Pottern of a Short Vartical Monopole Ovar Perfect Ground.
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!El - n2 = 1
sz n2

The field below the interface has also two components. The radial
component, being parallel to the interface, is the same as above the
surface. The vertical component

E
vop anz -1
VE

~Z

and

Comparing the radial component Gf the vertical dipole (vEr) and
the z-component of the horizontal dipole (HE+z) shows that

E = E osgs-—“2‘lz os #
H4zg = vor © - n2 voeg €08
1 JE. €03 ]
HEr = HE42 3 = 5 yE.z o8 8
\/% -1 n® -1
and
. 1 . vEr cos @ .
. H -2 n2 H +2 ne

The result is that the vertical field component (HE+2) of the horizontal
dipole is equal in strength to the radial component (vsr) of the vertical
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dipole times cos g. But this radial component of the vertical dipole
ig less than the vertical component ( E ) of the vertical dipole
2
Vnz - 1/n

v +2
the factor dn! - l/n2 since lnz‘ > 1., The refraction term

iz a result of the boundary conditions at the interface. If n2 is very
large, as is the case for low frequencies and high soil conductivities,
then the field of the horizontal dipole is greatly reduced compared with
the field ¢f the vertical dipole. On the other hand, at high frequen-
cies n2 ~ eg (Eg dielectric constant of the ground) and the refraction
term is

Summarizing the preceding considerations the following result is ob-
tained:

For all practical purposes the ground wave field from a buried
horizontal dipole is obtained from the ground wave field of a verti-
cal dipole above the interface by multiplying the field components
of the vertical dipole with the pattern factor cos £ and the depth
Eactor e.bh (due to the burial depth), and applying the refraction
tarm ‘Jn: - 1/n2 to the vertical component.

The refractive index n is the ratio of the propagation constants
of the ground and air

g

o}

[}
-<|-<
O NI N

= €_ -] o/uzo = € (1 = 3p)

P = tgh is the loss tangent of the soil in which the antenna is im-
bedded.
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Trhe skin depth %, which destermines the attenuation due to burial depth
h of the dipole, is given by

c - xe Al _ A2
b= N0, r\l p

The refraction term |Vrﬁ - l|//|n2' and the loss through burial (in ab)
for a burial depth of 1 m are listed in Table XIX for the frequency
range 2 - 30 M, using ¢ = 0,01 mho/m and ¢ _ = 6. The square of these
quantities are given in db since this determines the launch efficiency
of the antenna. Adding the refraction loss and the exponential loss
through burial gives the total loss., This is the minimum loss of the
buried dipole. Tie actual loss will always be somewhat larger than
this minimum loss due to small ground losses in the immediate vicinity
of the insulated antenna wire. This will be discussed in the following
secticn.

The total minimum loss depends on the frequency, the soil con-
stants, and the burial depth. At a certain frequency there will be a
minimum loss as can be seen from the table. This is around 20 Mc for
1 foot burial depth and amounts to approximately -13 db, and it occurs
between 15 and 20Mc¢ for a burial depth of 1 m, amounting to approxi-
matelyv -18 db. These numbers represent the absolute minimum loss which
one buried dipole can have under the given conditions (soil o = 0.01
mho/m, eg = 6). Clearly this is a very low efficiency. But one has
to consider that this antenna is extremely simple since it is only
one insulated wire of comparatively short length, Also th: efficiency
can be increased by arraying a rnumber of these dipoles as well be
discussed in the following section,

6,2,3 Buried Dipole Efficiency

The launch efficiency of the horizontal buried dipole an_enra is
conveniently defined by comparing the ground wave field of this antenna
with that of an ideal short va2rtical monopole above the interface.

The vertical monopole is chosen as comparison antenna because its
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6(1 - j15%)
6(1-37.5)
6(1 - 33)
6{1 - j2)

6(1 - j1)

-16.6

-12.9

~10.,5

'luy‘

TABLE XIX
REFRACTIVE BURIAL LOSSES

2
]_oq @

-19.54db

Burial Loss
h=1 ft el m
-0.75db  -2.4db
-1,1 -3.5
-1.7 -5.4
2.4 7.7
-2.9 -9,4

Refractive
and Burial Logs
h=]1 ft =]l n

=20,3db  -21.9db

=17.7 -20.1
-14.6 -18.3
-12.9 -18,2
-13.3 ~19,8
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radiation characteristics are simiiar to the horizontal buried mono-
pole, and also the polarization is vartical an the ground for both

antennaa, The vertical fields of the buried antanna and the vertlical
monopole above the earth are compared when tne antennas are fed with
the same power. This defines the launching efficiency of the buried

antenna as

v

The ideal vertical monopole of short length *, with triangular
current distribution, has an input resistance equal to its rediation
resimtance of 4Onz(7/K)2. The ground wave tield of such a monupocle 18

E,, *+ D~ 3r yP . F
where P is the input power in watts and F the ground wave attenuation
factor, Using this the launch efficiency of the buried horizontal
dipole is

Rin

2, .
.. (zg,zl A’ . 1, ]2 -
! m
n

/2

£(g) = k cgs j I(x)eikx CO8 P a4y
o )
- /2

f(#) is the pattern-length factor
h is the burial depth
IO 1s the antenna iase current

is the length of the buried dipole
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Rin is the input resistance of the buried dipole

I{x) is the current distribution of the dipcle antenna

n._- . . .
s is the refraction term, as discussed in the previous

n* section

The refracticon term and the exponential term are the main contributors
to the efficiency. In additicn one has the lf(ﬁﬂ 2/Rin term which
depends on the antenna length., Rin for a single element alone is gif-
ferent from Rin of one element in an array, 1In the latter case Rin

is larger, due to mutual coupling between elements, However, the
increase is small if the elements are more than 1-1/2 skin depth spaced.
In Table XX and Table XXI the efficiencies for a single element alone,
and a single element in ar array respectively are listed. The effici-
ency of an n-element array is obtained by multiplying the element-in-
array efficiency with the number of elements:

narray =M array xn

In the tables, also, M0 18 listed. 1,4 is the etficiency of the ele-
- -2h/%. The over-
ment due *o all effects except the exponential term e

all efficiency is

and for the array

_ -2n/s
" array - 10 array x €

The efficiency of the buried dipole is the gair (in this case the

gain is negative and therefore represent a loss) cocmpared to an 1i1deal
monopole or small vertical loop over pertect ground. Since the latter
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TABLE

f/‘,\

. 145

.148

.152

.157

. 160

EFFICIENCY OF SINGLE ELEMENT

‘10

=22.3
-19.2

-15.4

~J4

-12.

-12.2

db

Burial
Loss
h=1m

-2.4 db

-3.5

-5.4

231




10

20

30

TABLE XXI1.

0.145
C.148
0.152
0.157

C.160

EFFICIENCY OF SINGLE ELEMENT IN ARRAY

Burial Overall

Loss ELf,
10 arrey h=1lm "1 array
~24.1 db ~2.4 &b -26.5 &b
-20.9 -3.% -24.4
~16.4 -8£.4 -21.8
=13.3 -7.7 -21.0
-12.9 -9.4 ~22.3




has a gain of 3 « 1.75 = 4.75 db over an isotropic radiator 1n free
space (radiating into the full sphere) the gain (or loss) with respect
to this isotropic radiator is

9. = - + 4.75 db

6.2,4 Buried Dipole Array

In order to improve the efficiency, and also to change the radia-
tion pattern, an array of dipoles can be used. The simplest arrange-
ment to improve the efficiency is an array of closely spaced identical
parallel dipole elements, In the lossy ground the mutual coupling
between parallel array elements is negligible if the distance between
them is larger than 2-3 skin depths. As long a3z the =rray wildth i35 not
greater than about 1/4 air wavelength, the radiated pattern in air is
esgsentialliy that of & single element., For n identical elements with
negiigible coupling, therefore, the gain due to arraying is directly
proport .onal to n, The essential thing is that, in the case of negli-
gible coupling, the input resistance of each element in the array is
the same as it is for the element alone. Therefore, if n elements are
fcd in parallel the input power to each element will be l/n-PT {Pp =
total input power to n elements). The current in one element I, is
then I, =\ﬂ573§:;. The total radiated field is proportional to
nI, = A[Fn/R _ and the radiated power is proportional to quE7§I;-or
n times larger than the radiated power of one element for the same
input power.

As the array width increases when many elements are¢ used, the
radiation pattern will change and the realized pattern gain will be
somewhat less than n.

As an example consider an array of 47 elements arranged in 3 rows
of 9 elements each, as shown in 7Figure 6-3. For a frequency »f 10 Mc,
an element spacing of 22 = 3 m, and a burial depth of 1 m, the elemer-
length would be 4.55 m, and tne total area 20 x 24 m. The array would
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have a gain of approximately -21.8 + 10 log 27 =» -21.8 4+ 14.3 = 7.5 db
compared to a vertical monopele, or =7.5 ¢ 4.75 ==2.8 db with respect to
an {sotropic radiator. The efficiency can be increased by decreasi-g
the buriel depth. Decreasing the buriasl depth to 1/2 m would decrease
the burial lcss by sbout 2.7 db, so that the gain with respec. to the

isotropic radiator would be approximately O db.

The radiation pattern of this array is that of a single buried element;

i.e.. it is figure » shaped on the ground.

To reduce the number of feed cables, the array shown in Figure 6-4 can
be used. Three elements are connected in series and arranged in Z shape.
Only the middle element of each Z is connected to a feed cable. Thus the
number of feed cables is reduced to 1/3.

