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(ABSTRACT)

The spherical helical antenna is investigated as a new variation of the
conventional helical antenna. The spherical helix is a wire antenna in a helix shape
that is wound over a spherical surface instead of the standard cylindrical one.
Analysis of this structure requires numerical methods and experimental
measurements because its complex geometry makes it very difficult to develop

analytic expressions for its radiation characteristics.

The wire antenna code ESP, based on the method of moments, is used to
calculate both the gain and phase of the electric-field components, Ey and E, in
the far field for spherical helices having between 3 and 10 turns. Several of these
antennas were also constructed and tested on the Virginia Tech antenna test range.
The numerical analysis and experimental measurements were performed over a
wide range of frequencies corresponding to spherical circumferences of between 0.7

and 2.8 wavelengths.

A literature survey of the conventional helical antenna is presented so that
comparisons can be made with the spherical helix.  The numerical and
experimental results of the spherical helical antenna indicate that its behavior is
markedly different than the cylindrical helix. It is a broad beam elliptically-
polarized radiator, in general, and operates over a relatively wide bandwidth.
Under certain conditions, it is circularly polarized over a major portion of the main
beam for a narrow bandwidth, a result which has potential applications. The
behavior of the spherical helical antenna is not significantly affected by the number

of turns and is discussed in this work for a few representative cases.

Abstract
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1. Introd_uction

One problem that has been of considerable interest to antenna designers is
how to maintain good circular polarization over a wide bandwidth. This is
particularly important in receiving satellite signals which often have wide
bandwidths and polarizations that may change due to Faraday rotation. The
helical antenna has been used for this and other applications because it is circularly
polarized and its radiation characteristics do not significantly vary over a wide

range of frequencies.

The helical antenna or heliz was first proposed by J. D. Kraus in 1946 [1].
Much of the initial analysis and early applications of the helix were undertaken by
Kraus and his students at the Ohio State University during the late forties and
early fifties. In its simplest form the helical antenna is a conductor (tubular or
solid wire) wrapped around a non-conducting cylindrical surface. The cylinder is
not required if the helix can support its own weight. This type of wire antenna is
usually coaxially fed with the center conductor of the cable becom:. g the helix and

the outer conductor becoming a ground plane as shown in Figure 1-1.

Since its conception, researchers have proposed numerous modifications to
the original structure of the simple cylindrical helix in the pursuit of increased
bandwidth and optimization of other parameters. Some of these modifications will
be discussed in Section 2.6. One modified design that has been recently proposed is

a helix that is wound over a spherical surface instead of a cylindrical one [2]. This

1. Introduction 1
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Figure 1-1. The helical antenna over a ground plane fed by a coaxial cable.
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Figure 1-2. The spherical helical antenna over a ground plane fed by a coaxial
cable.
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so-called “spherical helical antenna” is shown in Figure 1-2. It is fed coaxially just
like the standard helix.

Powerful numerical electromagnetics codes using the method of moments
are now available in the public domain for analyzing wire antennas like the helix.
One of these, called ESP or Electromagnetics Surface Patch Code, will be used to
analyze the radiation properties of the spherical helical antenna. The results from
ESP will be compared to actual far-field measurements of the spherical helix made
on the Virginia Tech antenna test range. The use of computer codes such as ESP
has become more prevalent in recent years as personal computers have emerged
with increasing computational ability and greater memory. Numerical methods
have also become necessary as recent work on the helix has been devoted to
precisely optimizing the structure wusing difficult-to-analyze modifications.
Similarly, it is all but impossible to analytically investigate the spherical helix
without making some very constraining approximations or using numerical
methods.

The results of this study indicate that the radiation properties of the
spherical helical antenna are quite different than those of the conventional helical
antenna. The cylindrical helix radiates in a directive circularly-polarized beam
along its axis while the spherical helix radiates in an elliptically-polarized broad
beam along its axis. Both patterns persist over a wide bandwidth but the standard
helix has the added advantage of also having its other radiation characteristics
(polarization, input impedance, etc.) essentially constant over a wide bandwidth.
There are a few narrowband circumstances, however, where the spherical helix
exhibits circular polarization over a major portion of the main beam, a result which
does not occur for the cylindrical helix and has potential applications. Another
advantage the spherical helix has over the cylindrical helix is that it is
mechanically a much smaller antenna. Considering these differences, the spherical
helical antenna is not presented as an improvement to the cylindrical helical

antenna but rather as a variation with its own special properties.

