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ABSTRACT

The performance of a novel type of antenna named the Rudimentary Horn
has been investigated both theoretically and experimentally. Detailed experi-
mental investigation of the VSWR properties as well as the radiation charac-
teristics of the antenna has been carried out over the frequency range 1 GHz to
10 GHz. Over this band of frequencies the antenna has been found to maintain
its desirable impedance and radiation characteristics.

A first order theory has been developed for the radiation field produced by
a symmetrical rudimentary horn having exponentially curved radiating elements .
Fair agreement has been obtained between theory and experiment for the H-plane
radiation patterns. Further improvement of the theory is desirable.

The rudimentary horn is found to be a broadband linearly polarized antenna.
Its cross-polarization response in the direction of the main beam maximum is
at least 30 dB down. The effects of the variation of the different physical para-
meters on the performance of the antenna are given. General design considerations
are also given.

Possible applications of the rudimentary horn are also discussed. In particular,
it has been found that in all aspects of electrical performance the rudimentary
horn is competitive with commonly used antennas for HF long range communication.
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FOREWORD

This report (1778-1-F) was prepared by The University of Michigan
Radiation Laboratory, Department of Electrical Engineering under Contract
No. DAABO07-68-C-0274, "Investigation of the Rudimentary Horn'". This
contract was initiated under United States Army Project No. PR and C-68-EL-7303.
The work is administered under the direction of the Institute for Exploratory
Research, Division C. Dr. Helmut L. Brueckmann is the Contract Monitor.
This Final Report covers the period from 26 April 1968 through 25 April 1969.

The material reported herein represents the results of an investigation
of the rudimentary horn.
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1778-1-F

I
INTRODUCTION

1.1 Preliminary Remarks

This is the Final Report on Contract DAAB07-68-C-0274, 'Investigation
of the Rudimentary Horn", and covers the period 26 April 1968 through 25
April 1969. The primary purpose of the Contract has been to investigate the
properties of a new type of antenna called here the Rudimentary Horn with the
specific goal of application in the HF range. In the following sections we dis-
cuss the origin of the antenna configuration and give a brief outline of the report.

1. 2 Historical Background

The present antenna configuration was first proposed several years ago by
J.Kerr of CS/TA Laboratory of the United States Army Electronics Command,
Fort Monmouth. The antenna is an outgrowth of a broadband ridged horn and
may be evolved from a ridged horn by removing the sides so that only the ridged
back-cavity and the broadbanding ridges remain. A photograph of the original
version of the complete antenna assembly is shown in Fig. 1-1. Initial unpublished
work performed on this antenna was described to personnel of The University of
Michigan Radiation Laboratory during the early part of 1966 (private communi-
cation with Mr. Charles Eason of USAECOM, Ft. Monmouth). At that time,
typical experimental radiation pattern and VSWR data of the antenna obtained in
1964 were shown. Later at the Radiation Laboratory, we assembled a simplified
model of the antenna and performed some limited experiments in order to obtain
an understanding of its electrical characteristics.

To our knowledge, those who invented the antenna did not make any attempt
to develop and pursue the concept further. In view of its excellent broadband
characteristics both with respect to pattern and impedance and its simplicity of
design and construction it was felt that it would be desirable to conduct a com-
prehensive investigation of this new antenna configuration.

1. 3 Outline of the Report

As mentioned before, the rudimentary horn is a novel antenna. Hence, the
major emphasis of our investigation has been devoted to the study of its radiation
and impedance properties under various conditions. Besides understanding the
performance of the anterma, the motivation of the entire investigation is also
directed towards evaluating any possible application of the rudimentary horn to
HF long range communication. The outline of the report is as follows.



Chapter I presents in detail the results of experimental investigations of
the radiation and impedance properties of rudimentary horn antennas of different
configurations. Whenever possible critical discussions of the results are given.

Theoretical analysis of the radiation field of a rudimentary horn is described
in Chapter III.

In Chapter IV the properties of rudimentary horn antennas are compared
with those of other commonly used HF antennas.

The general properties of the antenna and its possible applications are given
in Chapter V.

Our conclusions and recommendations for further work are given in Chapter
VL
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II

EXPERIMENTAL STUDY OF THE RUDIMENTARY HORNS

2.1 Introduction

The results obtained from intensive experimental investigation of the
various properties of rudimentary horn antennas are given in this chapter.
Impedance and radiation pattern characteristics of different antenna con-
figurations have been studied in detail and wherever possible, critical dis-
cussion of the results is given. Some information is also presented regarding
the measured current distribution on the radiating elements of a few selected
rudimentary horn antenna models.

2.2 A Discussion of the Measurement Techniques

As mentioned in the Chapter I, the primary purpose of the present inves-
tigation has been to determine any potential application of the rudimentary
horn antenna to long range HF communication systems. From this point of
view the frequencies of interest lie in the range 4. 0 MHz to 24. 0 MHz. How-
ever, at these frequencies the physical dimensions of the test antennas become
too large to carry out any meaningful investigation of their radiation pattern
characleristics. The results discussed in the following sections have been
obtained by following the principle of model measurement in electromagnetic
systems.

Detailed theory of models of electromagnetic system is discussed in the
literature (Sinclair, 1948). Such model measurements ordinarily yield infor-
mation of the radiation patterns of HF antennas under free space conditions and
also when they are used in conjunction with perfectly conducting ground planes.
Thus the information obtained in this manner will be found useful and meaningful
only when the corresponding HF antennas are either used in free space or above
a perfectly conducting ground. It is well known that in the HF range the ground
has finite conductivity. Thus, in order to study the effects of the actual soil
conditions on the rudiation patterns of HF antennas, the appropriate ground con-
stants are required to be scaled for proper model measurements. The dry
ground constants in the HF range depend on the frequency of operation. For
example (Ramsay, et al, 1967) the dry ground constants at two selected fre-
quencies are;

permittivity € = 15

2 M
conductivity o = 15 mv/meter at 2 Mitz,

and
permittivity € = 5

20 MHz .
conductivity o = 1 mv/meter at 20 MHz



It is known from the theory of model measurements (Sinclair, 1948; Ramsay

et al, 1967) that if the relative dielectric constant of the model ground plane is
kept constant at the value corresponding to the full scale frequency, the con-
ductivity o should be multiplied by the scale factor defined as the ratio of the
model frequency to the full scale frequency. With this criterion it is found that
the above ground when modelled will be required to have a large conductivity.
Such a combination of electrical parameters in a material does not exist in
nature. The model ground must therefore be made artificially. One of the
difficulties in the technology of artificial ground fabrication is to produce a
material with a relatively high conductivity while maintaining a preferred

value of the dielectric constant. From this consideration it is preferable to
choose the full scale frequency to be above 10 MHz (Ramsay et al, 1967). For
example if the full scale frequency is 20 MHz and the scale factor is taken to be
100, then the model ground constants are required to be € = 5, o = 100 mU'/ meter
and the loss tangent tané = 0. 018 at the model frequency of 2 GHz. The charac-
teristics of carbonated polyurethane elastometer developed by the Research
Center of the Armstrong Cork Company, Lancaster, Pa., are € = 4. 75 and
tané = 0. 175 at 2 GHz, which represents a close approximation to the required
model dry ground. Limited amount of pattern studies for monopole antennas has
been reported by Ramsay et al (1967) who used the above artificial ground to
simulate the soil conditions in the HF range.

In view of the stated objective of the Contract it appears to be desirable to
make radiation pattern measurements by modelling the actual soil conditions
at HF in the above manner. However, we have not followed this procedure due
to the excessive cost involved in the fabrication of such an artificial ground.

The results of our investigation which are reported in the following sections
will thus pertain to the free space and perfectly conducting ground plane conditions
only. The motivation behind writing this section has been that we are aware of
this potentially important method of artificially simulating the necessary ground
parameters during the model measurement of antenna radiation patterns. If
necessary funds are available it would be preferable to follow this technique
during the measurement.

The scale factor used during our experimental investigation was 333 so
that the model frequency lies in the GHz range. The reason for choosing this
particular scale factor has been the availability of the measuring equipment in
the frequency range 1 - 10 GHz and also that the initial work done on the rudimen-
tary horn was in this frequency range.



2.3 Description of the Test Antenna Models

In this section we describe the various rudimentary horn configurations
that have been studied during the course of the investigation. For the purpose
of identification, these test antenna models are numbered in the sequential order
in which they were conceived. The rudimentary horns to be discussed in the
following sections are given in Table II-1. The functional equations shown in the
table describe the curvatures associated with the radiating elements. The geo-
metrical arrangement and the relevant physical parameters of typical symmetrical
and asymmetrical (with ground plane) rudimentary horn models are shown in
Figs. 2-1 and 2-2 respectively. A photograph containing the three versions of
an actual rudimentary horn model is shown in Fig. 2-3. Note that in Fig. 2-3
the antenna model 3 consists of radiating elements of conducting strips, the
model 3W has the same configuration but its radiating elements are made of
conducting round wires and model 3G is the ground plane version of the model 3.

The dimensions of the various design parameters of all the rudimentary horn
models are given in Tables II-2 and II-3. All of the test models except the one
numbered 3X are fabricated from 1/16"-thick brass strips. It is to be noted that
the models 3, 3X and 3V are symmetrical and the remaining models numbered
4 through 10 are asymmetrical in nature, i.e. they employ ground plane.