A unidirectional pattern can be obtained by placing a second array
at a distance of 1/4 air wavelength behind the first array and feeding
it with a current which is 90° shifted in phase with respect to the
first array. This gives a slight increase in directive gain since the
back radiation is eliminated.

Generally speaking all the arraying techniques of linear antennas
in air can be applied. Instead of combining single elements into an
array, it is preferanle to combine giocups orf elements into arrays. It
i3 necessary to space the groups a% distanceas of ho/4 to xo/z of the
air wavelength to obtain radiaticon pactern changes. This is so because
each antenna element excites the grouhd vertically above it, so the
phase differernces between these secondary ground sources is equal to the
phase differences in the eleme.t currents. The pattern in space is
now generated by the superposition of the ground sources according to .
their space phase shifts which are proportional to d/A_ . The air
wavelength is, however, much larger than the wavelength on the antenna

wire. Therefore,

A i N
d d ‘¢ 4 b o c 1
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6.2.9 Omnidirectional Patterns

To obtain an omnidirectional nattern one can use twe elemenis, Or two
groups of elements. positione} at right angles and fed with quadrature cur-
rents. This is shown in Figure 6-5b using two folded dipcles. The feed
arrargement producing the 90° phase shift with a quarter wave line is in-

dicated {n Flgure 6-5c. For equal currents in both parts (he azimuthal

patiern is vidwuwiar and the =levation pattern i8 semicircuisr. This {8 then

an isotropic radiator radiating equally strong in all directions of the
upper hemisphere. If a total of Zn elerments are ured, n elements in
each group, then cach group has 1/2 of the total input power and its
gain is n/2. The total gain of the antenna with 2n elements 1s there-
fore n; i.e., equal to the element number cof one group. This means a
loss of 3 db in gain.

Another, nmore efficient arrangement 1s a circular array w:ith dipole
elements arranged in a radial position en a circle of about 1/2 air
wavelength diameter or larger, as shown in Figure 6-6 The elements are
fed so that the currents in all elements at a certain moment flows in
the direction away from the center of the circle. Then the currents 1in
opposite elements (such as A and B) flow 1in opposite directions and
therefore have a space phase shift cf 180°. If the diameter of t.e
circle is one half air wavelength then the fields of the twc elements
add on the ground surface, but cancel in the vertical direction to the
plane. This type of array is a circular array with all element cur-

rents in phase. The radiation pattern is given by
E ~ Jl(kr cos €)

where £ is the elevaticn angle, k = 2r/\, and Jl is the Bessel function
of the first order. The pattern is omnidirectional in azimuth. The
polarization is vertical. The vertical radiation pattern is deter-
minec by J11 and varies as the radius r of the circle is changed. If
kr = 27r/A = 1.84: 2r = 1.84 Ro/” = 0.585 \o’ according to the first
maximum cf Jl’ then maximum radiation is along the ground plane (for

€ = 0. The pattern is shown in Figure 6=7. If kr = Z”r/ko = 3.8B3;

2r = 3,83 ko/v = 1.22 ko’ according to the first root of Jl’ then their
is no radiation alerg the ground and the maximum radiation occurs at

an elevation angle of 61?, as shown in Figure 6«7 (right side}.
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Figure 5-7, Rodiation Pattern for Circular Array.
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A maximum at 30° elevation can be obtained by choosing 2wr/1b = 2.13,

2r = 2.13 Ao/ = 0.675 Ayt

An advantage of this circular array is that the rad:iation in the
vrer* ical direction is always suppressed. Thnis elimination of the vert-
ical radiation, which is lost energy. results in an incr«ase of direc-
tive gain in the vertical plane in the order of 2 db compared with
an isotropic radiator,

The field strength in the direction of maximum radjation is 0.582
XxXnx Eo where Eo is the field produced by a single element with the
same current. The total radiated power is 0.582 n - P_, where P_ is
the power radiated by one . - ent. Put this total power is radiated
into a smaller space ar:'e wuaich yields a gain of 2 db as mentioned
above. The total power ,ain is therefore

dp 10 log (0.582 x n) + 2 db

10 l1ogn - 2,4 + 1.9 = 10 log n - 0.5 db

The reason that the total radiated power is 0.582 x n Po instead
of n x Po is that not 211 elements contribute equally to the fied in
a particular direction. The elements which are perpendicular to that
direction do nct contribute at all in this direction., As an exarple
design data for a circular array for a frequency of 10 Mc are given.
The same number of elements (n = 27) ics chosen as was used for the
grid array before, so that the designs can easily be compared. For
a frequency of 10 Mc the element length is 4.55 m. The diameter of
the circle is chosen as 2r = 2.13%0/% = 2.13 x 30/7 = 20,5 m for a
frequency of 10 Mc (wavelength 30 n). In order to provide sufficient
spacing for the 27 element a Z-type arrangement of the elements is
chosen as shown in Figure 6=4. Three elements are connected in series,
and the middle element is fed by a feed cable. Thus 9 Z-groups are
obtained which are placed on the periphery of a circle of 20.5 m diameter,
allowing a spacing of 2rv/9 = 20.5 x 7/9 = 7.15 m between groups. The
gain is calculated as
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g= -21.8 + 10 log 27 - 0.5 = -7.5 -~ 0.5 = -8 db

compared to a vertical monopole or -3,25 db with respect to 4an isotropic
radiator.

The maximum number of elements that can be used on the circle is
determined by the minimim allowable spacing between elemernts, this being
about 1.5 3% (» = skin depth).

Thus n = 27r/1.5 % ~ 2D/%., With O

0.675 ko we have

- 1.4 Xo
n=mx0.575)\°=—1———

4.85,\[T°

for ¢ = 0,01 mho/m since & = Xo/zn \’1/30 oxo .

At high frequencies n i8 not very large. If f = 30 Mc, ko = 10m,
4 = 0.92 mand n = 15. More elements can be used by increasing the
diameter of the array or by placing the elements on two <circles. 1In
trhis manner one can also change the shape of the vertical radiation
pattern. The radius of the sercond circle can be chkosen according to
the second rpaximum of Jl which occurs at kr = 5.33; 2r = 5.33 ko/w= 1.7Ro.
If the elements on the second ring are phased in opposition to those of
the first ring, a radiation pattern is obtained which suppresses radia-
tion elevation angles above 50°. The pattern of this type is showr
in Figure 6-7 (left gide).

In conclusion, the circular array is an efficient means to obtain
omnidirectional radiation. It is more efficient than a grid type array
with the same number of elements with the two sections fed in g drature,
It also has the advantage of suppressing vertical raciation. The vert-
ical radiation pattern can be shaped to meet specific requirements, as
for instance the enhancement of low angle radiation or on the other
hand, suppre=ssion of ground radiation.

8.3.6 PFeed Arrangements of Buried Dipole Arrays

In arrays a large number cf dipoles have to be fed with currents
of equal phase. One can feed these dipoles all in parallel, or one
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can arrange s number of dipcles in sderies and feed the remnaining groups in

parallel.

In the first case each dipole is center-fed with a symmetrical cable of
equal length to the transmitter. One can also use a coax cable as feed cable
and feed unsymmetrically. Since the input resistance of the half-wave dipole
is about 20-40 ohms one has a mismatch condition if conventional feed cables
of 50 to 100 ohms are used. The mismatch can be reduced by using a number of
dipoles in series thereby increasing the input resistance. A folded arrange=-
ment of 3 dipoles has been suggested for this purpose, as shown in Figure 6-5a.
The total wire length in this configuration is about 3 AC/Z. By folding the
wire in this manner the currents in the three legs of the antenna are in
phase and therefore act like three separate dipoles. The input resistance is
about three times higher than the input resistanze of a single dipole, bring-
ing it up to about 60 to 120 ohms, 1f the spacing is sufficiently large.

Using a twinax cable with 2 x 50 = 100 ohms impeaance accomplishes a
good match between antenna and cable and eliminates the necessity for a
matching network., In addition, the number of feed cables is reduced to 1/3.
The use of this folded Z-type dipole 2s antenna element instead of the single
AC/Z dipole is therefore preferable.

6.2.7 Summary, Buried Dipole Antennas

The buried horizontal insulated wire antenna of the standing wave type
is a structure of simple design which can be made very hard by burying it in
the ground at a depth of several feet. The basic antenna element consists cf
an insulated wire fed by a twin-coaxial cable or a coaxial cable without any
natching circuit between antenna wire and feed cable. Thus the basic structure
is simple. The main cause of failure through weapons effects appears to be

rupture of the cable or antenna wire when severe earth movements occur.

The launch efficiency o gain of the buried dipoie antenna is, however,
very low; not erceeding =15 to =20 db for one element in the frequency range

of 8-30 Mc and even lower in the 2-4 Mc range.
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The reason for this is. that the antenna wire is buried in lossy grcund.
The gain of the antenna can be increased by arrayin a number of ele-
ments, since the ariay gain is proportional to the number of elements

in the array. The numbaer of elements required to obtain reasonable
gaine is substantial and may range from 10 to 50 (in round numbers),

and areas ranging from (lo/t)z to (ko/2)2 are required, depending on the
desired gain.