Chapter 2 gives historical background to the work by presenting some of the
important findings of the extensively-studied helical antenna. It also includes a
comparison of ESP-generated fields to those of an actual helix cited in the

literature. This is done to verify the accuracy of ESP. Chapter 3 introduces the

1. Introduction 3



spherical helix by addressing some previous related work on the structure and
rigorously defining its geometry. Chapter 4 presents the results of the numerical
analysis for a variety of different spherical helical antennas. It also highlights
certain cases where the spherical helix is circularly polarized over a major portion
of the main beam. Chapter 5 contains the results of antenna test range
measurements and compares them with those generated by ESP in Chapter 4.
Chapter 6 concludes the work and offers suggestions for further analysis of the
spherical helix. The appendices contain the computer codes used to generate the
different helical geometries as well as the numerically-generated and measured far-

field patterns of a representative spherical helix.

1. Introduction 4



2. The Helical Antenna

The helical antenna is sometimes considered the connecting link between
two canonical antenna types, dipoles and loops [1]. In the limiting cases, the helix
becomes a linear antenna as its diameter approaches zero and a loop as the spacing
between turns approaches zero. As will be seen, elemental dipoles and loops are
used under certain circumstances to model the helix to ease an otherwise very

difficult analysis.

The cylindrical helical antenna has been used in a wide variety of
applications over the last forty years due to its remarkable and unique properties.
One drawback already alluded to, however, is that a rigorous solution to wave
propagation along a helix has yet to be found since the “Helmholtz equation is not
separable in helical coordinates” [3]. For this reason, extensive experimentation,
approximation, and numerical analysis have been performed on the structure in
order to develop analytic expressions that characterize certain aspects of its
behavior (eg., gain, radiation resistance, etc.). The important results of this work

are presented in this chapter.

First we define the geometric parameters that describe the general shape of

the helix. Referring to Figures 2-1 and 2-2, these parameters are:

D = diameter of helix

C = circumference of helix = 7D

2. The Helical Antenna 5
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Figure 2-1. Parameters that define the geometry of the helix [4].

Figure 2-2. Trigonometric relationships between helical dimensions for one
uncoiled turn [4].
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= pitch angle

3 R
I

number of turns

spacing between turns

axial length = ns

length of one turn

total length of conductor = nl

Q-.b‘h-.;;%
Il

= diameter of conductor

The diameter and circumference of the helix refer to the cylinder, real or fictitious,
over which the helix is wrapped. Figure 2-2 shows the trigonometric relationships

between some of the parameters as one of the turns is uncoiled.

2.1 Radiation Modes of the Helix

A long helical coil can operate as a waveguide for the propagation of
electromagnetic waves. Like other types of waveguide the helical coil has many
transmission modes associated with it. When finite helices are used as antennas
these transmission modes give rise to different classes of radiated fields which are

’ The two lowest radiation modes are the most important

called “radiation modes.’
to antenna designers and are known as the “normal mode” and “aezial mode,”
respectively [1]. They are named after the direction in which their radiation is a
maximum. In the normal mode, the radiated fields assume a maximum in
directions normal to the helix axis and in the axial mode, the radiated fields are a
maximum along the axis. The axial mode persists over a wide range of frequencies

and is circularly polarized, making the helix one of the most widely used antennas.

2. The Helical Antenna 7



2.1.1 Normal Mode

The charge distribution for the lowest-order transmission mode of a long
helical coil is shown in Figure 2.1.1-1. This mode dominates when the length of
one turn is very small with respect to wavelength (I« A). If the coil is truncated
to make a helical antenna and the total conductor length is very small with respect
to wavelength (L <« ), the wave reflected at the end of the helix will be very
nearly equal in magnitude to the incident wave. Under this condition, the helix
operates as a resonant antenna and the current can be approximated as having
uniform magnitude and phase along its entire length. The radiated fields will be a
maximum in directions normal to the axis of the helix (§ = 90°) and a minimum
along the axis ( = 0°). In general, the field will vary as sinf. This radiation mode
has been designated the “normal mode” and is shown in Figure 2.1.1-2. The
polarization of this mode is elliptical, in general, but can be made linear and even
circular under certain conditions. The normal-mode helix has a low radiation
efficiency due to its small electrical size and, like most resonant antennas, it
operates over a small bandwidth. Some applications using the normal mode of the

helix include mobile whips and the loop-stick antenna [4].