It can be seen from Table II-1 that the models shown in the first row (i. e.
3, 3X, 6,7, 8) employ exponential curvature of the radiating elements. The
model 3V is a conventional V-antenna consisting of two linear elements of length
L and inclined at an angle given by corresponding functional equation in Table
I-1. The models 4, 9C and 10C employ radiating elements having exponential
curvature up to a length L; and then being continued linearly up to the rest of
the length Ly . The last model 5A shown in Table II-1 has been fabricated in a
slightly different fashion. The functional equation shown here describes the
variation of the characteristic impedance along the longitudinal direction when
the antenna is viewed as a variable cross section strip transmission line. In
Tables II-1 and II-3 the parameters Z, and Z, pertaining to the model 5A
refer to the impedances of the input and the open ends of the antenna respectively.
The first equation for model 5A in Table II-1 (Walton and Sundberg, 1964) deter-
mines the necessary length L of the antenna when the impedance variation in the
longitudinal direction is specified. The second equation (Dukes, 1958) determines
the height y of the radiating element above the ground plane so that the specified
impedance Zy may be achieved. It should be mentioned here that the necessary
curvature of the radiating strip element to obtain the specified impedance variation
given in Tables II-1 and II-3 has been found to be approximately exponential.
Antenna models having the letter C associated with their identification numbers
(e.g., 7C, 9C, etc) have been fabricated from conducting strips whose width (W)
increase linearly from the corresponding values given in Table II-2 at the input
ends to a value of 2" at the open ends. The reasons for following this procedure
will be explained later.



TABLE II-1: RUDIMENTARY HORN CONFIGURATION

Configuration No. Description
3,3X,6,7,8 y = 10 Blf’ig])]:l——og—d)xﬂog({‘
3V y = % x +d
log Dl—log d1
4, 9C, 10C y =10 [(—-—L—) X + log dJ
1
for 0 <x< I
Dy-D,
y = I X + D1
2
for Ll <x < L2
_ Kx
5A 7 =7 —  (Walton and Sundberg, 1964)
X om L
also

z :f(vy-v) (Dukes, 1958)
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FIG. 2-1: GEOMETRICAL REPRESENTATION OF A SYMMETRICAL
RUDIMENTARY HORN.

Ground Plane

L., /

L

FIG. 2-2: GEOMETRICAL REPRESENTATION OF AN ASYMMETRICAL
RUDIMENTARY HORN.
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TABLE II-2: DIMENSIONAL CHARACTERISTICS OF RUDIMENTARY HORN

MODEILS
Configuration t D d L w

No. (inches) (inches) (inches) (inches) (inches)
3 0. 0625 6. 00 0.025 18 0. 0625
3X 0.625 6. 00 0.025 18 0. 625
3V 0. 0625 6. 00 0. 025 18 0. 625

6 0. 0625 6.00 0. 025 18 0.125

7 0. 0625 6. 00 0. 050 18 0.250

8 0. 0625 6.00 0. 050 24 0.250

TABLE II-3: DIMENSIONAL CHARACTERISTICS OF RUDIMENTARY HORN
CONFIGURATIONS 4, 5, 9C and 10C .

4 t=0. 0625", Dl=0. 073", D2 =3.00", d =0.025", L1= 10",

Ly= 18", w = 0. 625"

5 t=0.0625", w=0.250", L= 18", Z_=50 0, K = 2.92
Zom =215 Q .

9C  t=0.0625", D1=1.260", Dy=6.00", d=0.025", L;=10",
Ly=24", w;= 0.250", Wy=2,00" .

10C  £=0.0625", D,=0.676", Dy=3.00", d=0.025", Ly=10",
Ly=24", w1=0.250", wy= 2.00" .
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It is now appropriate to describe briefly the feeding system used for the
antenna test models during the course of measurement. Each of the symmetri-
cal models employed a double ridged waveguide concept at the input end for
impedance matching purposes (Fig.1-1). The original double ridged waveguide
was designed to have a 50 Q characteristic impedance over the frequency band
of 1 - 10 GHz. The input back cavity in Fig.1-1 forms an integral part of the
feed for these models. The asymmetrical models employed a coaxial transition
section in the feed similar to that used in standard stripline work. For the con-
figuration 5A, an attempt was made to match gradually the stripline impedance
to that of free space over the length of the antenna in a manner similar to that
discussed by Walton and Sundberg (1964).

2.4 VSWR Characteristics

The VSWR characteristics of both symmetrical and asymmetrical con-
figurations of rudimentary horns are discussed in the present section. Because
of the interest of the sponsor, the asymmetrical antennas have been studied in
more detail. The measurements reported here have been carried out over the
frequency band of 1 - 10 GHz.

2.4.1 Symmetrical Configurations

The VSWR characteristics of the rudimentary horn models 3, 3X and 3W
are shown in Figs. 2-4, 2-5 and 2-6 respectively. From Figs.2-4 and 2-5 it
is found that initially at the lower end of the frequency range the VSWR is in
excess of 7 : 1 for antenna 3, and is in excess of 5: 1 for antenna 3X ; however,
over a major portion of the remainder of the frequency band it oscillates with
a value of 3;: 1. The amplitude of these oscillations are found to be less for
the model 3X which is made of thicker strips. It is thus observed that an antenna
with wider radiating elements will have improved VSWR characteristics.
Figure 2-6 shows the VSWR characteristics obtained from antenna 3W, made of
round wires. Compared to the previous two antennas, it has poor VSWR charac-
teristics over the entire band of frequencies.

Figure 2-7 shows the VSWR characteristics of a conventional V-antenna.
This was investigated in order to obtain a comparison between a V-antenna ard
the rudimentary horn. It can be seen from Figs. 2-4, 2-5, 2-6 and 2-7 that com-
pared to the rudimentary horns the V-antenna has considerably inferior VSWR
characteristics.

2.4.2 Asymmetrical Configuration

Each of the configurations considered here consists essentially of a half
rudimentary horn placed above a 36' x 14. 5" conducting ground plane. The
feeding system used during this part of the investigation consisted of a standard
coaxial transition section commonly used in stripline work.

11
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FIG. 2-4: VSWR CHARACTERISTICS OF RUDIMENTARY HORN NO. 3.
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FIG. 2-5: VSWR CHARACTERISTICS OF RUDIMENTARY HORN NO. 3X.
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FIG. 2-6: VSWR CHARACTERISTICS OF RUDIMENTARY HORN NO. 3W.
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FIG. 2-7: VSWR CHARACTERISTICS OF RUDIMENTARY HORN NO. 3V.
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In order to study the effects of the strip width w of the radiating element
on the VSWR characteristics, models 6 and 7 were investigated. The width
w = 0. 125" for model 6 dictated that the parameter d = 0. 025" so that an input
impedance of 502 is obtained at the input end from uniform transmission line
considerations (Dukes, 1958). Under the same criterion with w = 0. 250" for
model 7, the necessary d=0.05" . The observed VSWR characteristics for these
two models are shown in Figs. 2-8 and 2-9. Figure 2-8 exhibits VSWR exceeding
3: 1 at the lower frequencies and shows erratic variations of VSWR below the
level 3:1 at the higher frequencies. Figure 2-9 clearly shows that the effect
of using wider radiating strips produces well-behaved VSWR characteristics
over the major portion of the frequency band; in this particular case the VSWR
exceeds 3:1 at the lowest end of the frequency band but exponentially tapers off
to less than 2: 1 over the rest of the frequency band of interest.

Figure 2-10 shows the VSWR characteristics of model 8 which is similar
to model 7 discussed above but with a longer effective length L. The general
behavior of the VSWR in Fig. 2-10 is found to be similar to that in Fig. 2-9
but in the present case the performance may be considered to be slightly
better. The better VSWR h.racicri-iic 4 of model 8 may be attributed to its
long length .

The set of VSWR characteristics shown in Figs. 2-11to 2-13 have been obtained
from rudimentary horn configurations which are similar to model 7 except that the
widths of their radiating strips are linearly increased from the value w=0.25'"" at the
input ends to larger values at the open ends. The models 7A,7B,7C and 7D considered
here have strip widths atthe open end 6'*,4'",2" and 1" respectively. The motivation of
this has been to ascertain how much the VSWR canbe improved by increasingthe strip
without making the antenna mechanically heavy and unwieldy. After comparing Figs.
2-11to2-13 with Fig.2-9 it is found that the VSWR characteristics canbe considerably
improved by following the above procedure. There appears to be an optimum strip width
at the open end of the antenna which produced best VSWR. Inthe present casethetestan-
tenna model 7Cwith a radiating strip 2'' wide at the open end has the best VSWR behavior.

Figure 2-14 shows the VSWR characteristics of model 4 which employs a
radiating element having a combination of exponential and linear curvature.
As can be seen from 2-14, this configuration has poor VSWR properties.
Figure 2-15 shows the VSWR performance of rudimentary horn model 5A.
Compared to the results shown in Fig. 2-14, the configuration 5A is found to
have a VSWR variation which lies within 3: 1 over most of the frequency band
except near the lower end where the VSWR exceeds the value 3: 1. It should
be mentioned, however, that in the case of the model 5A the maintenance of the
required curvature of the radiating element is quite difficult. This may be
found to be a disadvantage in some practical situations.

16
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FIG. 2-9: VSWR CHARACTERISTICS OF RUDIMENTARY HORN NO. 7.
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As mentioned before all the VSWR results discussed above pertain to cases
where the conducting ground plane size was 36" x 14.5'" . In order to study the
influence of the ground plane size on the VSWR characteristics, a series of
measurements were taken with a specific antenna model for successivly reduced
ground plane. The smallest size ground plane used was 10" x 10" . These re-
sults indicated that within this range of variation of the ground plane size the
overall VSWR characteristics did not change appreciably.