There are trade-off possibilities between hardness and gain. As
the burial depth is decreased, hardness is reduced, but the gain in-
creases. In the extreme cases the antenna wires would be either deep
underground, or at the sgu-face of the ground. In the .atter case the
gain could be 2 to 10 db higher, depending on frequency and soil con-
ditions,

Arrays can be formed in many ways. Similar techniques as are em-
ployed in air zan be used to combine the buried dipcles. Elements
can be arrayed parallel to each other and thus yield increased gain
in the direction of the dipole axes. Groups of parallel elements can
be spaced by XO/4 and fed in quadrature, thus yielding a cardicidal
radiation pattern, with directivity in one direction. Groups of paral-
lel elements can be positioned at right angles and fed in quadrature,
thus yielding ar omnidirectional array. Single elements can be arranged
on a circle to give either an omnidirectional pattern or directional
pattern depending on the phasing of the antenna currents. These are
only a few e.amples of arrays, and other combinations exist and give
the possibility of shaping the radiation pattern.
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6.3 BURIED TRAVELING - WAVE ANTENNA

This section deals with the flelds of buried horizontal-wire antennas
of various configurations using a traveling-wave current distribution.
Attention is given to space-wave as well as ground-wave radiation, since in

the HF range the ground waves are heavily attenuated and one is particularly

interested in radiation directed to the ifonnsphere at higher eievation angles.

The radiation pattern and efiiciency of four basic types of traveling-
wave anteanas buried a few feet in the ground have been investigated. They

are the single horizontal wire, and the zig-zag antenna (both directional);

the square, and the circle antenna (both omnidirectional in the ground plare).
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6.3.1 Characteristics of Basic Current Element

Hagserjian and Guwxymve shown that in the far field abcve the ground,
the field (s identical for dipoles below the ground and at the interface
Letween the conducting ground and the lossless lLialf-space above it, except
for the exponential term e'h/o multiplying the field of the buried dipole
(h is the depth and & is the skin depth). (Figure 6-8.) Thus Norton's results
for the dipole at the interface can be applied. The far field pattern of the
horizontal dipole at the interface is similar to that of a vertical loop
at the interface, with the horizontal dipole lying in the plane of the loop.
The far fleld has two components, !¢(horizonta1) and Ec(verticnl). These
are given as

E’ ~gin € sin ¢ I (¢) (1)

E£ ~cos ¢ 1 ()

This is the familiar pattern of a magnetic dipole or small loop. The azimuthal
pattern on the ground plane {s given as the cos ¢ function, i.e., it is
figure-eight shaped with the maximum in the direction of the dipole axis.

The polarization on the ground is vertical, there is only an E( component,

E¢ being zero. Above the ground E’ is no longer negligible and the field
therefore has a horizontal and a vertical component. The maximum of the
horizontal component E’ is in the direction perpendicular to the dipole axis.

The field intenaity in the far field zone of the horizontal dipole
located at the interface can be obtained from the field of an ideal vertical
monopole sbove the interface by multiplying the field components of the
vertical monopole by the rattern factor Ce and applying the refraction

term nz-lfn2 to the vertical component. The effect of the burial depth

is taken into account by the depth factor e-h/a.
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The refractive index n {8 the ratio of the propagation constants of
ground and air:

2
nz = xl—i = € = jofwe = € () - jtgoo) (2)
8 o L4
Yo
with
tgd, = g . 8o0mo
t mofs ‘8

and the skin depth

8-z L - A J_i
2y 2% Vtg

0 = conductivity of ground [mho/m]
cs = tel., dielectric constant of ground

For low frequencies and high conductivities (0/w£0)>> cs the refraction
term reduces to

2-
‘——'{?’ < m o\

qlo%l

This i{s the form used by Hasserjian and Guy in their analysis of LF Subsurface
Antemmas. Thus the far field intensities for the buried horizontal dipole

current element, assuming perfect reflection on the ground in the far field
zone, are as follows

2
D dEE = 60 J@TL {(k cas ¢) 1 (0)dt e-JkD e-h/o (3)

n

ped¥P; dE_ = 60 C_ I (2)dt etikd ¢

and '0'_2—_]
dE, = 60 Bl fk sin € atn 9) T (1)at e IO e-/8

=" |
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kD -
De’ "o dE, = 60 C, I (t)df e

+ikd K
The equations for the two field components can be combined in one:

ped¥Ps dE - 60 ¢ 1 (£)dt ™K g (4)

where

k = %1 .Ao = wavelength in free sgpace
0

D = Do- d,d =1 cos € cos $ = ! cos~v
D = distance from current element to observation point,
D° = digtance from a reference point to observation point, and

C 1s the pattern function of the infinitesimal buried current element
It is either C€ = k cos ¢ or C¢ = k sin € sin ¢ depending on the field
component one wishes to consider. The factor K comprises the refraction
term and the exponential depth term. It is the same for any horizontal
element at the same depth. ince the fields of the antennas investigated
will be compared with the field from a single horizontal element at the
gsame depth, we shall disregard K in the following calculations.
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6.3.2 Half-Wave Dipole, Center Fed, with Standing Wave Current Distribution

The fields of the various antennra configurations will be compared with
the field of a huried half-wave dipole as shown in Figure 6-9,The current
distribution on the open-ended dipole is assumed sinusoidal. The attenuation
constant o for an insulated, buried dipole is generally verv .umall so that
the error made by setting ¢ = 0 is very small. Thua

I(x) =1 cosBx with 8 = gi_

Ao = wavelength on the insulated antenna wire. The dipole is fed in
the center, which is also the reference point, 0.

Using Equation (4), we get (with d = x cos € cos ¢ = x cos ¥)

ped*Po dE = 60 C 1 (x)dx o*I¥d (8)

=80 CI cos Ax dx ofkx cos ¥
disregariing the factor K ss mentioned above. The field on the ground
(¢ = o), which we shall use for comparison purpoges, has only an € component.

Thus, with C¢ = k cos ¢

pe?*PodE (o) = 80 (k cos 4) I con B x dx 4IF* €0 ¢ ()

and

JkD
De o Ef(o)n 60 Io fd(¢,o)
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Figure 6-9, Single ond Folded Dipole,
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with /4
£,(9,0) = LS00 f . 1 cos B x dx eIk X co8 ¢ ()

o -2 c/4

-225 cos ¢ cos ( % p)

1-p
where A
k __c _ wavelength on antenna
=B: A wavelength in free space
27
B =3
c

fd(0.0) as given by (7) is the pattern function of the half-wave buried
dipole. The factor K has been omitted since it occurs in all of the field
patterns of horizontal buried wire antennas. 1In the following we shall
determine the relative efficiency n of the horizontal buried traveling wave
antennas with reference to the half-wave, standing-wave dirole. For this
purpose the ground-wave field intensities in the direction of maximum
radiation will be compared. The efficiency ratio of the traveling wave
antenna and the norizontal half-wave dipole is defined as

ok, |2 (sok 1, 2|z (9,00

o, w0k 1,y Tegwel? *

where

f (¢,0) ia the pattern function of the traveling wave antenna 1n tne
ground plane.

f (¢,0) is the pattern function of the half standing wave dipole, as
given by (4)

Iot is the reference current of the traveling wave antenna
Iod 1s the reference current of the half-wave dipole.
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These currents must be derermined for equal power input in each of the
antennas: Thus

2 2
‘IOT' z, = llodi R, = Input power (9)
2
!Io'l'l Rin 0
, 2 "z (10)
‘Iodt o
where Rin is the input resistance of the half-wave dipole, and Zo is the

characteristic impedance of the traveling wave antenna. These quantities
have been calculated by Hasserjian and Guy17 (p. 234, eq.(12)-(15).

For small a,

% 2
Rin = gp 157 7 = &P .57
X
For § = ?c_
z ?QQE_,n_Q:_a_) tn 2 (11)
o] £ k a € p a
r r
Neglecting o
_ 88 b _ _8a , b
g = 3 tn z e kp tn a
Te k r
r
Thus
Rin a ad
Z—- = 3 n = ?— ] (12)

[¢]

The attenuation constant o practically does not affect Z , if it is small
»
but it does affect R .

in The a in (12) i{s the o that obtains for the dipole.
The

v for the traveling wave antenna and for the dipole may be different

hocause of Tutual coupling, which is different in the two cases. o = A
if several -Z—C— dipoles are used. ‘
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G is the attenuation constant used for calculation of PT(¢.o). With (7)
and (8) and ¢ = o the efficiency ratic {s
ays |f.r(¢m.0)l2 (1-p%)

“P3 cmz { %P)

1, (13)

i. is the aziwmuth angle indicating the direction of maximum ground-wave
field intensity of the traveling wave sntenna.

In practice the folded dipole is often used. This is a configuration
with three parallel half-wave elements separated by one or more skin deptha
of the soil in which they sre imbedded. (Figure 6-9b). The pattern function
fd(O,o) and the input resistence are both multiplied by a factor of 3 in
this case, and the 1itteruation constant is incressed through mutual coupling
by a fector which can be as high as 2 to 3 4{f the spacing between wires is

less than one skin depth. In this case the efficiency value {s

n n
L W —;g = -32 , using the appropriate a,.

The omnidirectional antennas will be cowpared to an omnidirectional
dipole arrangement consisting of a pair of folded buried dipcles that are
fed in quadrature with two cables.