2.1.2 Axial Mode

The charge distribution for the second-order transmission mode (sometimes
referred to as the first order mode) of a long helical coil is shown in Figure 2.1.2-1.
This mode occurs when the circumference of the helix is on the order of one
wavelength and results in regions of positive and negative charges separated by
about a half turn. When the coil is truncated to make a helical antenna, as shown
in Figure 1-1, it is still electrically large (since I~ 1 A) and is able to maintain an
almost pure traveling wave since reflections from the open end would be very small
(unless the helix is very short, A < % ) [4]. Thus, the current distribution on the
helical antenna behaves like the charge distribution on a helical coil. Its phase

changes by 180° over a half turn but since its direction is also reversed 180° by the

2. The Helical Antenna 8
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Figure 2.1.1-1. Instantaneous charge distribution for the lowest-order
transmission mode on a helix of infinite length [1].

sin 8

Figure 2.1.1-2. Radiation pattern for the normal-mode helix [4].
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Figure 2.1.2-1. Instantaneous charge distribution for the second-order
transmission mode on a helix of infinite length [1].

G
:

Figure 2.1.2-2. Radiation pattern for the axial-mode helix [1].

2. The Helical Antenna
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geometry of the helix, points opposite each other on a turn will be in phase. The
far-fields produced by each point will then constructively interfere with each other
along the axis of the helix. This remarkable occurrence gives rise to a fairly
directive beam of radiation along the axis as shown in Figure 2.1.2-2. The helical
geometry also naturally gives rise to circular polarization on the axis since the
phase of the current changes by 90° over a quarter turn which causes the orthogonal

far-field components to also differ by 90°.

Since the axial-mode helix behaves like a traveling-wave antenna, it is not
surprising that it operates over a wide range of frequencies. Traveling-wave
antennas often operate over such large bandwidths that the ratio of the upper
frequency of operation to the lower can be as large as 2:1. After much
experimentation, researchers seem to agree that the axial mode persists over a

frequency range given roughly by:

Iy<c <t (2.1.2-1)

It has been shown that this frequency range corresponds to a bandwidth ratio of:

p c 4

u _ A _ 3 _ 16 _

= =53 =9- 1.78 (2.1.2-2)
py 1

where f, and f; are the upper and lower frequencies of operation, respectively [4].

At almost 2:1, this bandwidth gives the helix many broadband applications.

As stated above, the helical antenna operating in the axial mode is very
nearly circularly polarized on its axis. The sense of the polarization depends on the
winding of the helix. If the helix is wound in a right- (left-) handed sense, its
polarization will also be right- (left-) hand sensed. Figure 2.1.2-3 shows left- and
right-hand wound helices. Matched pairs of oppositely wound helical antennas are
often used on antenna ranges to determine the polarization sense of test antennas

by comparing their responses [5].

Like all traveling-wave antennas, the input impedance of the axial-mode

helix is almost purely resistive. The impedance associated with a pure traveling

2. The Helical Antenna 11



Figure 2.1.2-3. (a) Left-hand wound helix and (b) right-hand wound helix [4].

2. The Helical Antenna
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wave on a long helical coil acting as a transmission line is equal to the mostly real
characteristic impedance of the coil. The helical antenna supports outward
travelihg waves and behaves in the same manner. Experiments have shown that
the radiation resistance of the axial-mode helix lies between 100 and 150 ohms and
is mostly real. This makes the axial-mode helical antenna a very efficient radiator
since outward traveling waves are almost entirely radiated along the length of the

wire and reflections at the end are small.

2.2 Theoretical Analysis of the Helical Antenna

Analytical expressions that characterize the radiation properties of an
antenna are very useful and should be developed even if approximations are
required to get them. They help in understanding the physics governing the
antenna and also provide insight into how it might be optimized for better
performance. As stated in the introduction, the helical antenna is difficult to
analyze due to its complex geometry and, in fact, no exact solutions that describe
its behavior have ever been developed. The following two sections briefly discuss
how approximate expressions for the far-field patterns of the normal- and axial-

mode helices are formulated.