2.4.3 Discussion

In this section we make the following observations on the basis of the VSWR
results reported above:

(i) With a rudimentary horn having L = 18" (symmetrical or asymmetrical)
connected to a 50 2 input line it is possible to maintain a VSWR at a level <3:1
within most of the frequency range between 1 - 10 GHz. Increase of L improved
the performance further.

(ii) By using wider radiating strips or by linearly increasing the widths of
the radiating strips towards the open end of the antenna it is possible to improve
considerably the VSWR characteristics over the entire band of frequencies of
interest.

(iii) With the asymmetrical antennas a reduction of the ground plane size from
36" x 14.5" to 10" x 10" does not change the VSWR characteristics appreciably.
For satisfactory VSWR characteristics the minimum size ground plane used
should be 10" x 10" .

(iv) The VSWR characteristics of rudimentary horns are in general better
than conventional V-antennas of comparable size.

2.5 Impedance Characteristics

Limited amounts of information regarding the impedance variation of rudi-
mentary horn antenna may be obtained from the VSWR results given in the
previous sections. In this section we discuss the impedance properties of the
asymmetrical configuration model 9-5C over the frequency band 1 - 10 GHz.
This particulur model has been chosen for the present investigation because of
the fact that the full scale dimensions of the antenna in the HF range correspond
favorably with commonly used rhombic antennas for long range HF communi-
cation, The test antenna model 9-5C has the following dimensions (Fig. 2-1).

L = 24"

D=5",
The curvature of the radiating element is as given in Table II-1. The width of
the radiating strip is 0.25" at the input end and it increases linearly to a value

of 2'" at the open end of the antenna  For convenience the ground plane size has
been chosen to be 11 1/2" x 24" .
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The measured normalized impedance variation with frequency of the above
rudimentary horn is given in the Smith Chart shown in Fig. 2-16. The reactive
and resistive parts of the impedance of the antenna are shown as functions of
frequency in Figs. 2-17 and 2-18 respectively. It has been found that the average
impedance behavior of the antenna is a function of the particular transition section
used in the feed system. A high frequency antenna used for long range communi-
cation purposes is the TAHA antenna (Tapered Aperture Horn Antenna) (Clark
et al, 1959). The measured impedance variation of the TAHA antenna in the HF
range is shown in Fig. 2-19. This result is included here for the purpose of
comparison with the rudimentary horn results.

2.6 Radiation Characteristics

In this section the results of an experimental investigation of the radiation
patterns of several rudimentary horn antenna configurations are discussed. All
the patterns have been obtained by following the principle of model measurement,
the model frequency being in the range 1 - 10 GHz. Following the usual practice
the test models were used as receiving antennas during the measurement. Other
important radiation characteristics like gain, sidelobe level, etc., have been
obtained from the measured patterns and are also discussed below. As in the
case of VSWR study here also more emphasis has been given to asymmetrical
antennas.

2. 6.1 Symmetrical Configurations

The only symmetrical rudimentary horn antenna to be cmsidered here is the
model 3, as shown in Figs. 2-1 and 2-3, whose design parameters are as given
in Table II-2. The far field radiation patterns of the antenna in the E- and H-
planes are shown in Figs. 2-20(a), (b), (c) for three selected frequencies. The
3 dB beamwidths of the E- and H-plane patterns of the rudimentary horn 3, as
obtained from the measured patterns, are shown in Figs. 2-21(a) and (b) . It
is found from these figures that the pattern is more directive in the H-plane.
From the measured patterns the directive gain of the antenna has been calculated
by using the following expression (Kraus, 1950):

D = 41,253/6pfy |

where 0 and ¢H are the half-power beamwidths in degrees in the E- and H-
planes respectively. The directive gain as a function of frequency for the rudi-
mentary horn 3 is shown in Table II-4 . The actual gain of the antenna has also
been measured by subsitution method and the results are shown in Table II-5.

2.6.2 Asymmetrical Configurations

The first asymmetrical rudimentary horn to be considered is the model 3G
which uses a 36" x 14. 5" ground plane and whose other design parameters are as
given in Table II-2. The measured E- and H-plane patterns as a function of frequency
in the range 1 - 10 GHz are shown in Fig. 2-22
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NO. 9-5C AS A FUNCTION OF FREQUENCY.
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E-Plane

FIG. 2-20a: THE E- and H-PLANE RADIATION PATTERNS OF

RUDIMENTARY HORN NO. 3 AT 1.0 GHz.
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H-Plane

FIG. 2-20b: THE E- and H-PLANE RADIATION PATTERNS OF
RUDIMENTARY HORN NO. 3 AT 4.0 GHz.
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FIG. 2-20c: THE E- and H-PLANE RADIATION PATTERNS OF

RUDIMENTARY HORN NO. 3 AT 8.0 GHz.
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FIG. 2-21a: E-PLANE HALF POWER BEAMWIDTH (63) AS A FUNCTION
OF FREQUENCY FOR RUDIMENTARY HORN NO. 3.
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FIG. 2-21b: H-PLANE HALF POWER BEAMWIDTH (¢3) AS A FUNCTION

OF FREQUENCY FOR RUDIMENTARY HORN NO. 3.
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TABLE II-4: RUDIMENTARY HORN NO. 3 DIRECTIVITY RELATIVE TO
AN ISOTROPIC SOURCE

Frequency (GHz) Directivity (dB)
1.0 9.8
2.0 17.6
3.0 17.2
4.0 16.1
5.0 16.8
6.0 16.5
7.0 17.3
8.0 18.5
9.0 20.1

10.0 19.9

41, 253

Dir = 10 log
03 f
3

, where 05 is from Fig. 2-21(a) and ¢3 from Fig. 2-21(b) .

TABLE II-5: RUDIMENTARY HORN NO.3 GAIN RELATIVE TO AN
ISOTROPIC SOURCE

Frequency (GHz) Gain (dB)
1.2 7.0
2.2 12.3
3.0 10.8
4.0 10. 6
5.0 12.6
6.0 12.5
7.0 14. 4
8.0 14.6
9.0 16. 2

10.0 15.5

36



The patterns shown in Fig. 2-22 are plotted in dB. Although the details of the
patterns are lost, the results given here may be found useful in studying the
general behavior of the patterns as the frequency is varied. Table II-6 gives
the directive gain of the antennas as obtained from the measured patterns shown
in Fig. 2-22. The variations of the E- and H-plane half-power beamwidths as a
function of frequency are shown in Figs. 2-23 and 2-24 respectively.

Because of its potential interest to the sponsor, the effects of the ground
plane size in the E-plane radiation patterns of antenna 3G have been studied in
more detail. Ideally with an infinite ground plane the maximum in the pattern
should be directed in the forward direction along the ground plane, i.e. in the
direction of positive x-axis in Fig. 2-2. However, due to the finiteness of the
gound plane the beam is tilted upward. The E-plane half-power beamwidth and
the beam tilt of the antenna model 3G as functions of frequency and the ground
plane size are shown in Table II-7. The two circular ground planes used have
4" and 15' diameters. In general it can be concluded from a study of Table II-7
that larger ground plane produces narrower beam and lowers the beam tilt.

The E- and H-plane radiation patterns of rudimentary horn model 5A as a
function of frequency are shown in Fig. 2-25. The general behavior of the
pattern is found to be similar to that of model 3G.

It was mentioned in section 2. 4. 2 that two sets of measurements were taken
with antenna models 7 and 7C in order to ascertain the effects of constant and
variable width radiating elements on the VSWR characteristics. Similur mea-
surements have been performed to determine their effects on the radiation
patterns. It has been found that tapering the radiating element width does not
appreciably change the beamwidths of the patterns. However, it effects the front-
to-back ratio of the pattern considerably. To study this effect, the rudimentary
horn model 7 has been investigated more carefully. For this purpose model 7
was modified by linearly increasing the width of the radiation strip towards the
open end. These models are numbered 7A, 7B, 7C and 7D depending on the amount
of such tapering used. All these models have the width of the radiating element
w = 0.250" at the input end and the following widths at the open end:

7A 6"
B 4"
7C 2"
D 1"

The front-to-back ratio in dB as obtained from the measured E-plane patterns of
the above models are shown in Table II-8 which clearly indicates that the back
radiation from the antenna can be considerably reduced by following this technique.
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FIG. 2-24: H-PLANE HALF POWER BEAMWIDTH (¢3) AS A FUNCTION
OF FREQUENCY FOR RUDIMENTARY HORN NO. 3G.



TABLE II-6: RUDIMENTARY HORN NO. 3G DIRECTIVITY RELATIVE
TO AN ISOTROPIC SOURCE

Frequency (GHz) Directivity (dB)
1.0 11.1
2.0 16.9
3.0 18.5
4.0 20.9
5.0 21.3
6.0 21.2
7.0 21. 7
8.0 22.3
9.0 23.3
10.0 24.5
41,253

Dir = 10 log N where 65 is from Fig. 2-23 and ¢3 from Fig. 2-24 .
3r3
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TABLE II-7: E-PLANE HALF-POWER BEAMWIDTH AND BEAM TILT
AS FUNCTIONS OF GROUND PLANE SIZE AND FREQUENCY
FOR ANTENNA No. 3G.