In this cese the RF power is split into two equal parts so that the
resulting efficiency ratio,

z"o nO

=23 ="F =15

This is the efficiency ratio of an omaidirectional antenna compared to an
omnidirsctional dipole antenna consisting of two crossed Z-type elements

fed in quadrature.
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6.3.3 The Single Horizontal Insulated Buried Straight Wire, Center Fed,
with Traveling Wave Current Distribution

We consider a straight wire of length 2b, terminated at both ends with
its characteristic impedance, and fed in the center (Figure 6-10). The current
distribut{on along the wire {s that of a traveling wave

1(x) = 1 e-rlxl . Io .-(a + 3R |x|

wit's the propagation conatant on the buried wire "= a + jB. a and B have

been cairculated by Hasserjian and Guqufor the buried insulatad wire. The

far field pattern of the buried horizontal current element taking the efer-
ence poict in the center at the feed point, is given (Equation 4) as

ped*Cs 4E - 60 € I (x)dx e*I¥d

=80C1 o TIxl Ik x cos vy, (14)

with

d =xXcos « cos § = xcosy ; omitting K

The far field of the whole wire is

jkD
De ° E

b
80 CI } e “(@+ 1B)|x| Jkx cos v ;
b

60 Io fT(¢.£) '
where

jP e-(n + 38) x| ejkx cos ¥y,

f (¢,€) = Ce
T o b
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is the pattern function. The pattern of the €-component or ¢-component {s

obtained by using Ce or Cé, respectively. Evaluating the integral yields:

with

-[aq + j(1-p cos )] Bx

1]

dx

b
[ e
o

-[E + J(1+p cos ¥)] Bx

b
+ fe dx
©

b
P lAnBlx 4 ‘]-e[mjﬁ]xdx (15)
o o
[A+iB]b/2
= 2 e—ATB_ sinh (A+jB)b/2
[A+)B]b/2
+ 2 eA_+jBr_ sinh (A+jBl)b/2
Ab/2 }Bb/2
_-=-e—-A—+;—B—[sinh%2cosg—b+jcosh Az—bsinnz—b]
Ab/2 3Bb/2 p
+ e_Aﬁ_ [ sinh Az—b cos % + J cosh %‘ sin %‘2 ] {15a)
A+ jB = - [;—' + §(1-p cos ¥)]8 (15b)
A+ jB = - [§+ J(1+p cos ¥)]B o
cos ¥ = cos € cos ¢ A=-aqa
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The field pattern for various lengths of the antenna has been computed,
using the foilowing data:

£ =10 mc 0 0.0l who/m A, =3m :
a = 0.051 B = 0.691 g « 0.075

A, .

A = 0.00 m p-l—o- = 0.303 ;

The[E‘[- patterns are plotted in Figure 4 and 5 for total lengths 2b of the
anterma of 1,3,5,7, and 9 half-antenna-wavelengths:

2b = 2m lc m=

b is the length of one side of the antenna,

xc is t'e wavelength on the antenna wire.

;I woyog [oyinuizy - M BIDNS (-9 8By

The azsimuthal patterns are m~:haped and symmetrics! to the ¥ « 90° 1line.
The maximum field intengitics and efficiency ratios are tabulated below:

?

m |E€| N,
60 x
1/4 0.781 0.205
3/4 0.808 0.220
5/4 0.649 0.141
7/4 0.708 0.168
8/4 0.735 2.180
4 0.643 ¢.139

The input resistance of the traveling wave antenna is 2 Zo in this case,

since a balanced feed at the center is used. The efficiency ratio is there-
fore 1/2 n, using (13). It is evident that the efficiency cannot be increased
by increasing the length of the antenna beyond 3/2 xc. Actvally the efficiency
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at a length of 1/2 wavelength is almost as large as that of the 3/2 wave-
length antenna. The longer antennas have even smaller efficiency than the
half-wave antenna. A ccnfiguration which yields higher efficiency with
increasing length is the zig-zag antenna, which is described in the
following sectlon.

The elevation patterns are shown in Figure 6-12. The short antennas have

a semicircular pattern; the longer antennas show some lobing.

The pattern of a long straight wire antenna (b = 4Ac) is shown in
Figures 6-13 and 6-14 for two cases: feed point on one side, and center fed. The
center-fed arrangement makes the pattern symmetrical to the ¥ = 80° axis,
whereas the feed on one side gives more field intensity in the forward
direction than in the backward direction. Considerable lobing ocecurs with
these long wire antennas.

Conclusion

Straight wire antennas with traveling waves have low efficiency compared
to the half-wave standing wave dipole. Long wire antennas, have lower efficiency
than the shorter antennas and also have a lobing pattern. The input impedance
18 practically independent of the frequency, as it {s for all traveling wave
tyre antennas. The straight wire antenna is therefore, disadvantageous

compared tc other traveling wave antennas.
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6.3.4 2ig-2ag Antenna

The Basic Antenna Configurstjon and Feed Arrangement

In order to get a figure-eight directional pattern, a number of half-

wave elements are arranged i{n ladder fashion yieliﬂng a zig-zag array
(Figur* 6-15). All elements have the length 2b »

i? and are buried in a hori-
zontal position a few feet in the ground.

Theve are two groups of el nents
which are designated as H and V and are perpendicular to each other. To

obtain symmetry an even number of V-elements and an odd number of H-elements
is always ured. The feed point of the array is in the middle of the center
H-element. Tho end alements, either H or ¥V as the case may be, are terminated

with a resistor equal to the characteristic impedance of the antenna wire.

The resistor ies grounded at thea other end. In this manner a traveling wave
current distribution ia obtained on the antenna and the input {mpedance at

the feed point is equal to the characteristic impedance of the antenna wire,

Ihe Current Piatxibution

The current on both sides from the fead point decays according to
.-Pl (! = distance from feedpoint) since it is assumed that there is no
reflection at the end points of the anterna and therefore a traveling current
wave exists. At aqual distances on both sides from the feel point the currents

are identical in magnitude, phase and direction. The positive directicn of
current flow {s indicated on Figure 6.18,

Tha currenta in the center of tha H-elements are

.-m‘b . “m 'nm

! IoH ¢ “u IoH ¢ ‘ (16)

o " Lol

nw« llala
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where the propagation constant "'s a + §8; f = §1
[

I oft ic the current at the feed point in the central H-element, which is
chosen as the refarence current. The currants at the centers of the
. Veslemsnts are:

-I(In-1)a -{3n-1) ok
-I'(3n-1)2b 2, 2
llﬂ = IOB ] D ’ - :Oa ¢ ¢/ - g e c/
s 1,2’3 (17)
Ihe Field Pattern

The patterns generareld by the H- and V-elements are calculated separately
and then combined to give tha pattern of the array. The axis of the azimuth
angle ¥ is chosen such that it is perpendicular to the line connecting the
centers of the elements, as indicated in Figure 6-15. The pattern furction of
the center element is the same as that of the straight wire, as calculated
in Section 3, Equations (14) and (185);

Bt ™ % Ton Fou

The coordinate system in the present case is rotated by 45°, and the
following relation exists:

¥ ‘H + 48°
where ‘H is the azimuth angle with respect to the H-elementa.

Thus +b _ Jkx cos ¥
F,.= f . I"xlc H
o

dx (18)

with cos Yy = cos ’u cos € = cos (W - 450) cos €
A A

and b = zg , since the length of each element is 2b = -23

' e - et e oo

R R v )

e




The integral Foﬂ is given by (15). using

B:xBHs (1 - p con ')'H)B (19)

B'sB'H=(1+pc057H)ﬁ

In the same manner (:,_.l is given as
Cye = k €08 &, = k cos (¥ - 45°) (20)
Cu\lv' k sin € sin ‘ﬂ = k sin € sin (¥ - 45°)

The field pattern of one of the H-elementa is

rx KDy
e

b
Ennzcnlnﬂ_,{e dx ,

where the upper sign is for the unprimed elements and the lower for the
primed elements.

DH=-ndHco|£sinW-xcoatcos (¥ - 450)

kD

M= -neu - k x cos Yy 3 €08 Yy = cos € cos (¥ - 45°)

d“ is the distance between two centers of elements.
Rc
dH = 256 = 7{2_

de cos € gin ¥ = 1p{2— cos € sin ¥ = BH

A
with p = = £
5 Ao jneﬂ FnH
-nan , fe for unprimed elements (21)
E I e X
nH CH oH -jnB F! ’

e H nH/ for primed elements
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A
/4 ejl:x cos Y,

Fy - \ [ e dx 122)
- c/4
A
</4, oy - Jkx cos 7,
'nll" f e e dx
-A
c/4

The pattern of the array of H-elements is the sum of the individual
patterns:

‘!.‘ol*? 2“4-;,'! !'m (23)

n=l n=1

2-1 is the number of the H-elewents, not counting the center element.

b5 e ] G )

n=]1

=Cy Ig ;,oR" 3’ c-ndc Gnﬂi

nel (24)
with juaa -jnoﬂ
Gnll = e 'nll + @ F"m
268
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The flield pattern of the V-elements is obtained similarly. The pattern
" one of the V-elements {s

b . +jkD
E = C I ferxe v

v v nv -b dx (25)

iere the upper sign is for the unprimed elements, and the lower sign for
e primed elements.