2.2.1 Normal-Mode Helix

Several approximations are used to generate the far-field radiation patterns
of the normal-mode helix. These approximations are valid provided the dimensions
of the helix are small (L < A). Figure 2.2.1-1 shows the helix and the coordinate
system in which it will be analyzed. E 4 and E, are the two components of the far-

zone electric field. These components and the coordinate system shown in Figure

2. The Helical Antenna 13



Figure 2.2.1-1. Coordinate system for the helix [1].

% 2
(a

) (b)

S~
).
b

Figure 2.2.1-2. (a) Helix modeled by ideal loops and dipoles. (b) Model reduced
to a single loop and dipole [1].

2. The Helical Antenna 14



2.2.1-1 will be used throughout this work.

Since the dimensions of the helix are small with respect to wavelength, each
turn can be modeled as a short dipole and a small loop connected in series as shown
in Figure 2.2.1-2a. The loops have the diameter of the helix, D, and the dipoles
have the length of the spacing between turns, s. This model can be further reduced
to a single loop and dipole, as shown in Figure 2.2.1-2b, since each turn has the

same far-field effect due to the “electrical compactness” of the helix.

With these approximations, the solution for the far-field of the normal-mode
helix is reduced to a simple vector addition of the fields produced by two canonical
antenna types. The far-zone electric field for an ideal dipole is a standard result in

most antenna textbooks and is written as [4]:

— jBr -
Ep = jwuls-t sinf 6 (2.2.1-1)
where I = magnitude of the current
w = angular frequency
g = permeability of free space
B = phase constant (27/)) = w,/pe
€ = permitivity of free space
Similarly for an ideal loop:
E; = 782 7"D2I e B sind ¢ (2.2.1-2)
where 7 = intrinsic impedance of free space = g

%DQ = area of the loop

The total field produced by the normal-mode helix is the vector sum of the field
components in (2.2.1-1) and (2.2.1-2):

E = Ef + E;¢ = Ep, + E (2.2.1-3)

Field components are 90° out of phase (note that j=e¢2 = /%0 in (2.2.1-1)) and

2. The Helical Antenna 15



vary as sinf which gives maximum radiation in directions normal to the helix axis.

This was shown in Figure 2.1.1-2.

The normal-mode helix is elliptically polarized in general but can be made
to be circularly polarized under certain conditions. Axial ratio, AR, is a quantity
that describes the nature of the polarization and is defined as the ratio of the semi-
major and semi-minor axes of the polarization ellipse. Since the two electric field

components are 90" out of phase in the normal mode, the axial ratio becomes:

Ey| _ |Ep dwps A
ar) = 2ol _ |Epl _ i _ 2 (2.2.1-4)

Circular polarization will occur in all directions (except along the axis where the

field is zero) when this ratio is unity or when:

C = 7D = V2s) (2.2.1-5)

2.2.2 Axial-Mode Helix

Approximate expressions for the far-field pattern of the axial-mode helical
antenna are generated by considering the helix to be an array of n (the number of
turns) equally-spaced elements. Each element is a single turn of the helix and can
be modeled as a traveling-wave loop antenna with a one-wavelength circumference.
If each turn is assumed to be uniformly excited the array factor, AF, for the array-

modeled helix is given by:

AF(8) = Kﬁ (2.2.2-1)

)

ol

n sinl

2. The Helical Antenna 16



where ¢ = fscosf + « (2.2.2-2)
K = normalization constant

a = phase shift between elements

which is a standard result for uniformly-excited equally-spaced arrays. (Note: the
a used in (2.2.2-2) is different from the helix pitch angle.) The full far-field pattern

is given by the array factor multiplied with the element pattern.

The phase shift between elements, «, has long been a matter of discussion
due to the complex nature of wave propagation along the helix. Researchers have
proposed many ways of describing its very unique and surprising behavior. A

rather simple discussion is given here.