Frequency 3 dB Beamwidth (deg. ) Beam Tilt (deg.)
GHz 4' Ground 15' Ground 4' Ground 15' Ground
Plane Plane Plane Plane

1.3 27 17 25 16
1.5 26 16 18 15
1.7 23 15 18 14
1.9 24 13 18 13
2.0 24 12 16 13
2.2 22 12 17 12
2.3 19 11 16 12
2.5 19 11 17 12
2.7 18 11 17 11
2.8 20 10 16 11
3.0 17 11 16 12
3.5 - 17 - 12
2.0 10 - 14 -
6.0 13 - 13 -
7.0 15 - 13 -
7.5 13 - 12 -
8.0 12 - 11 -
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TABLE II-8: FRONT-TO-BACK RATIO IN THE E-PLANE PATTERNS OF
RUDIMENTARY HORN NO. 7 AS FUNCTIONS OF FREQUENCY
AND ELEMENT WIDTH TAPERING . Values are expressed in dB.

Frequency (GHz) 7 7D 7C 7B TA
1.3 2.5 4.7 6.3 8.8 14
.9 3.0 5.2 7.3 10.4 11
1.7 4.5 5.3 7.7 10.1 10
1.9 9.5 7.5 9.6 - 12
2.0 4.0 6.5 9.1 12.0 12
2.2 3.5 6.8 9.1 17.0 14
2.3 4.5 8.0 11.4 16.4 14
2.5 3.5 6.0 10.1 11.0 9
2.7 6.0 10.4 14.8 19.1 16
2.8 6.0 11.0 13.1 14.8 14
3.0 6.5 12.0 16.4 16.4 20
3.3 - 12.0 18.4 16.4 20
3.5 7.5 - - - -
3.7 - 11.7 18.4 14.8 14
4.0 5.3 10.4 12.0 14.7 18
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TABLE II-9: E-PLANE FIRST AND SECOND SIDELOBE LEVELS IN THE
PATTERNS OF ANTENNAS 9C AND 7C .

Freq.
GHz

B W w NN NN NN~

O 3 W O O - U W N O © 3 O w

9C 7C

1st Sidelobe 2nd Sidelobe 1st Sidelobe 2nd Sidelobe

Ampl, Pos. Ampl. Pos. Ampl. Pos. Ampl. Pos.
(dB) (°) (dB) (°) @s) (%) @B) (%)
3.0 37 5.1 75 5.3 35 8.1 90
4.8 35 5.1 75 6.9 33 5.6 80
7.3 32 3.0 60 7.5 30 4.5 70
7.9 30 2.8 57 7.9 29 5.3 56
9.3 29 2.6 50 8.4 28 5.3 50
12.0 29 2.1 42 9.1 25 5.1 45
11.0 28 3.6 46 7.7 25 4.8 40
13.9 28 2.8 39 6.0 24 2.9 38
13.1 25 2.8 37 5.4 24 4.1 37
12.0 24 2.3 36 5.1 23 5.1 30
7.7 23 3.0 36 4.0 22 4.0 29
6.1 21 3.0 29 2.4 20 3.0 217
4,2 19 3.0 26 1.2 19 3.7 25
3.0 18 3.0 37 1.4 18 4.0 24
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The first and second sidelobe levels in the E-plane patterns of antennas
7C and 9C as obtained from the measured patterns are shown in Table II-9.
Test antenna model 9C consists of a compound structure whose radiating strip
has exponential curvature up to a length of 10" and the rest of the length is
linear. From a study of Table II-9 it may be concluded that the compound
curvature tends to improve the first sidelobe characteristics but deteriorates
slightly the second sidelobe characteristics. Over the frequency band 1.3 - 10
GHz the half-power beamwidths of the E-plane patterns of model 7C have been
found to be slightly larger than those of model 7C. This is attributed to the
larger length of model 9C.

2.6.3 Cross-Polarization Characteristics

Cross-polarization characteristics of the rudimentary horn model 5A have
been investigated over the frequency band 1 - 10 GHz. The design parameters
of the antenna are as shown in Table II-3 and the ground plane used has the
dimensions 4'x 17.5" . Figures 2-26 through 2-28 show the H-plane patterns
and the corresponding cross-polarized radiation patterns of the antenna at three
selected frequencies. It has been found in general that the cross-polarized
response is better than 30 dB down in the forward direction at all frequencies
except at 1 GHz where the cross-polarized response is about 19 dB down. In
other directions the maximum cross-polarized response has been found to be
5 dB down at 1 GHz and better than 10 dB down at other frequencies within the
band.

2.6.4 Discussion

On the basis of the radiation pattern results given above we make the fol-
lowing observations:

() The antenna maintains its main beam shape over the band of frequencies
1 —,fO GHz. The H-plane patterns are sharper than the E-plane patterns.

(ii) The first sidelobe level and the front-to-back ratio in the E-plane patterns
can be improved considerably by linearly increasing the width of the radiating
strip toward the open end of the antenna.

(iii) The cross-polarization response is minimum in the forward direction and
is about 30 dB down. In all other directions the response is higher and is about
10 dB down.

2.7 Measurement of the Antenna Current Distribution

In this section we give the results of an investigation performed to measure
the amplitude distribution of currents on the radiating elements of a few selected
rudimentary horn antennas. The measurements have been carried out by making
use of the facility developed and designed previously at the Radiation Laboratory
for the purpose of measuring the surface field on scattering bodies (Knott et al, 1965;
Knott, 1965). A block diagram of the equipment for amplitude measurements is
shown in Fig. 2-29. Descriptions of the complete experimental arrangement may
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FIG. 2-26: THE H-PLANE RADIATION PATTERN AND THE
FOR ANTENNA NO. 3 AT 1 GHz.
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be found in the report by Knott (1965) and will not be repeated here. With the
help of this facility the amplitude of the current along a radiating element of a
rudimentary horn has been measured at discrete points. The results presented
here pertain to the relative amplitude distribution of currents at discrete points
a distance £ from the input of the antenna and measured along the length of the
radiating element.

Figures 2-30(a) - 2-30(d) show the measured amplitude distribution of current
on the radiating element of the rudimentary horn model 3G for four selected fre-
quencies. Similar results for the test antenna model 7 are shown in Figs. 2-31(a)
and (b) .

The measured current distributions indicate the existence of standing waves.
However, from a study of the amplitudes of the standing waves in Figs. 2-30 and
2-31 it may be seen that the reflected wave existing on the radiating element is
of much lower amplitude than the forward traveling wave. The measurement has
also been carried out with antennas having different length L and it has been
found that for smaller L or towards the lower end of the frequency band (i. e.
near 1 GHz), the standing waves become stronger in amplitude.

2.8 Concluding Remarks

In the present chapter we have discussed the results of elaborate experimental
investigation of the VSWR and the radiation pattern characteristics of rudimentary
horns having various configurations. The most important finding of this investi-
gation is that the antenna appears to be capable of maintaining satisfactory
performance over a wide band of frequencies both with respect to VSWR and radiation
pattern performance. Many configurations of symmetrical and asymmetrical
rudimentary horns have been considered in the above. The choice of a particular
antenna will depend on the specific application for which they are considered. The
antenna appears to be comparable in performance with other antennas commonly
used for HF communication. More will be discussed about this in a later section.
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oI
THEORETICAL ANALYSIS

3.1 Introduction

In the present chapter an attempt is made to analyze theoretically the
radiationfield produced by a rudimentary horn antenna. Only the symmetri-
cal configuration of the antenna has been considered for this purpose. The
theory developed can be easily applied to the corresponding asymmetrical con-
figuration having an infinite ground plane, The analysis for the case with a
finite ground plane is quite difficult and will not be considered at this stage.

The theoretical investigation is carried out in two steps. In the first
step we develop theoretical expressions for the radiation field of an exponen-
tially tapered rudimentary horn when each arm carried a constant amplitude
traveling wave of current. The propagation constant of the traveling wave is
kept arbitrary at this stage of the analysis. The initial part of the analysis is
kept general enough so that it may be applied to antennas having a more
general type of curvature for its radiating elements. The exponential cur-
vature has been considered here because it is believed to be of practical im-
portance and also because it simplifies the analysis a great deal.

In the second step we analyze the propagation characteristics of a variable
cross section strip transmission line and obtain an approximate expression for
the propagation constant of the dominant traveling wave in the antenna.

Finally, the two results are combined to obtain the radiation field of a
rudimentary horn antenna.

3.2 General Expressions for the Radiation Field

The first logical step in the analysis of the radiation field of a rudimentary
horn antenna should be the determination of the current distribution on the
radiating arms of the antenna. At this stage no attempt will be made to solve
such a boundary value problem. In the following sections we derive general ex-
pressions for the radiation field of an exponentially tapered rudimentary horn
carrying an assumed current distribution. It is assumed that the two arms of
the antenna are made of round and perfectly conducting wires and that they are
suitably tapered exponentially. As far as the far field radiation pattern of the
antenna is concerned, the assumption of round wire for the radiating element
is equivalent to that of strip as long as the diameter of the wire and the width
of the strip are both much smaller than a wavelength. Our radiation pattern
analysis is based on this assumption which is partially justified on the basis of
the experimental results discussed in Section 2. 6.
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3.2.1 Method of Analysis

The determination of the far field produced by a given current distribution is
discussed in many antenna textbooks (see, for example, Wolff, 1966). In this

section we quote a few of the basic expressions without giving their derivations.