Dv = -« (2n-1) dv cos € 8in ¥ 4+ x cos € cos (V¥ + 450)

va = ~ (2n-1) Ov + k x cos Yy

RN

2 BH
kdv cos € sin W:I%cos € gin |P=6v=2—

cos ¥ = COE € cos (y+ 450)

C,e = = kcos (¥ + 45°) Cle = k sin € sin (¥ + 45°) (27)
(2n-1) A_c j(2n-1)86 F
us E =-0C 1 e- n-iea e V'V \unprimed elements
nv oH
-§(2n-1)8
e l'-"v primed elements

(28)
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with
A
c/4 -Jkx cos ¥
F, = T et dx (29)
-Ac/i
lc/4 +}kx cos ¥
F', = f e ™ Vodx (30)
Ac/4

The pattern of the array of V-elements is

E, = y Env + y En,v (31)

n=1 n=1l

2“\; is the number of the V-elements

-a(2n-1)2 (2n-1)0
E"Cvlony {ean c/2 [ejn VF

v v
n=1

-a(zu-l))\c

/2
=-C Ton 2:1 ¢ v (32)
with
1(20-1)6 -3(20-1)8,,
Cpw = ¢ F, +e F' (33)

The field pattern of the zig-zag antenna with 2“1-1 H-elements and 2Nv
V-elements, and one center element in the H-direction (a total of
2(NH + N‘)+ 1 elements) is the sum of the individual element patterns,

since all patterns have been referred to the same central reference point.
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L

gn -nakc
+ L e .G (34)
n=

1

,f (69 = Cy

FoH nH

N
~a(2n-1)x
‘,¥ [e c/2 ¢ ]

- ) .
n=l 1\'2

The field intensity at distance D from the center of the array is obtained as

= [}
EcD 60. IoH f€ (€,¥)

E¢p = B80. IoH 2ty (€,¥) (3%)
The current IoH at the feed point is 5%; since a balanced feed {s used,

V ia the symmetrical voltage across the feed terminals, and Zo the characteristic
impedance of each leg of the antenna; i.e., the characteristic impedance of

a single buried insulated antenna wire.

The basic integral of the straight wire element is

F = lp e'rk .:jkx €o8 ¥ dx = F .(A+jB)x dx (38)
-b -b

b '
or = f e(A"'jB )xdx

-b

+
2
F A+)B

{linh Ab cos Bb + J cosh Ab sin Bb} (37)

F~ {s the same expression using B' instead of B.
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A= - a g'zz-(l;pcos}’)ﬁ (38)

A+ 3JB = - [g + 3(1 - p cos Y)] [¢] (39)

A+ JB = - [g +j(1+pcosv)]ﬁ

Then

Py " F* using Y H (40)

FAR' = F~ using ¥ H

*
Fv' e« F' using Yy

Field pn:tcrnlIE‘I have been computed using the same data as used for

the straight wire antenna.

f = 10 Me lo » 0 m ¢ . 0.0l who/m
a e 0.081 B = 0.691 g- 0.078 ; p = 0.303

The plots are shown on Figures § and 10 for 3 elaments and 9 elements, each

1/3 wavelength (xc) long. The azimuthal pattern is figure-eight shaped,
however there are no sharp nulls, The maximum radiation {s at ¥ = 0, per-
pendicular to the 1ine connecting the centers of the individual elements.
The pattern shapr does not materially change as more clementa are added,
but the field intensity increases. The slevation pattern ism practically

semicircular. There is no lobing in the vertical plane,
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The efficlency ratio «n 4 funvilon of the number of elements i{as tabulated

beloe and plotted In Flgure 6ol

N

| i
NH ' -;(X_*ﬁrﬁ.)ﬂ K i:_&lﬁ
0 ) 3 A3 1
1 ) 5 80 1.04
| 2 1 1,40 2.06
2 2 9 1.0 2.38
2 3 ¥ 2.4 2.0 "
) 3 18 2h  ame "o * o087 ""«l
3 ‘ X 3L 809
" ‘ 11 308 3.18
“ 5 19 A0 330
b 8 21 3.1 3.38

A balanced feed Ia uned, therefore the input impedance i 3%o and ", i
miltiptiod with 13, The efficluncy ratio increases fleat lincarly with
the numher of slements but Jeveln off as the numbar of slementa NT A
(see Fipgure 6=18), The efficiency {n alwaye smaller than the efflcloncy of
an arvay of atanding wave he.! dipolens with the same number of slementa,

Gut o
The Zik<Zap anteonna han an animithal pattern which {a tigure-sight
shaped and ayemetrical to the ¥ - 80" antw,  The chape (s suaentially n-

dependent o the pumber of elewents,  The officiency (neredumsn with the

number of ewlementa, but (e alwayn lower than he efficlency of a4 corvenponding

array of halt «wave dipolea (2 anding wave) . The input {mpedance (s conet ant

nat depending on Freqaoney ar number of elemsntn.  Howsver the pattern
changen [ta ahape with trequency.  Due to the low efficiency the usefulnenn

of the Zig-2ag antenna (a Thnated to such cazen wasre conatant (nput {mpedance

i of Importance,
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8.3.5 Rhombic_ Antennas

Rhombic antennas i{n air give a high-gain untidivectional pattern. The
pattern changes with frequency, but the input impedance remains pructically
vondtant, ao that the antenna has & wide bandwidth. Similar results can be
obtained with a buried, horizontal rhombic antenna. The theory of the buried
rhombic antenna is similar to that of the rhombic {n alr. The difference
between the two capes {s that the wavelength on rhe buried rhombic is
considerably reduced, and that the element pattern ia changed. Taking these
facts into conmidevation the theory of the rhombic antenna {n air can he
applied, The length of the legs of the buried rhombic antenna will be shorter,
according to the wavelength reduction factor p which varies approximately
from 0.28 to 0,38, and the apex angle will be different from the air case.
Thus the overall length of a buried rhombic antenna will bes ahout 14 to
13 of that in air. Considerable afficiency improvement compared to the
half-wave dipole should he poasible.



6.3,6 Square Antenna

An omnidirectional antenna can be obtained from a circular array of
elemants which ars fed with currents of equal magnitude and a phase which is
proportional to the azimuth angle of the element guch that a total phase
shift of 360rn° (n=1,2,8) occurs between the first and last element on the
circle. This principle is used to develop an omnidirectional buried wire
antenna in the following manner.

An insuleted cable is bent into a circle and terminated at the end with
a resistar equal to the characteristic impedance of the cable. The length
of the cable (thas perimeter of the circle) is made equal to an integer
number of cable-wavelengths. In this manner a traveling wave on the cable
is obtained and tha phase shift between beginning and end of the cable is a
muleiple of 360°. This would produce omnidirectional radiation Lf there
would be no attenuation on the antenna cable. Generally there will be
soms attenuation on the cable; {f it iz sufficiently small, then the pattern
will still be almost omnidirectional. This case will be treated in the
next section.

Instead of using a circle one can use a square and obtain a similar
sffect, however the departurs from the idesl omnidirectional pattern will
be larger than in the circular case.

Feed Arrangement gnd Current Digtribution on Square

The feed arrangement is shown on Figure 6-19. An unb. lanced feed from
a coax cable is used. The cable has the gsame characteristic impedance as
the insulated, buried antenna wire. The end of the square of wire is
adjacent tn the feed point and is terminated with a resistor which is also
equal to the characteristic impedance of the antenna wire. Thus a traveling
wave is produced on the antenna and the input {mpedance at the feed point
is also equal to the characteristic impedance of the antenna. The total
length of the antenna wire is squal to an integer multiple of the antenna

o :
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wavelength lc. Thus the phase 3hift along the antenna is a multiple of 360°.

The length of each side gf the square is 2b = ZmAc. The smallest length
of one side of the square is 1% = 2b = znlc (m = 1/8) to produce a total
phase shift of 360°. The four sides of the square are designated as V, V'
and H, R'. The currents in the four sides are

I =1 =1 (reference current) (41)

1. =1 e =1 e c g Tidmm

LTob “dmd; -367m

-8mak
I.' =1 e-er =1 e ¢ ‘-jlztm

2b is the length of one side,
Io = current at feed point.
The positive direction of the currents is indicated by the arrows.

' = a4+ B = Propagation constant; b = m Ac: g = %1
¢

The Field Pattern

The patterns of the V-element pair and of the H-element pair are calcu-
lated separately with reference to the center of the square, and then added
to obtain the pattern of the square with traveling wave current discribution.

The field pattern of the two V-elements is

e dx (42)

o

R
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oy

B

and
E' =
ov
with
D =
v
and
ov -
F|cw=

b

b

P Y

b +3kD
c 1 f e Ix e v dx
v ov
-b
-c 1 e-rﬁb e+jkb cos ¥

cos € cos ¥ - x cos ¢ sin ¥

cosg

YH - X COS YV

+b Jkx cos ¥
e Ix e v

dx
-b
+b =}kx cos ¥
J e x e Vodx
-b

The field of the V-clement group is theun

TR T R N S B ST

EV = EOV * av
, +Jkb com 7
. -ikb cos ¥ _ -TNib H
Cv IDo e H Fov e ¢ Fov'
=C Ioo Gv
Similarly the field pattern of the two H-elements 1s
+Jkb cos
-Tx v
EoH CH Ioo ¢ € FOH

and

-T6b «Jkb cos L

H xoo ¢ € FuH‘

(43)

(44)

(49)

(40)

(47

o8l




i ot bt i g o e e e e e o

since

D,

X b cos € sin ¥ - X cos € cos ¥

= = b cos Yv - X COB YH

with

. +jkx cos ¥
Fy &{b T, LI (48)

. =jkx cos ¥
Fou' " jp e " ax
° -b

The field of the H-element group is then

By = Boy * Foy' (49)

. Jkb cos ¥ - =jkb con ¥
coy 1, 0T g. vy .g-T4b

v
'oH -9 ]
-c“IO [ ]

oH
«I2b Gﬁ
The pattern of the square is E  + l“ !

¢ -Tb
s e(¥,et) » C€ G + ,CC ¢
: vy O ey Oy (50)
with reference to the current Ioo at the center of the first element.