The axial-mode helix can be assumed to operate as an ordinary endfire array
for which radiation is a maximum along the axis (§ = 0°). The array factor, AF, is
a maximum when ¥ = —2rm where m =0, 1, 2, 3,.... The negative sign is
necessary because the phase of each turn lags the previous turn and since the
circumference of the axial-mode helix is about one wavelength the current wave has
a difference of — 2r (corresponding to m = 1) at each turn. Thus, for the ordinary

endfire case on axis:
Y = =27 = PBscos(0) + a (2.2.2-3)
and hence:
a = —fs —2r (2.2.2-4)
The total pattern of the axial-mode helix, F(6), is found by multiplying the array
factor, AF(6), with the element factor. The element factor is approximately the

pattern produced by a one-wavelength traveling-wave loop, cosf. Thus for the

ordinary endfire case:

F(8) = K cosb Sii(%b—)— (2.2.2-5)
n sinl )
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where ¢ and « are given by (2.2.2-2) and (2.2.2-4), respectively.

The patterns measured from actual helices are considerably more directive
than those predicted by the ordinary endfire condition. As it turns out, the axial-
mode helix remarkably behaves more nearly like a Hansen-Woodyard increased-
directivity endfire array. Under this condition, the interelement phase shift, a, is

delayed by an extra — mn over the ordinary endfire case and becomes:
a= —fs—-2r-Z (2.2.2-6)

The normalization factor, K, for the Hansen-Woodyard case can be found by
solving for the pattern maximum at 6 =0. The total far-field pattern for the

helical antenna operating in the axial mode can finally be written as [4]:

(1
F0) = (- 1n+1 sin(%) cosf —Sln( 2 )

n sin(lé‘—)

where ¢ = Ps(cosf—1) — 2r — % (2.2.2-8)

(2.2.2-7)

which is valid for both components of the far-field, E; and E¢. Amazingly, the
directivity of the axial-mode helix actually exceeds the directivity of a Hansen-
Woodyard endfire array since the element pattern of one turn (approximated as

cosf here) narrows the beam in the axial direction [5].

2.3 Optimization of the Axial-Mode Helix

A range of circumferences was given in Section 2.1.2 over which the helical

antenna operates in the axial mode. In actuality, there are limits on the other
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dimensions as well. These limits are based on numerous experiments and, though

they are not sharply defined, some nominal values are given in Table 2.3-1.

Table 2.3-1.
Limits on Helix Parameter Values for Optimum Axial-Mode Performance.

Parameter Value Range

e circumference %/\ < C < %—)\
e pitch angle 11" < a < 14
e number of turns 2 <n<16

e diameter of wire conductor negligible effect
e diameter of ground plane at least %/\

The limits for the other parameters defined at the beginning of Chapter 2 are not
necessary since the cylindrical helix is uniquely defined by those in Table 2.3-1.

(For example, fixing C and « fixes the spacing between turns, s).

What is remarkable about the axial-mode helix is that its radiation
properties are not critically dependent on its geometry. Thus, there are no precise
construction tolerances, making it one of the most popular antennas among
amateur and professional circles alike. In fact, the helix can even operate in the
axial mode outside the limits of Table 2.3-1, although there may be some
deterioration in its electrical properties (1% turn [6] and 18 pitch-angle helices [3]

have been used successfully).

2.3.1 Helix Dimensions for Optimum Performance

Within the ranges specified above there are certain values for the
parameters at which the helix performance is optimum (i.e., high gain, wide

bandwidth, low axial ratio, etc.). The following sections present the experimental
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results contained in the literature that seek to find these values.

Circumference

Most researchers seem to agree that the optimal circumference for the axial-
mode helical antenna is around 1.1 A\. The solid line in Figure 2.3.1-1 is a plot of
the peak gain (the highest gain achieved over the frequency range of the axial
mode) as the pitch angle is varied. The dashed line shows the circumference of the
helix at peak gain and is plotted against the right vertical axis. (Note: 7:\—D equals
the circumference normalized to free-space wavelengths at the frequencypof peak
gain). The symbols in Figure 2.3.1-1 (circles and triangles) represent actual
measurements and the lines are curve fitted to these points. Peak gain occurs at
about the same circumference, 1.135 A, regardless of the pitch angle. Other results
show that for more turns the optimal circumference goes down (optimal
C,=1.07 ) for n =35 turns 7], see Figure 2.3.1-3). Thus, there is a slight but
complex interdependence between all the helical parameters making exact values

for optimal performance elusive. Nonetheless, a circumference of 1.1 A is a good

estimate for the optimal circumference of the axial-mode helix.