Let a wire AB carry a current I = 'i\l 1(£) eu")t where £ is measured from
along the wire the 2 ¢ is a unit vector in the direction of the current flow (see

Fig. 3-1). The vector potential A produced at the far field point P(R, 6, f) by
the above current is given by

u  -ikR

— e -—
A= N 1
— ¥ (1

£lo

(R, 6, §)

FIG.3-1: GENERAL COORDINATE SYSTEM FOR AN ARBITRARY
CURRENT ELEMENT.
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where

“o is the permeability of free space,
2
k= Tﬂ is the propagation constant in free space,

elwt is the assumed time dependence,

d -
an N is the radiation vector produced at the far field point P(R,6,0) by the
current flowing in the wire AB and is given by

— A lep?
N :f iz I(l)elkr cosy af | (2)
L

where
(r', 6", ') are the coordinates of a point P' on the wire (Fig. 3-1),

cosy = sinf sind'cos(#-§") +cosbeoso' 3)

f means the integration over the length L of the wire.
L
In general N has rectangular components Ny, Ny and N ,, and it is simpler to ob-

tain the rectangular components of the radiation vector separately. The spherical
components of N can then be obtained by using the following equations:

Np=Ngsinfcosf +Nysinfsinf + Ncosd
Ng=Nx cosfcos@ + Ny cosfsinf-N;sin6 (4)
N¢ = -N_sinf+Ny cos
It can be shown that the far fields produced by the wire AB carrying a current
I(£) are given by

Eg = KNy ()
E¢ =K o N¢ (6)
where _ikR
ike
it 7
K 47R ’ (M

Ny N¢ are the 6 and -components of the radiation vector,

and
Mo 18 the intrinsic impedance of free space.

3.2.2 Determination of the Radiation Vector N

In this section we determine the radiation vector produced by the rudimentary
horn. The geometry and the coordinate system used are shown in Fig. 3-2. It
is assumed that the rudimentary horn lies in the y-z plane (¢'=7r / 2). The wires
AB and CD are assumed to be tapered such that
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Coordinates of point on wire at r',6",§'

Unit vectors in direction of
current flow.

FIG. 3-2: RUDIMENTARY HORN AND COORDINATE SYSTEM USED.

1
y'= ae*” /L for AB .
1
= -aeaZ /L for CD

where a and o are positive constants. The parameter o will be called the
tapering factor and is related to the other physical parameters of the antenna
by the following relation,

a=ln(g). ©)
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Thus the parameters b and a are related to each other by the relation

b=ae?, (10)
Let us assume that the current in the arm AB is of the form

Ty 2D -ifz!

1(2) 1,1 e ) (11)

where [ is the propagation constant in the z-direction. The assumption of this
form of current is questionable and we do not give any justification for it here
except that a non-uniform transmission line (e. g. exponential line) can support
such a current wave under certain conditions. The measured current distributions
on an actual rudimentary horn antenna discussed in Section 2. 7, indicate the
existence of a reflected wave whose amplitude is much smaller than the forward
traveling wave. For the purpose of the present analysis we neglect this reflected
wave. In a later section we shall discuss more about the current distribution I(£)
on the rudimentary horn antenna. Similarly, the current in the wire CD is:

1
1(2) = 1* Ie -ifat (12)
where ’1} is directed as shown in Fig. 3-2.

It can be shown that the rectangular components of the radiation vector pro-
duced by the current in AB are given by the following:

!
. —i(B—kcosG-l—i% 2 ikae ' Csingsing

. aa \
. 1
NyAB o( L)]:) e e dz (13)

ka az'/L s
_ -i(B-kcosf)z' ika sinfsing
NZAB Iof dz' . (14)

Note that both the integrals in (13) and (14) are expressed in terms of z' by
using (8). Similarly, the radiation vector components produced at a point P by
the current in CD are:

1
-i(B-k cosf +i %)z‘ ~ikae"” / Lsin6s1n¢

aa
Ny op ol F) /; e e ', (1)
1
I -i(B-k cosH)z! —ikaeaZ / Lsinesin¢
NZCD: —Ioj(; e e dz' . (186)

The total y-component of the radiation vector produced at P by the rudimentary
horn is obtained by adding (13) and (15) and is given by

L -i(B- kcos6+1— Vz! .
L cos(kaeaZ / Lsin@sin¢) dz'

(17)

Ny=Ny o p™Nyop 2L )f
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Similarly the total z-component of the radiation vector is

L -3 = ] 1
NNz, Ny =21, f ¢ i(P-keos)z sin{kaeaa /Lsinesin¢] dz'. (18)
0

The integrals in (17) and (18) cannot be performed in closed form. However,
assuming

az' /L

kae K1,

the cosine and sine terms in the integrands may be expended into infinite series
and then the integrations can be carried out term by term. The final expressions
for Ny and N, can be shown to be given by the following:

. L. .
a/ze—i(B—kcose)L/z | sm‘(B—kcos@)—ﬂa/Zl .

Ny=210a ae

sB k cosf) = +1a/2}

n sin {(B—k cos0) I—é— +i(2n+1)a/2}

(2n)! , (19)

N i(_l)n (kaea/ 2sint‘)sin;l))2
n:

{ (B-k cosb) %—J +i(2n+1)0‘/2}

oo —i(Bk cose)% sin{(B—k cose)léﬂa/ 2}
N, =i2 LIoe / e - | (ka sinfsing)

{(B-k cose)% +io‘/2} !

n+l 2n%2 | sin{(B—k cosG)]—g+ i(2n+1) &/ 2}

(2nt)

Z;( ) (kasmesmg)

{(B-k cos6) +i(2n+]) %2
(20)

3.2.3 Far Field Expressions

The complete expressions for the far field produced by a rudimentary horn
can be obtained by using Eqs. (4) - (6) along with (19) and (20). Using (4, 5,19 and
20) and after considerable algebraic manipulation it can be shown that the far
electric field component Ey is given by the following;

o"i(B-kcos 6) 2

(03
Eg=Kn 21 Le 5406, 9) , (21)
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where

3,(6.9)= [(a—g-cose—ikasinze)fo(eﬂ ;(-1)‘1(&; cos6-i ka'z—“_iﬂ 9, .
(kblsinesin¢)2n
T e fn(e..l‘ sinf (22)
(04
bi=ae / 2 , 23

sin [(B-k cose)l—z" +162—Y]
[(B—k cosb) -Ié‘ +i g:l
s;n KB-k cosfh) 15 +i(2n+1) g]

£ ()= , (25)
n BB—k cos0) IEJ +i(2n+1) g]

£,(6) = , (24)

and
K is given by Eq. (7).

Similarly, using (4), (6) and (19) it can be shown that the E, component of
the far electric field is given by the following: #

~i(B= L
E¢:Kno 2IOLeoz/z o 1Bk cos6) /2 S¢(9,¢) , (26)
where
® (kblsinesingll)zn ac
34(0.9)= £ (0)+ Z;(-l) o fn(e):] T dosfl . (27)

The quantities Sg(6,#) and S¢(6, @) in (21) and (26) may be identified with the com-
plex far field radiation patterns produced by the antenna. In the two principal
planes of the antenna defined as $=0° (H-plane) and § = 7 /2 (E-plane) the radiation
field expressions simplify considerably. Thus in the E-plane:

%2 -i(B-kcoso)/2
E = KnOZIOLe/ ¢ 1Bk cos6) 5,(6,7/2) , (28)

where
8,06, 7/2)= (% cosf-ika sinZg)f (6) +
(kb. sing) >

00) .9
n, ao . kasin“g 1
+ gu) (T coso-1 =) — o £ (0), (29)
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and E¢ = 0, because S¢(6, 7r/2) = 0 as can be seen from (27).
In the H-plane we obtain:
Eg = 0, because Sy(6,0°) = 0

%2 -i(B-kcoso)'/2

E¢= KT]O ZIoLe S¢(9, 00) (30)
where
(6, 0°) =-ai‘3 £.(6) . (31)

It is found that in the two principal planes there is no cross-polarized field. How-
ever, cross-polarized components of the field will appear in other planes.

3.2.4 Principal Plane Patterns

It can be seen from the previous section that the H-plane far field produced
by the rudimentary horn is given by the simple expression (31). After intro-
ducing (24) into (31) and taking the magnitude of the resulting expression the far
field radiation pattern in the H-plane is obtained in the following form.

1/2
o |07 {(B-keose)g} +sinh? (3)
[s¢(9, f =5 > : (32)

{(B-kcos) 12“} +(3 %

The E-plane radiation pattern can be obtained by taking the magnitude of (29).
As it stands, (29) is rather complicated. In some practical situations the para-
meter kb; <<'1 and under this condition Eq. (29) may be approximated as follows:

Ty~ (3 —ika sin28
86(6,2) ( 3 cos6-ikasin“6)f (6) . (33)

The approximate E-plane radiation pattern is then given by
I 32a2 5 o 4 1/2 sin2 {(B-k cose)-lé‘§+sinh2 g
ISB(O,-)|— ——5-cos 6+(ka)’sin" 6| X 5
L 2
{(B-k cose)I—z“} +($)

1/2

(34)

If necessary fSG(G, 7T/ 2)| may be improved by including more terms in (29).

On the basis of the patterns given by (32) and (34), the back-to-front ratio
p , of the pattern produced by the antenna is given by
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2

sm%&m%+sm 5 (B-R21P+o2

p== (35)
sin”(B-K 3 +sinh 5 (840”1 e
It B = k,
9 sin’k L+sinh2§ 02
Pz - : (36)
ang P e

3. 2.5 Discussion

In the above, theoretical expressions have been developed for the radiation
field produced by a rudimentary horn carrying a traveling wave of current. The
expressions derived above are based on the assumption that the propagation con-
stant of the assumed current wave is known. In the following section the pro-
pagation characteristics of a rudimentary horn structure are analyzed with the
goal of obtaining an expression for 8 .