The integrale rov' rov" roH' roH' are the basic integrals of the
straight wire as derived in the previoua aectlon

Fo jp o(AHIB)X 4 or jp o(AIBY) 4,
-b =b

with \ . . & ; and ', o« (1 %pcosyf
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s
§
#
e

b Jkx cos ¥
= e T . Vg « ¢t using ¥, (51)

b ™ e-jkx cos v,

F ' = f e
=h

ov dx = F using Yy

s b i Sz

kx cos ¥
!b - ] H +
Foﬂ - i e e dx = F' using 4"
4 . =jkx com ¥ .
i F ' e lpon‘- "dx-? using ¥
Mo b
k.
: -jkb cos ¥ Jkb com ¥
j . H -4b H
g Gv =0 Fov -9 . Fov' (82)
~ +Jkb cos ¥ ~jkb cos ¥
v r'4d v
OH -9 FoH -p L) FDH'
!3(
The bawic olement pattern in this case are
* - 0 ™
e k sin ¥ oy * k aln « cos ¥ (83)
3 CHc e o con ¥ CHW a = k ain ¢ ain ¥
The angles 'y and Yy Are defined an
|
Cow ¥ tog C aln ¥ (%4)
; Com ¥y CoR o win W
1

aud




The field intensity at discance D from the center of the square is
obtained as

ED 601 f(6,) »001 T £ (0w (53)

gup - 80 Ioo '!w(c,w - 60 1, o .tw(t.lp)

The current I, i» the input current at the foed point. The current 1, at
the center of the firet element {» Ioo . Io L) The fead current Io . EV;
since an unbalanced feed is used. V is the unbalanced voltage at the fred
point againat ground, and zo tho characteristic impedance of the buiried

insulated antenna wire.

Field pattarns of .f.((.l‘l) tor I‘ have been calculated using the same
data as for the lknuhtlwiu and Zig-Zag antenna. The length of one side
of the aquaro is f and -f- , 80 that the total phase shift around the antenna
1s 360° and uo". respectively, The azimutha. patterns are in Figure 6-20,
the ol,vn:ton patterns in Figure 6-321. The azimuthal pattern for the firet
case (f' side length} is almost circular, the maximum and minimum values
of £, (o,¥) being

[+]
0¥, = 0.769 at v = 80
(4}
- 0.7807 at ¥ = 280 Average
(0¥, - 0.1 at ¢ = 100° f,(0,¥) 0.7
-« 0.68) at ¥ » 3s50°

The {luctuation {s 0.72 & 0.048 or 3 6.7 percent,

Inspecting the aecond cnu(ff- side length) showa that the azimuthal pattern

is no longer ommidirectional, but very h{ogulur. and the fleld intensities

are lower In every direction than {n the -f case, Thia pattern i{a thervfore

of no interest. The square with a total length of one wavelength Ac. pro-

ducing 380° total phase shift {s optimum. A similar result |s obtafned for
g the circle, am will be shown in the following section.
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Figure ¢-21. Souare Antenna - Elevotion Patterns, _m “. mmo_
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The efficiency of the one-wav length square will he compared to that of

Al a crouned tolded wonvpole palr.  The attenvation of the square iw E « 0.07H%;

ff whereas tne attenuation of the fojded dipale {w taksn twice as large: for the
N deOhig «0.15due tomitual ecoupling effeucty which do not axi{st in the squars

E whire all four sldes are Ao og BPATL, The percent power loas in the terminating
: resintor ina

Qv A ¥ 28x & 2. an

- 0 Yae 4 e g « 0 0.3v | 0,381 or IW perewnt,

%

¢ Thin energy can be regatned by using o te:mlinating netwerk whichk domn nnt

7

4 use 4 rosistor, and connectivg the terminal with the feedpofnt, In thiw

'? maner only the loases along the antenna wire need by supplied by the wource.
3 The efficiency for the two cases s aw follows:

; ] N It |2

4 With terminating resistor "2 w T#K " ﬂ%?g' T?-nw

ol

K » QTL%L O.?ﬂa x 3.04 » 0.46 or 48 pervent

"

¥ Withaut tevminal lose Ny ™ TQK ‘-gu » .78 ar 1% pevcent,

i B ' 2 * 1% T-0.40

Thus the effiniuney 1n Increased by ahout 806 percent {f the terminal lowa
Ix eliminated, Other waya of {ncrvoaning the pfficiency are dizcuns d {(n the

20901 €
s

| rection on thd ¢l=ele antenoa,

v

g

! fangluslon

3 «

!} The square gives a good omnidlirect lonal aximathal pattern {§ the parlowter

{5 equal <o one antenns wavaleongth,  The (luctuation of Fleld {ntennity on
the avound plane (& about ¢+ T percent.  The eff{cliency of thia antenna varles

Cram 45 to T8 percent of that ol a crogsed folded dipole pofat.  The higher

g, S e s

vitlure s obtafned when the terminal loss through a terminating rerintor (s

ave hded

.l:i
i
9
i
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6.3.7 CGivele Antenna

The feud arvangement {s the same an that of the square (Figure 6-22).
An unbalanced feod from a coax cable t{e usod. The end of the cirele of wiie
{e adjacant to the feed point and [s terminated with a veststor to produce
a travellng wave, The total length of the antenna wire {n equal to an Integer
multiple of the antenna wavelenpth A w0 that the phase shift along the
antenna ia a multiple of 360",

The coordinate syatem (s {ndicated on Figure 6+22, The arinuthal anple
i ¥, the elevation angle te ¢, The loop is in & horizontel plane, buried
a fow feet holow the pround. The fesd polnt s at W « O, the current [lows
counterclockwinme around the circle,  The current at any point on the clrele
is

“let
v

[A]

] e as+ if

The angle ¢ determines the pasition of point V' on the clrele. The Tar tield
from the current element has two components; s vertical component K, oand o
hor {montal camponent Rw.

aE, D - 80 I 1(0) df o IR0 e a (88)

LY

db, D« « 80 k 1(!) df o win & win ¢

v

D in the dintance trom pafnt P on the circle to the far field potut,
l)0 {a the distance from the center of the circle,
D » Du «r osin (ti=,0) con 1,

e wire element df = ¢ dfl

88
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The relation between the angles A&, ¥, and 6 is:

v c b el - x
O-W-i.Aﬂo $=0-ve+zg

2n

Thus !¢ D = (60X :o) f con (0-9) e-l“rB GJ‘“' ain(@-9) cos ¢ S
° (87)
3 «Trf  Jkr sin (9-9) ¢
“Ep = (80k I, ain «) [ ain (6-0) e oJkT 8in cO8 iy
o]
The following symbols are used: 7 r « n AC ras ﬁ B = ?l
[
A, » 60 kI (88)

AI » 60 k i sin ¢

ne+ 1,3, L.e,, the parimeter of the circle is an iIntegral number of wave-
lengtha Ao

e o« (4 )8) s " (g + )2+ jn»» 8+ Jn (59)
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Using these symbels the integrals are

A.n an

D - [ cos (8-¢) o780 In0ez win(@=2)] g (60)
(o]

27 .
“E,D=Ay§ [ sin (1-9)e 28 o-ilnf-z sin(6-0)] 4
[»)

The two integrals are similar, with the exception of the cos (f-¢) and
sin (0-9) terms. The E‘ component will be evaluated.
With a new variable ¥ = (7 + @) « # we get

Ee u Aé“ e"(" + 0) a-jn(n + ¢) (81)
9t v v 1

&*f + cos ¥ ot SV + 2 ain ¥ m
n

The integral can be written as

0-1

o / ,AW con ¥ {con n¥ + | ain ny] oIF 810 v dy (62)
"
) U [ S L TU S VT 2 PR TE R

Pn

For the case a » (), the factor a'w » 1 and the remaining integral {s the
suth of two Heasel Lunctions, awtnce

~inn an -3
ix ain 8 oA
J (2) « Sy [« i de
n I /g
Thus tor @ « % and m"wxv 1 we obtaln

A n 1
. «(a+jn) “{mn
R ¥ oom, 3.¥M](z) e () (69)

AN ,
. ‘%_ "o inmn 572 an 30
' £ °n
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The magnitude of E‘ is

e | = 80 1, mon 285 (2) (84)

Since z = np coa ¢ is independent of ¥, the pattern is omnidirectional in
azimuth,

The case of finite attenuation is treated in the Appendix A. The
result 1s:

A0
I + B (88)

A.n
. + (-1)" In(m+8) PR+ 5)
- -ﬂll 1 .‘ " 3
ui:hrosl-!-ﬁ—ax-lg-¢ 3-3-)-+ (88)

and 'rn ] Rn +) sn (87)
The pattern function {s

RETXIER B R N PN (88)

For the case n + 1, with the perimeter of the circlo equal to one wavelongth
Ao R1 and sl are given as

202




g(coa2¢+231n2¢]

R, = .1 (2) [1 + a
! ° a2+4

e e e AREORU VLRI AR A T o

W, (2) [1 ' 24 -_my_%?;_t_i.m.n

a + 4 n

0
va ) Sgn l(')[. cos (2m—3): + (Jm-
mal 2% + (2m-3)

A con(2ms1Ps (Bmel) min (2mel)d

52 + (Ztml)2

ca® o, [z(m_a..gm.:_z.rm_mm)

a + 4nm

+ 16

)

" 4 ¢ me + i n “11"!!!2

+ d(m=1)

. uu.lm.:&lul(mu pln 2(mel)e

+ 4(mal)

-2 o n«.]
+ 4

rodg(e) [Umiﬁ. Lg_u__h‘-]

q N A1)
§p = a3 (w) [

n' + 10
- ﬁ' sz.l(z) 2{(@ pin (gm- ;)Q < {2 ‘l!) ol i)nw\)“\
m- | at e (Dme )
pfdadn el = (ol e (0
a7 R
A nln (dmed)o = (Smo 4 o0t
.1"' ' (f,’.rw.\\-
(" ) S e 1y '
v A :\_, 3, () [.‘L_-'_"..‘_‘.‘_ 2L !;L‘..-.,. A% e ‘
m 2 “r : IR YU

t

v

n ‘Zm-g) ¢

P

agcoan«&stnqp]

(69)
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Formulas (89) and (70) have been numerically computad, using the
following parameters

nel o« 0.01 f » 10 m Ao m 30 m
as 0.0 Bu0.00 A_»9.00 m
fooos ok } = 0.309

o

The E_ patterns are plotted on Figures 6-23 and 6-24. The azimuthal pattern of
|R, | 4n alwost clrcular, with msxioum fluctuation of 3.48 & 0.108 or 4 4.8
percent. The average field intensity on the ground (¢« = o) {s

|l

elo® T80 P 2.48 = 60 I x 0.781

Theiu are two maxima and two minima of field intensity, which are not equal:

| £ max E wmin
40° 2.9
140° 32.88

330° 2.40
10° 2.50

The elevacion pattern of |l.| in the ¥ = 0 plana is practically ssmicircular,
the maxiouw fluctuation is 3.408 & 0.018 or 4+ 0.6 percent.