Pitch Angle

It has long been accepted that the optimal pitch angle for the axial mode is
12.5°. The first textbook to address helical antennas [1] and the most recent one [8]
confer on this. Figure 2.3.1-2 is a plot of gain versus frequency for helices with
different pitch angles and fixed wire lengths. The 12.5° pitch-angle helix gives the
highest gain out of the three. Experiments have shown that even lower pitch
angles, such as 11°) produce even higher gain, but do so at the cost of decreased
bandwidth [7].

Number of Turns

Having specified optimal values for the circumference and pitch angle, the
only thing needed to uniquely specify the helix is its length. This can be quantized
by one of three equivalent parameters: the number of turns (n), axial length (A), or
conductor length (L). Figure 2.3.1-3 is a plot of the on-axis or peak gain versus

number of turns for fixed-circumference and fixed pitch-angle helices. It shows
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Figure 2.3.1-1. Peak gain (solid) and circumference at peak gain
fixed length helices versus pitch angle [7]. Symbols
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Figure 2.3.1-2. Measured gain of fixed-length, fixed-circumference helices for

pitch angles of 12.5°, 13.5°, and 14.5° 7).
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Figure 2.3.1-4. Measured gain versus frequency for fixed-circumference, fixed-
pitch-angle helices of different lengths [7].
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that the peak gain increases with the number of turns, which is not surprising since
the directivity of an equally-spaced array increases as more elements are added to
the array. This is another feature of the helix which makes it attractive to antenna
designers; its gain (and/or beamwidth) can be tailored by adjusting the number of
turns. Also shown in Figure 2.3.1-3 is a curve for the normalized circumference at
peak gain versus the number of turns. The optimal circumnference shows a slight
decrease as more turns are added to the helix but for the most part it stays about

1.1 X as discussed above .

Helices with many turns have a few disadvantages that should be mentioned
here. Long helical antennas can be difficult to support; larger diameter tubing or
wire is needed to obtain a self-supporting structure. Also, long helices are
physically too large for many applications. Perhaps the biggest drawback,
however, is that although gain goes up as the number of turns is increased,
bandwidth drops significantly. This is shown in Figure 2.3.1-4 where curves of gain
versus frequency are plotted for helices with 5 to 35 turns. (Data for Figure 2.3.1-3
were taken from these curves). It can be seen that the usable bandwidth decreases
for helices with more turns. For example, the 3 dB bandwidth of the 15-turn helix
in Figure 2.3.1-4 is approximately 260 MHz as compared to 190 MHz for the 35-
turn helix. This can be seen more clearly if the bandwidth, as defined in (2.1.2-2),
is plotted versus number of turns. The result is Figure 2.3.1-5 where the upper and
lower frequencies of operation, f, and f;, are defined as the points where the gain
falls 3 dB below its peak value.

Given these considerations, most helical antennas that have been developed
for actual use have between 6 and 16 turns. In some applications where the
desirable properties of helical antennas and high gain are required, helical arrays

are used [9].

Conductor Diameter

Experiments have shown that the conductor diameter has little effect on the
radiation properties of the axial-mode helical antenna [10]. Conducting tape
wrapped on a cylindrical surface can be used if weight is a consideration or a thick

conductor can be used if the helix must support itself.
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Figure 2.3.1-5. Bandwidth ratio, f,/f;, versus number of turns for the helices of
Figure 2.3.1-4 [7]. Circles are measured values and line is curve
fitted to these points.
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Ground Plane
The effect of the ground plane is practically insignificant for the helix

operating in the axial mode since reflected waves incident upon it are very weak
[4]. Nonetheless, a ground plane that is at least %/\ in diameter at the lowest

frequency is usually recommended.

Certain modifications to the standard circular ground plane have been
explored. Meshed ground planes, as in Figure 2.3.1-6, have been used to eliminate
eddy currents which can be detrimental to the radiation characteristics of the helix.
Another modification which has become quite popular recently is a “cupped”
ground plane, as shown in Figure 2.3.1-7. Researchers claim that this reduces

backlobe radiation and increases directivity, particularly for long helices [5,11].