The assumption of exponential taper for the radiating elements enabled us
to carry out the integrations involved in the radiation field expressions. For
more general type of tapering, the above analysis will still apply but it appears
that numerical techniques must be used to carry out the integrations involved in
this case.

3.3 Propagation Characteristics

In the present section the propagation characteristics of a variable cross
section strip transmission line are analyzed. A rudimentary horn antenna may
be looked upon as a section of such a transmission line and hence the results of
such an analysis can be applied to the former case.

The analysis of the propagation characteristics of such a transmission line
makes use of the work of Schelkunoff (1955) on the conversion of Maxwell's
equations into generalized telegraphist's equations. First of all we obtain the
most general form of the transmission line type of equations for the structure.
In this form the equations take into account the infinitely many possible modes
that can propagate along the line. Then we consider only the principal mode and
obtain an expression for the principal mode propagation constant S .

3. 3.1 Basic Equations

Let us consider a variable cross section strip transmission line as shown in
Fig. 3-3. The line is made of conducting strips of width w and its orientation
and other dimensions are as shown in the figure. In the absence of nonuniformity,
i.e. a(z) =a, , the dominant mode in the line is the TEM having only the field com-
ponents E., Hy . Depending on the separation between the strips it can support
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higher order modes, which can be analyzed by standard methods. The basic
principle involved here is to obtain the transmission line type of equations for
the nonuniform line in terms of the modes existing in the line when it is uniform.
In the following we discuss the transverse magnetic (TM) modes which are of
more direct importance in the present case.

We consider the symmetric modes only , i.e. the modes whose field con-
figurations are symmetric with respect to the plane y 0 z (Fig. 3-3). Since the
line is symmetric, in the present case we can insert a perfectly conducting
plane y 0 z in the middle of the line without disturbing the field configuration.
All the field quantities are assumed to be independent of tye y-coordinate and the
assumed time dependence is elwt | Under these conditions the source-free
Maxwell's equations are:

ok oE

—= jupH (37)

aHy .

= -jwe Ex (38)

E,= ]—wlé a_ai}— : (39)
The boundary conditions are

EZ(O, zZ)Z 0, (40)

Ei(a,2)2 0, (41)

where Ei(a, z) is the component of the electric field tangential to the strip. Since
E,=E,cosy +Egsin vy , (42)

where v (z) is the angle between the axial plane and the plane tangent to the
strip, the second boundary condition given by (41) can be written in the following
manner
E,(a, z)=-E tan v . (43)
The fields Ex, H_ in the present configuration can be expressed in terms of
the modes appropria%’e to the case of the uniform transmission line. Thus we can
write:

Vv (z) Q0 -1
-_O + nrx
EX a El Nn Vn(z)cos - (44)
I (z) @
"o Z -1 nrx
H.y- - + 4 Nn In(Z)COS—a— s (45)
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FIG. 3-3: A VARIABLE CROSS-SECTION STRIP TRANSMISSION LINE.
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where the normalizing constant N, is given by
a oY nmx 1
erl:f f cos2 — dxdy=z aw . (46)
070 2 2

The quantities V,, I, V and I in (44) and (45) may be identified with the mode
voltages and currents of proper mode number. They are defined as follows

a
V,(2)- j(') E,dx , (47)
w p?
10(2)55 Hde s (48)
0
a n
Vi(z)= fo Excos—-zxdx, (49)
w ? nmx
I,(z)= 5 j(; Hycos—a—- dx . (50)

From (43) and (44) we obtain when x=a ,

o)
t -
E,(a, z)=-E, tany= ——?ﬁ Vo(2)- E (—l)nantan 7Vn(Z) : (51)
1

To obtain the telegraphist's equations corresponding to the lowest order
mode quantities V., I, we integrate Eq.(37) with respect to n and make use
of (47) and (48) to obtain the following:

dVO(z) _ juua

dz w

Io(z)+EZ(a, z)—EZ(O, z) . (52)
After using (40) and (51), Eq.(52) may be written as follows:

dVO(z)

dz

) (00)

Similarly, by integrating (38) with respect to x and following a similar pro-
cedure we obtain the following equation:
dI
(2 _ jwew
dz a

V,y(2) . (54)
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Note that in Eq. (53) the effects of higher order modes appear in the expression
through the voltage transfer coefficients. We shall not show the details of ob-
taining the transmission line type of equations for the higher ofder mode quan-
tities Vp(z), I(z). They can be obtained by multiplying (37) and (38) by

-1 mrx
N “cos ——
m a

and integrating over the cross section of the line. Only the final results are
given below:

de(z) [00) v
az _Zmnlm(z) B rg:o Tmnvn(z) (55)
2.2
. mer
me—qu+' (56)
jwuea
Vv m+n_ -1 -1 nra' o mzrx . nwx
Tmn= (-1) N N wtany - sz ncos—asm—a—dxdy
mon N Na“ %"
m n
for m#n, m#0, n#0, (57)
- - w pd 9
VT =N 2wtan'y+NinN 1_mralw x sin mrx dy (58)
mm m m m 2 2 a
2N a %0
m
\Y (-1)™w tan v
= — 59
Tmo Nma (59)

In the above equations the prime above a quantity refers to the derivative with
respect to z. The corresponding equation for Lm(z) is:

dIm(z) [00) IT
= =i - 60
dz ]weVm(z) Z: mnIn(z) ’ (60)
n=o
where
I nra' apW mrx nrx
T =-—a ff X CoS sin —dx dy
mn a2N N 0% a a
m n m#n, m#0, n#0, (61)
. a W
IT =N' 1 n217r221 ff Xsm2m:x dx dy (62)
mmomome 54N 0%
m
Ir <o, (63)
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In the above we have given the telegraphist's equations corresponding to all
the modes of TM type that can exist in a variable cross section strip trans-
mission line.

3. 3.2 Principal Mode Analysis

In this section we discuss the telegraphist's equations for the quantities Vo
I, which we call the principal mode equations. Neglecting the effects of the higher
order modes on the principal mode we obtain the following two fundamental
equations:

ToD  juwa gty y g (64
dz Y a 0

o - LWy (g) (65)
dz a o’

Tt should be noted that in (64) and (65) the quantities a and < are functions of z.
It can be shown now that Vj(z) and I,(z) satisfy the following two equations:

2
d“Vv. (z)
o) 19 g
e ] waro, o
dz
2
d {)(z) o dl (z) 5
dZZ +2 (;) % +Kk Io(z) =0, (67)

where the prime over a signifies differentiation with respect to z and k2 =w2u €=

free space propagation constant.

It is now necessary to assume some functional form for a(z) in order to ob-
tain the solutions of (66) and (67). From the nature of the differential equations
it can be said that only for some specific types of functional form for a(z) they
will have simple solutions. The exponential variation of the cross section of the
line is such a function. For this particular case we assume:

zZ
a(z)= aon7L s (68)

where @ = In (b/ a,) is the tapering coefficient. For such a line (66) and (67)
can be written as follows:

2
d VvV (z)
0 2 a2 _
z2 +[k ‘(—L) :lVO(Z) =0 (69)

d
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dZIO(z) o dI (z) )
5 t27 —— tKI(2)=0 . (70)

dz

Equation (70) has the following solution;
<01 a2 k2>z < o + a k2 > (71)
————— -= = - zZ
L J L2 L \} 2
+I e
02

where the I , and I, are two constants. In a practical case, a/kL <1, thus

(71) can be wrZ‘ten as; 5 5
a . o a a
-= —1k1/1- ’ z - = +ik ’1—— Z
L k2L2 < L k2L2>
4+ _e
02

Io(z) =I0 18

(72)

Equation (72) is the general solution; the forward traveling wave of current in
the strip transmission l_ngu,%dg‘r consideration is:

a o
- -I__. z-ik d 1- l? Z
Io(z)=101e . (73)
Thus the propagation constant in this case is given by:
2
Bl ikfi- & | (74
L K2 L2

3. 4 Radiation Patterns of Rudimentary Horn Antennas

In the present section we apply the results given above to obtain the far field
radiation pattern produced by a rudimentary horn antenna. It is assumed that the
antenna is made of conducting strips (as shown in Fig. 3-3) and having a variable
cross section of the form given by Eq. (68). We also assume that the antenna sup-
ports a traveling wave of current as given by Eq. (72). Thus we obtain here the
radiation field produced by a single traveling wave of current in the antenna
caused by the principal mode of wave only. The results given in this section
are based on the analysis discussed previously.