The imaginary part s1 is alvays small, since all terms are multiplied
by a, which is generally a small quantity (a << 1). 7The main rontribution
to the real part ll is from the terms with Jo(l) and Jz(l). since these are
the only terms which have a part which is not multiplied by a.

For a = 0 we have

n+l
{-1) Rﬂ ] Jn_l(l) +J

(0) » &8 5 (1) (M)

nel
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Thus for small attenuation the fie¢ld pattern for the vertical component Es

15 mainly determined by Jn(z). The pattern is nearly ommidirectional in
L

azimuth, independent of n, as long n = %— is an integer, since z is
c

ind»pendent on ¥

The elevation pattern depends on n siuce

e
z =k rcos € = np cos € is a function of €.

Using the approximation for Rn which obtains for a<< 1 the field

intensity on the ground is ootained as

Aln
an AP
= (-1)7 —g= T F (R +35§)

disregarding the phase factor e'jﬂfﬂ+¢)
Wwith

s =0 R = 20 {(z)

n n z n
we get A n

ED = (-l)n —1.— n &‘_‘. F J (z (13)

€ B z o “n'*

#

(-1)" 60 1, 272 F_ J_(np)

For cos € = 1

- u‘
. 1-e 2nns (74)
o 2n7s
This is the same result as was obtained for a = 0 except that the factor

Fc is now added.
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The nattern function is therefore

Jn(np cos €}

- B,
(ke =28aF T (715)

Equation (73) gives the maxirmm value of field intensity E .. since
the effect of attenuation on the antenna wire on Brn = Rn + an was neglect. d.
But the formula is useful to determine the effect of the diameter of the

circle; i.e., the effect of n and the general effect of attenuation a = g it.

The field intensity Ec decreases as n is increased. Eé has its greatest
value for n = 1. The perimeter of the antenna is then equal to one wave-
length Ac and tne radius r = T

The effect of attenuation i3z mainly determined by F0 =

I_GZan

2ra
This factor describes the decline of field intensity with ircreasing attenu-

ation a. This is due to the fact that the current along the antenna decreases
when attenuation is present. For no attenuation (a = 0) the current remsins
constant and Fo has its maximum value Fo = 1. As a increases -he average

current on the antenna gets smaller and Fo decreases,

There is another effect caused by attenuation. The energy which i
dissipated in the terminating resistor at the end of the autenna depends on
the attenuation:

2
-0
P =122z - [1 e ° ] -1 % ire
r r "o o 0
This energy is lost in the resistor. The highar the attenuvation the lower
the lost power, because the current in the terminating resistor is lower if

the attenuation is high. Only the difference between input and output power

is used for radiation. This difference is

P. =P, -P =12 z -12¢%8,
A in r o} ol o o}
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The current corresponding to PA is then

JE

A 1
1 - == R S— (76)
° ‘( zo #].-e_ﬁ_a
and the field intensity for this case is
{P - -27a
A i-e
ED =60 2n- -_— —— (77)
€ Z, 27a Jl-e"‘wa

This is a case where no power is lost at the output of the antenna, so
that only the power lost thrcugir attenuation along the antenna is supplied to

the antenna. 1In this manner the field intensity can be increased by the

1
factor K = ————— , and the efficiency is increased by Kz. Following is

1-e-47a 2
a tabuiation of Foz and K© for various values of a:

a e 47a 1-¢ %0 K% Fo® Folk?
0.05 0.532 0.468 2.14 0.74 1.58
0.075 c.389 0.611 1.64 0.64 1.05
0.10 0.285 0.715 1.40  0.55 0.71
0.15 0.152 0.848 1.18 0.42 0.492
0.20 0.081 0.919 1.09 0.325 0.354
0.25 0.043 0.957 1.04 0.254 0.265

The column e-4na glives th2 current at the end of the antenna relative
to the current at the input. K2 indicates the possible increase in efficiency
for the no-resistor case, and (FOK)2 the total field intensity fac:or.
Practical cases for a = g range from about 0.05 to 0.15. Thus efficiency
increases from 20 percent to over 100 percent are possible. It is also
evident that the increase in efficiency becomes verv small when a > 0.1%5,

so0 that the no-resistor method is not longer worthwhile.

Another method to increase the efficiency is to use multiple turn

toops. 1In order to keep all the turns in the same horizontal plane a spiral
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X
can be employed. Using N turns of approximately equal diameter (d = ;? )

the field intznsity is

-
-2amr -4ar  -Banm -2an(N-1)
+e +e +., .+

ED =60 27 1 J (p)F [1 + e
ol ) L
l_e-ZNaN
=120 n IoJl(p) Fo 1-e'2;;_ = 120 7 IoJl(P)Fox {(18)

For example, with a = 0.075 and N = 4 the field improvement factor

-0.8r
cdee 0 _ .85
XK= 01 C T35 v 2% (19

and in the limiting case N ~ o

1 1
x="——'_'_,-'—=—"_"=2.68
1-e 0.157 .3%5

-l

However if the turns are close together the attenuation will increase
through mutual coupling between the turns. If the separation between the
turns 1is one skin depth then the attenuation is approximately doubled. The
following table lists the efficiency improvement, which is proportional to
(Fox)z. for N = 1,2,4, tor a = 0.075 and a = 0.15

2 | 2 a2
a Fo X (FOX) X (FOX) X (rOX)
0.075 0.8 i 0.64 |1.62 1.66 | 2.26  3.27
0.15 0.648 1  0.42 |1.39 0.81 | 1.6 1.08
N-=1 N=2 N-=4

This shows that the relative efficiency improvement when using 2 or 4 turns

with a = 0.15 compared to the efficiency of one turn and half the attenuation

(a=.015) 1s 982 - 1.26 and 208 . 169 respectively. The efficiency

ratio in this case is, according to (13) and (8),

2
a, |£.(¢ ,0)|
g -3 '_I__E_____. (80)

_ o 2
3 2
[£4(0.0) |
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where fdfé,o) - cos (% p)

1-p2
Ac
Using the typical data (same data as before) p - = o 0.303 we obtain
0
fd(o.o) = 0.593

A typical value of g for a single wire is 0.075. For the folded dipole

with a separation between wires of one rkin depth the artenuation is doubled:

o
Ei = 2 x 0.075 = 0.15. Thus the efficiency ratio is
2 0.15 2 | 2
n, =5 ® —= 1f (¢ ,0)| = 0.893 If (¢_,0)
2 3 0.5932 | T 'm , T 'm '

The average valuc of ground field intensity of the circle antenna
for a = § = 0.075 and p = 0.303 is

[El = 601 x6.751
€ 0 0
Thus | _£(¥ .,0)| = 0.751 and
N av
R 2
no = 0.893 x 0.751 = 0.5

If the antenna is fed from both ends, so that the resistor loss is avoided,
the efficiency is improved by 1.64 (see table page 58, Kz = 1.64 “or a = 0.075)
the efficiency ratio is then

190 0.5 x 1.64 = 0.82

Conclusion

The circle of one wavelength perimeter is superior to the square
antenna of the same perimeter. The azimuthal pattern of the field intensity
on the ground has a fluctuacion of + 4.25 percent. The efficiency of the

circle antenna varies from 50 percent to 82 percent of that of a crossed
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folded dipole pair, the higher value corresponds to the case cof no loss in
the terminal resigtor. By using more than one turn the efficiency ratio

can be further increased to an amount about equal of that of a folded

dipole pair.
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6.3.8 Field Partern of Circular Anteuna with Fin.te Attenuation

The integral (62) in Section 6.3.7 for the case of finite attenuation is

split into four parts.