With reference to Section 3.2 the principal plane radiation patterns of a
rudimentary horn carrying a current of the form I = Ioe‘lﬁZ are given by the
following:

72



346,09 1,0 (75)

S (9 m/2)= (—- cosG—lkasmze)f (6) on
(kb, sinf)

.ka sin20 1
Zl( )" & cos6-1 T2 — 1,0, (1)

where sin BB—k cosB) 3 +H 5:]
£,(0)= T a7 (77
BB—k cosb) 3 +i 5 :]

sin BB—k cosb) -I-é' +i(2nt]) %j
fn(e) ) L . o (78)
[(B—k cos0) o) +1i(2n+) 5 ]

a2
bl—aoe

With the current distribution given by (72), the propagation constant B in the
above equations should be modieifed as follows:

a / o
B = -1-i:+k 1- k2L2 . (80)

Thus, introducing (80) into (77) and (79) we obtain the following:
2 !

smE/ —%—2 -cos0) k—zL]

k"L

f (6) = Y ) (81)
’ [ ;;l-c-z—- -cosf kL]
2
s1n[ "l-kEEZ -cosf )— + mc;]

fn(e) = . (82)
(J1- 2 5 -co0s0) -12{—1'+ina-]

k2L,
The far field radiation pattern of the antenna in the #=0° plane is given by

2
sin l} /1— —az—z —cose)—k§£]
k L

Isge.0 % [0k T . (83)

el

(79)
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The far field radiation pattern in the $=r /2 plane as given by (76) is in the form
of infinite series. We shall give the complete expressions for the zero'th
and first order approximations only. The zero'th order approximation to se(e, T/2)
is obtained by retaining only the first term in (76) and thus we obtain:
T ao kL .
55(6.7/2) % — (cos6-i— sin?6)f,(6) (84)

from which we obtain the following for the zero'th order radiation field:

85(6:7/2)

212

ao

=— (cos26+li sin46)1/2f (6) . (85)
o L 2 0

The first order approximation to Sy(6,7/2) is obtained as:

AV
ao ) ) ao ] kL si 26 (kaSIHO)
89(6, 72) °T (cosf-i ka—L s1n29)f0(6)— 5 (cosf-i— S ) f (6),

a 3 2 1
(86)
where sin[( l—i— —cose)k—L-Ha
k2L2 2 -
f1(9)=———————— -
[( }1- "; -cose)%l"-+ia
K L2 o

The first order approximation to the radiation pattern in the §=r /2 plane is
obtained by taking the magnitude of Eq. (86).

(87)

3.5 Comparison Between Theory and Experiment

The normalized H-plane patterns of a symmetrical rudimentary horn antenna
as optained numerically from Eq. (83) are shown in Figs. 3-4a) — 3-4(c) for
thrre selected frequencies. The corresponding measured pattern of the same
antenna (obtained from Fig. 2-20a) is also superposed on Fig. 3-4(a) for direct
comparison, As can be seen from Fig. 3-4a), the general agreement between
theory and experiment over most of the region of the main beam may be con-
sidered to be fair. Because of the restrictions imposed by the experimental equig)-
ment, the measured pattern shown in Fig. 3-4(a) has been terminated at 6 =+ 95,
Only the main beam of the measured H-plane pattern of the antenna at 8 GHz (obtained
from Fig. 2-20(c)) is shown in Fig. 3-4(c). The agreement between theory and
experiment, as found in Fig. 3-4(c), can again be considered to be fair., The minor
lobe details of the theoretical and experimental patterns of the antenna are given
in Table II-1 so that they can be compared with each other. Table III-1 indicates
that the theory needs to be improved to provide better agreement with experiment,
Considering the nature of approximations made in obtaining the theoretical patterns,
it may be concluded on the basis of the results shown in Fig. 3-4 that the first order
theory can explain fairly well the H-plane patterns of a symmetrical rudimentary
horn antenna.
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TABLE III-1: MINOR LOBE CHARACTERISTICS OF THE H-PLANE PATTERN
OF A SYMMETRICAL RUDIMENTARY HORN AT 8 GHZ.

Position Amplitude in dB

Pattern Detail Theoretical Experimental (avg) Theoretical Experimental (avg)
First Minimum 230 210 -33.0 -23.9
First Sidelobe 0 0

Maximum 28 25 -13.2 -15.3
Second Minimum 340 29° -31.5 -30.0
Second Sidelobe 0 0

Maximum 38 33 -18.0 -17.9

The normalized E-plane patterns of the above symmetrical rudimentary horn
antenna as obtained numerically from Eq. (85) are shown in Figs. 3-5(a) — 3-5(c)
for three selected frequencies. The corresponding measured patterns |obtained from
Figs.: 2-20(a) and 2-20(0)) are also superposed on Figs. 3-5(a) and 3-5(c) for
comparison. The general agreement between theory and experiment in this
case is found to be worse than that shown in Fig. 3-4. This is attributed to
the fact that the theoretical E-plane patterns have been computed from the first
term of the E-plane pattern expression given by Eq. (76). It is anticipated that
by including more terms in the expression during computation, better agreement
with experiment can be obtained. However, this procedure involves more elaborate
computational procedures; we have not done this due to lack of funds and time.

The first order theory used here for puitcrn analysis takes into account only
the principal mode of the TM type that may exist in the antenna structure. It is
conceivable that higher order TM modes as well as modes of TE-type may
exist in the rudimentary horn structure. Theoretical pattern expressions ob-
tained by considering the effects of these modes will certainly improve the agree-
ment between theory and experiment. This conclusion is based on the nature of
the agreement between the first order theory and experiment discussed above.

3. 6 Discussion

In the above we have discussed the theory of radiation fields of a rudimentary
horn antenna. In general, the antenna structure is capable of supporting both
TM and TE modes of propagation. We have discussed only the TM case because
it is believed that this mode is of importance here. However, the effect of TE
mode on the antenna performance should also be investigated. In deriving the
current distribution only the lowest order mode of propagation has been considered.
The effects of higher order TM modes on the propagation constant 3 and the cur-
rent distribution I(z) should be studied in order to improve the theory. This will
involve solving a set of simultaneous ordinary differential equations. The number
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of equations will depend on the number of modes considered. The theoretical
analysis given above should be considered as a first step towards the develop-
ment of a theory for the rudimentary horn antenna. Even with the simplifying
assumptions made, the H-plane pattern expressions given above can explain
the general pattern behavior fairly well. It is felt that further investigation is
necessary to improve the present theory. This can be done as follows:

1) Investigate the effects of higher order TM modes on the propagation
constant 3 and the current distribution I(z). This can be done by using the
general expressions given in Section 3. 3. 1.

2) Study numerically the effects of taking more terms in the E-plane radiation
patterns as given by Eq. (76).

3) Study the effects of the existence of the standing wave of current in the
antenna.

4) Investigate the importance of TE modes in the antenna.

5) If the above procedure fails to yield a dependable theory then a slightly
different approach may be followed. This consists of analyzing the antenna in
curvilinear coordinates. The general method outlined by Schelkunoff (1955)
appears to be applicable to the present problem.

6) The modal analysis given above should be used to determine the input
reflection coefficient or the VSWR of the antenna.
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COMPARISON BETWEEN RUDIMENTARY HORNS AND
OTHER SIMILAR ANTENNAS

4.1 Introduction

It was mentioned in Section 1. 1 that the primary purpose of the present
study has been to investigate the potential application of rudimentary horn
antennas to long range HF communication systems. In the previous chapters
we have given the detailed results obtained from our investigation of various
properties of such antennas. It is appropriate now to make a comparative study
of rudimentary horn and other antennas which are currently in use in the HF
range.

The antennas which are commonly used for long range HF communications
are Log Periodic (TCI, 1968), Rhombic-RD-4 (Clark et al, 1959) and the Tapered
Aperture Horn Antenna, TAHA (Clark et al, 1959). The detailed description of
mechanical and electrical characteristics of these antenna may be found in the
references cited. The performance of these three antennas are compared below
with two rudimentary horn models 9-5C and 7-5C whose dimensions are as
given in Table II-2. These two specific rudimentary horns are chosen because
they have comparable mechanical dimensions with those of Rhombic RD-4 and
antenna at the full scale high frequency range.

4.2 Comparative Discussion

The important design parameters and the various parameters indicative of
the electrical performance of all these antennas are grouped together and shown
in Table IV-1 for direct comparison.

Thedirective gain of the rhombic antenna has been obtained from the published
literature (Jasik, 1961; Harper, 1941; Christensen, 1947; Brueckmann, 1957). The data
for the L-P antenna are obtained from the information published by the manufacturer of
the L-P antenna for use in the frequency range 3 -30 GHz (TCI, I'n.,). The data
for the TAHA have been obtained from the TAHA report (Clark et al, 1959).

The rudimentary horn data have been obtained from our investigation reported
in earlier chapters.

The directive gain of Rhombic RD-4 and the rudimentary horn 9-5C as a
function of frequency are shown in Fig. 4-1. It is found from Fig. 4-1 that the
Rhombic RD-4 has slightly higher gain than the rudimentary horn over the entire
band of frequencies of interest. An important parameter of interest for HF
communication purposes is the beam tilt which is defined as the angle above the
horizon at which the maximum of the main beam occurs. The beam tilt angle as

83



a function of frequency is shown in Fig. 4-2, for the two antennas. It can be seen
from Fig. 4-2 that the rudimentary horn produces lower beam tilt toward the
lower end of the frequency band. In some cases this may be found to be an ad-
vantage.

From the results given above it may be concluded that the rudimentary horn
antenna is competitive with three other commonly used HF antennas in all res-
pects. An added advantage of the rudimentary horn may be its simplicity of
mechanical design.
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POSSIBLE APPLICATIONS

5.1 Introduction

From the results given in the previous chapters it appears that the rudi-
mentary horn antenna may be considered to be a broadband antenna having
satisfactory VSWR and radiation pattern characteristics over at least 1:5 band
of frequencies; with less stringent requirements the bandwidth may be con-
sidered to be 1:10. The antenna is linearly polarized; its cross-polarization
response in the direction of the main beam maximum is better than 30 dB
down. It is directional in both the principal planes but the gain in the H-plane
is slightly higher. With these characteristics in mind, the following section
presents some of the areas where the rudimentary horn antenna may be found
useful.