The Ec field component is glven as

i %2 8T 0 Il e Oy f’;ﬁ;“ 5 A1)
- %{M: cos (n-1)w 32 810 ¥ 4y
¢::_-{n e®¥ cos (nel)w &2 BNV gy (A-2)
o::t{ﬂ ¥ ain (nel)y ed% 310 ¥ gy
.,,I:.IF ™ gin (n-1)y o7 81N wdw}

These integrals are expanded with the use of the Jacobi-Arger formula:

%

Jo(z) + 2 m:i sz(z) cos 2m ¥

ejz siny

r-8

+ 32 J2 _1(2) sin (2m-1) ¥ (A-3)

E]
1}
o

Evaluation of these integrals give the following result:
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B = o 2(T+0) _-in(7+9) B_
-an an

B = % & _-a_ g

r 2a ro
-2arT

B = -e In(7+0) T l:gEE"" Brn (84)

- - ) e (R Ly

] n n

with -2a7 2
= ......__1-e A - _2_&1 2am -
Fo= —5m— ¥ 1- &% . -(——)-—6 ‘o (85)
and
B_ =R +38 (86)
rn n n
R_and S are as follows:
n n
The real part of (—EB ) is (87)
(_1)n+1 Tn - 4+ J (z) | Bcos (n-;)«p + (;-1) sin{n-1}¢
© a8 +{n-1)
a cos (n+1)9 + (n+l) sin (n+l)o
2 2
a“+{n+l)
[+ o]
Y a cog (2m-n)¢ + (2m-n) sin (2m-n_)_¢\
T L Jap (@) - 2 )
m=1 a +(2m-n)
+(a cos (2m+n-2)¢ + (2w+n=-2) sin (2m+n-2)9 __) .
y a2+ (2min-2)°
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]

+
m=1

L _cos (2m-n-2)¢ + (2m-n-2) sin 2m-n-2)1)

a2 +{2m=n-2) y

+ (; cos (2m4n)¢ + (2m+n) sin (2m4n)d :) ]

az +(2m+n)

sz(z) a_cos (2m-n+l}¢ + (2m-n+l) sin (2m-n+1)@

az +(2m-n+1)2

a cos (2m+n-1)¢ + (Zmin-1) sin (2m+n-1)¢
2 2
a” +(2men-1)

a _cos (2m-n-1)¢ + (2m-n-1) sin (2m-n-1)¢
32+(2m-n-1)2

a cos (2min+1)¢ + (2men+l) sin (2men+l)d

The imaginary part of (—fﬂ) is

(_1)n+1

m=1

J

a2+(2m+n+1)2 r/
B
S
:? - Jo(z) a sin jn-l)g,- (n-l% cos (n-1)¢ (88)
a” +{n-1)
a 8in (n+l - {n+l) cos (n+l
+ 2 2
a® +(n+l)
(z) a sin (2m4n-2)¢ - (2m+n-2) cos (2m+n-2)9
2m-1

a” +(2m+n-2)

. A sin (2m-n)¢ - (2m-n) cos (2m-n)¢
2

a” +(2m=n)
a sin (2m+n - (2m+n) cos (2m+n
+ +
2 2
a  +(2msn)
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a sin (2m-n-2 - (2m-n-2) cos (2m-n-2
+ ) 2
a" +(2m-n-2)

+ ?‘ 1, (z) -2 sin (2mwn-1)¢ - (2men-1) cos (2men-1)¢
- 2m
m=1

a +(2m#n-1)

a sin (2m-n+l - (2m-n+l) cos (2m-n+l

a2+(2m-n+1) 2

.8 sin (2m+n+1!2 - (2min+l) cos (2mn+1)9

a 4»(2m+n+1)2

_asin (2m-n-1 ~ (2m~-n-1) cos (2m-n-1
az +{2m-n-1)

e
h




SECTION 7

SUMMARY OF ADDITIONAL HF ANTENNA CHARACTERISTICS

-1
-

LETTER-RACK FLUSH SLOT ARRAY

Two configurations were studied for the letter-rack flush slot arrayls--
one consisting of an open pit structure which would serve as a debris pit and
the second technique involved the embedding of the complete array in asphaltic

concrete.

A summary of the antenna characteristics together with antenna con-

figuration and design parameters fco.:- w.

a) Configuration - See Fig.* s7-1 and 7-2 for 10-20 Mc array.

b) Bandwidth - No tuning ~ 15 percent.

¢) Useful Frequency Range - ~2:1 for a 5-slot array.

d) Efficiency n - At any particular midband frequency, anticipated
efficiency will be that of the linear slot antenna
(midband frequency is point at which single slot in
array is optimized).

e) Radiation Pattern - Directional, same as linear slot.

f) Directivity, D > 1.76 db compared to an isotropic antenna above
perfect ground at midband fregquency.

g) Gain = nbD, > 1.35 or 1.3 db.

h} Hardness -

(1) When cmbedded in asphaltic concrete. antenna
carries a hardness rating of rlazs D.

(2) For open pit structure serving as a debris pit,
hardness rating is class A.

: i) Costs

5 (1) when embedded in asphaltic concrete, a slot
array in 9-16 Mc (or ~10-20 Mc) region would
cost approximately $43,000; in the 16-23 Mc

*Cost figures in this section are "best estimates" at this time
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region cost estimsates are $28,000; and from

23-30 Mc, the 5-slot array cost estimates are
$17,000.

{(2) For open pit structure, a 5-slot array in the
9-ub Mc {or ~10-20 mc) reginn would coar
$155,000 due to the elaborate foundation and
construction costs; in the 18-23 Mc region
cost estimate 1¢ $85,000; in the 23-30 Mc region
cost estimate is $54,000.

J) Effects of Debris - Same as the linear slot antenna.

k) Polarization - Vertical on the ground.

1) Advantages - Same as those of the linear sloc.

m) Disadvantages -

(1) For the structure embedded in asphaltic con-
crete. Debris will not allow operation at the
computed high efficiency.

(2) Open pit structure represents a costly antenna
of very low hardness rating and does not appear
to be a promising configuration in the HF band.

n) Areas Requiring Purther Investigstion -

(1) Optimmm techniques for feeding the individual
slotes in the array.

(2) Optimization of array paresmeters for maximum
bandwidth, and their effects on antenna
efficiency and directivity.

o) Further Comments on the Open Pit Structure - There appear to be
two practical ways of constructing this antemna.
Technique No. 1 involves a rather large foun-
dation and the stretching of a series of cables
to make up the cavities for the radiating
elements. Under high thermal loading from a
nuclear blast, these cables will yield and
sctretch. An initial tension must be applied
to the cables of such magnitude that after
thermal loading there will still be enough
residual tension to keep the cables from sagging
excessively. The ability of providing reason-
able assurance that the cables will have
adequate residual tension will severely limit
the over-pressure rating of this antenna to

o
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class A. Foundation costs (exclusive of cables,
pretensioning devicea, etc.) would probably be in
the order of $100,000 in 10-20 Mc range.

The additional costs of the cables and thermal
protartion for +the cgbles 18 estimated to be

$55,000 bringing the total cost of a S5-slot letter-
rack antenna (in the 10-20 Mc range) to approrximately
$155,000.

Technique No. 2 utilizes a series of concrete walls
with steel surfaces (together with a peripheral
fouridation) to make up the cavities of the letter-
rack arrangement. This type of structure carries a
hardness rating of class A and is limited by the
failure of the concrete walls separating the slots
in the array due to cantiliver actrion. Foundation
costs alome for a S-slot array ir the 10-20 Mc
region would probably be in the order of $167,000.
Based upon our preliminary investigation of the
open-pit letter-rack antemna, it is our opinion that
such s configuration is not practical in the HF
band. The letter-rack antemna, when embedded in
asphaltic concrete, represents a hardened antenna

in class D. 1Its electrical performance in asphaltic
concrete can be predicted from the performance of a
single linear slot (since a letter-rack antenna
consists of an array of linear slots) which was dis-
cussed in an earlier section.

7.2 1OG PERIODIC STRUCTURES

The log periodic monopole (LPM) array was found to be applicable as a
hardened antenna (class B) from 12-30 Mc. The basic limitation of this
particular structure is the neight of the longest monopole in the array.
which at 12 Mc would be approximately 20 feet high. Increased hardness
ratings (class C) can be achieved for arrays designed in the 25-30 Mc band,.
Typical configurations are shown in Figure 7-3 and 7-4. A dielectric sleeve
3 feet high is shown at the base of each monopole to minimize the effect of
debris loading on the performance of the LPM array.

Appendix D contains a detailed discussion of the Log Periodic Monopole
array together with the necessary curve used to design a particular array.

A summary of the significant characteristics is given below.
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Figure 7-4, Llog Periodic Monopole Array ( 25~30 me),
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For Vertical Monopoles in Air -

(a) Configuraction - see Figures 7-3 and 7-4.

(b) Bandwidth - From hardness consideration, the limit on this
type of antenna is 12-30 Mc for a hardness rating

of B and from 25-30 Mc, hardneas rating C is pos-
sible.

(c) Efficiency -~ ~75-80 percent for individual elements.

(d) Radiation Pattern - Main lobe of beam, E-plane 300, H-plane 60°.

(e) Gain - ~8 db.

(f) Hardness - 12-30 Mc design - class B
25-30 Mc design - class C

(g) Cost - 12-30 Mc (8 element) - $130,400
25-30 Mc (5 element) - $57,900

(h) Polarization - Vertical on the ground.

() Effects of Debris - Small at the low end of band, and high
n vicinity of 30 Mc where the short 4' monopoles
would be covered with debris.

(J) Advantages of LP Structure in Air -

(1) High efficiency and broad band operationm.

(2) Debris effects appear to be low at 12 Mc and
more severe at 30 Mc,

(k) Dissdvantages of LP Structure in Air -

(1) Represents an antenna of low hardness rating,
class B, C.

(2) Cost of structure is very high compared to
hardness rating.

7.3 OTHER CONFIGURATIONS

The characieristics of five additional antenna techniques =-- the Surface
Wave types, Hula Hoop, Spherical, Prolate Spherical,and Helical antennas which
appeared to have less desirable properties as hardened HF antennas such as
s{ze, low hardness rating, and poor cost to performance ratios are discussed in
Appendix E.
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