5.2 DPossible Applications

Usually rhombic antennas are used in long range point-to-point communi-
cation in the HF range. These antennas are horizontally polarized. From the
results given in Chapter IV it is found that the Rhombic RD-4 and the rudimentary
horns are comparable in mechanical dimensions as well as in electrical per-
formance. Because of its simple mechanical properties the rudimentary horn
can be easily used as a vertically polarized antenna. Thus it appears that a
rudimentary horn is quite compatible with the Rhombic RD-4, and the two an-
tennas could be used as a pair for polarization diversity type of reception in
tactical long range point-to-point communication.

Both symmetrical and asymmetrical rudimentary horns can be used singly
for HF communication purposes. Their performance has been found to be
ompetetive with others.

Although the primary purpose of our investigation has been to determine
the potential application of the rudimentary horn to the HF communication system,
it is believed the antenna may find applications in other systems and in other
frequency ranges. We enumerate the following possible uses of the antenna:

i) It may be employed as a broadband feed for reflector type antennas
operating in any range from UHF or EHF. Its simplicity along with physical
shape and size may well be found advantageous.

ii) It can be designed to operate as a single receiving antenna in the VHF
range with good broadband properties.

iii) Because of its physical characteristics and its short H-plane dimensions,
it may be employed to an advantage as an element in a phased array in the HF
region.
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VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Introduction

As outlined in the technical guidelines of the project, '"The main objective
of this investigation is to establish the design criteria for the choice of the
various parameters in order to obtain optimum performance from the antenna
in each of a variety of possible applications. Emphasis shall be placed on the
application as a vertically polarized, ground based receiving antenna in long
range communication circuits at frequencies between 3 and 30 MHz." From the
results reported in the earlier chapters it can be said that the main objective
of the present project has been accomplished. In the following sections, we give
a general discussion of the antenna along with our conclusions and recommendations
for further work to be done.

6.2 General Discussion

Our investigation has shown that the rudimentary horn is an extremely broad
band linearly polarized antenna. The antenna maintains its desirable radiation
pattern and VSWR characteristics over a wide range of frequencies. The
mechanical design of the antenna is quite simple. The symmetrical configura-
tion is more suitable for being used as a vertically polarized antenna. As a
vertically polarized antenna it may provide considerably more directivity than
other antennas such as the log periodic.

Although the exponential tapering of the radiating element has been found
useful, the results of our investigation have shown that it is desirable to employ
a complex curvature for the radiating elements, i.e. one that has an exponential
taper near the feed point and linear taper near the open end. The exponential
taper helps in maintaining a good impedance match. The linear taper has the
advantage of simplicity and it seems to reduce the sidelobe amplitudes in the
elevation patterns. Such a radiating element should be designed so that there is
a smooth transition from the exponential into the linear taper and that the slope
of the linear section is of the order of 200 or less .

It has been found preferable to fabricate the radiating element with con-
ducting strips rather than round wires. The latter seem to produce poor VSWR
performance. The back radiation from the antenna can be considerably reduced
by increasing the width of the radiating strip. The strip can be triangular in
shape such that its width is narrow at the feed point and increases linearly
toward the open end.
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The minimum size of the ground plane necessary for satisfactory impedance
performance of a rudimentary horn should be at least 3X x 3 at the center fre-
quency.

6.3 Design of the Rudimentary Horn Antenna

In this section a short discussion is given regarding the choice of the
important design parameters for the rudimentary horn antenna so that it may
be used effectively in the HF range. The important design parameters are the
length L, the radiating aperture 2b (b in the case of asymmetrical antenna),
the tapering ratio @ and the width w of the radiating strip. In the case of the
asymmetrical configuration another additional parameter is the size of the
ground plane. General considerations guiding the choice of these parameters
are enumerated below:

i) To obtain a directive gain or comparable or better than other commonly
used HF antennas, the length L of the rudimentary should be chosen to be at
least six wavelengths long at the center of the frequency band. The tapering of
the radiating element should be such that b & 2X . The gain is more sensitive
to the parameter b.

ii) For a given combination of L and b various values of the tapering coef-
ficient @ may be used. The value of @ should be kept as small as possible.
The specific value of @ will depend on the input impedance of the feed. It should
be noted that the VSWR performance is more dependent on @ than the pat-
tern main beam,

iii) The width of the radiating strip can be increased from a small value
(w= 1/16) at the input end to a larger value (w NA/ 6 at the center frequency) at
the open end of the antenna. This technique considerably reduces the back
radiation from the antenna.

iv) In the case of asymmetrical configuration the minimum size of the
ground plane should be about 3X x 3\ at the center frequency for satisfactory
VSWR performance.

6.4 Conclusions

On the basis of our investigation we arrive at the conclusion that the rudi-
mentary horn antenna is found to be competitive with commonly used HF an-
tennas in all aspects of electrical performance. It has the added advantage that
it can be used as a horizontally or vertically polarized antenna. It has a simple
geometrical configuration and its mechanical design is quite simple.
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6.5 Recommendations for Further Work

Although we have discussed in detail the characteristics of the rudimentary
horn antenna, we feel that further theoretical and experimental work is neces-
sary before the antenna can be brought into some definite practical use and also
the potentialities of the antenna can be ascertained completely. Therefore, we
recommend that further work be done along the following lines:

1) The first order theory developed for the radiation field should be improved
further by taking into account the higher order modes.

2) Theoretical expressions should be developed for the input reflection coef-
ficient for a rudimentary horn antenna.

3) Optimization of the pattern characteristics should be investigated so that
the proper choice of the design parameters may be made for a desirable per-
formance of the antenna.

4) With regard to the application of the antenna for HF communication, the
pattern characteristics of the antenna should be investigated by modeling the
actual ground constants.

5) Investigate the performance of a full scale rudimentary horn antenna in
the HF range.
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APPENDIX A; RADIATION FIELD OF A VEE ANTENNA

A V-antenna carrying a traveling wave of current may be thought of as a
special case of the rudimentary antenna. It is of some interest to compare the
performance of a traveling wave V-antenna with that of a rudimentary horn.

In the present section we give the complete expressions for the free space
radiation fields produced by such an antenna carrying a single traveling wave
of current. The results given below are not new; they are included here for
the sake of convenience. If necessary the patterns may be computed numeri-
cally from the expressions given below and compared with those of rudimentary
horn antennas with comparable dimensions.

Let the V-antenna be oriented as shown in Fig. A-1 below and let the cur-
rent in each area be

I=Ioe'ik£' (A. 1)

where £' is measured along the arm of the antenna. Let AB=BC={ . The method
of analysis is similar to that used in Section 3. 2.

P(R, 0, )

FIG.A-1: GEOMETRICAL REPRESENTATION OF A
VEE ANTENNA.
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It can be shown that the far field components produced by the antenna are
given by the following expressions:

—i(1- ki T
Bykn ! 1 sinacosp[e (17008 /2 ) | il1-cosy) )] (A-2)
where
N PR Y,
f(¢>=sm[(l "'°S‘“7/2] (A.3)
(I-cos w)k /2
., —-ikR
K = lk:ﬂR (A. 4)
CoS i =cosf cos & +sinf sina sinf (A.5)
cos /' =cosf cos a-sinf sina sinf, (A.6)

EgKn L1 Eina cosfsing {e'm"ws OE[20)
¢"ill-cos Yt 2, ‘/")i _cosasme{e-i(l-cos Wkt (2, ’) -

¢Till-cosykt/2 w,)}] | A7)

Thus in the $=0 plane we have:

EGEO

E=2Kn 1 e
) M 0

(A.8)

-i(1-cosf cos )£ /2 x sinoSi2 El-cosecosy)kl/z] (A.9)

(1-cosfcosf) ke /2 -

In the § = 7 /2 plane:
Fg =0 (A. 10)
E =Kn 41 [;‘i [I'COS(“'G)] ke/2 sin[fl—cos(a—@)} k!/2]
’ ° 0 {l-cos(a—e)} ke/2

e [__l—cos(aﬂﬂ kt/2 sinl { l-COS(“Jf@)}WﬂJ : (A.11)

{1-cos(a+6)] ke/2

If necessary, the radiation patterns of V-antennas with standing wave distribution
of current can be obtained from standard texts on antennas.
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APPENDIX B: CONTOUR MAP OF THE RADIATION FIELD OF ASYMMETRICAL
RUDIMENTARY HORNS

In this appendix the three-dimensional behavior of the radiation field of two
specific asymmetrical rudimentary horn antennas is discussed. The two
antennas chosen for this investigation are the models 9-5C and 7-5C whose
design parameters are as given in Tables II-1 and II-2. The important design
parameters of these two antenna models are as follows:

9-5C 7-5C
L = 24" L = 18"
D = 5" D = 5"

Both the models employ a 15' diameter conducting ground plane. These two
models have been selected for measurement in the GHz range because their
corresponding physical dimensions at the full scale frequency in the HF range
compare favorably with commonly used HF antennas.

The radiation patterns of the above two antenna models have been measured
in different $-planes at some selected frequencies lying within the range 1 - 10
GHz. These frequencies are then properly scaled to the full scale frequency which
in the present case lies in the HF range. Contour maps of the radiation field
have been prepared from the measured radiation patterns and the results are
shown in Figs. B-1(a-€) and B-2(a-e). The general behavior of the three-
dimensional patterns as a function of frequency can be studied by examining
these contour maps.
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