2.3.2 Expressions for Radiation Characteristics of the Axial-Mode Helix

Approximate expressions for the far-field radiation pattern of the axial-mode
helix were discussed in Section 2.2.2 using array-modeling techniques. In this
section, empirical relations that describe certain radiation characteristics of the

helix are presented.

Gain

During his early work on the helical antenna, Kraus developed the following

empirical relation for its directivity (or gain, G, since its efficiency is nearly unity)

[1]:
G = 15C3ns, (2.3.2-1)

for 12°< a <15, %< C,< 4—, and n>3. The subscripts, A, indicate that the

parameter is normalized to the free-space wavelength.

Many researchers have reported that Kraus’s gain formula is overly

optimistic and that actual helix measurements reveal considerably lower gain.
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Figure 2.3.1-6. 7-turn, 12.5° pitch-angle helix mounted over a meshed ground

plane [1].

|
——

Diameter Vo

~7 -

Figure 2.3.1-7. Helix mounted over a cupped ground plane [5].
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King and Wong [7] developed a more accurate equation for peak gain, G, based on

a much broader experimental data base:

J/a

G, = 83 (zr)_‘z_)),/nw—l (%)0.8 (tan12.5°)T (2.3.2:2)
P P

tana

where A, is the free-space wavelength at peak gain. This equation has become the
standard although some have reported that it may be off by as much as 1 or 2 dB
from actual measurements [12]. The peak gain curves in Figures 2.3.1-1 and 2.3.1-3
were computed using this expression. The nearly exact agreement between
computed and measured values is due to the fact that these measured values were

part of the data base from which equation (2.3.2-2) was derived.

Half-Power Beamwidth

Kraus [1] developed the following equation for the half-power beamwidth,
HPBW:

HPBW = C/\?/%TI\ degrees (2.3.2-3)

for 12°< a < 15, %< C,< %, and n>3. Like his gain equation, this relation

predicts helices to be more directive than they really are. King and Wong [13]
have claimed that the actual half-power beamwidths are between 10 and 20 percent
wider than those predicted by equation (2.3.2-3). They developed the following

empirical relation:

Input Impedance

While operating in the axial mode the terminal impedance of the helical
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antenna is mostly insensitive to changes in frequency. It is also almost purely
resistive as mentioned in Section 2.1.2 which makes it a very efficient radiator.
The following equation is an empirical relation for the radiation resistance which
should be accurate to within =+ 20% [1]:

R = 140 C/\ ohms (2.3.2-5)
for 12°< a < 15° —3<C’ <—1 and n >3
' 4 ATD :

Azxial Ratio

There is a certain degree of asymmetry in a helical antenna due to the way
it is fed and truncated. This causes its polarization to be somewhat elliptical and
not exactly circular as is often desired. Axial ratio was defined in Section 2.2.1 and
is a measure of how well an antenna is circularly polarized. The following equation
for the on-axis axial ratio is not an empirical relation but can be derived from the

Hansen-Woodyard array model of the helical antenna [1]:

2n+1
AR = o (2.3.2-6)
The axial ratio approaches unity (pure circular polarization) as the number of turns
is increased. This has been confirmed experimentally as shown in Figure 2.3.2-1,
which is a plot of axial ratio versus number of turns. Certain modifications to the
standard helix such as tapered ends and feeds can also be used to lower the axial

ratio. These will be discussed in Section 2.5.

Equation (2.3.2-6) has been shown to be inaccurate in many cases [15] but it
still can be useful as a quick and simple estimate of the axial ratio. Figure 2.3.2-2
is a plot of the axial ratio of radiation in the axial direction as frequency 1is
changed. The dashed line is the axial ratio as predicted by (2.3.2-6) (in this case,
n=7and AR = %% = 1.07). The curve shows how well the helix remains circularly
polarized over a wide frequency range. It is emphasized that equation (2.3.2-6) is
only valid along the axis where the helix is closest to an axial ratio of unity. There
has also been considerable amount of work done on characterizing and improving

the axial ratio in off-axis directions [16].

2. The Helical Antenna 28



i
|

Aral Rato

L0 \*—\ t—
] E 10 5 20 25 30 35 40 45 o]
Number Of Turny

|
l
\
g
|
|

Figure 2.3.2-1. Measured on-axis axial ratio versus number of turns [14].

30

2.5+

2.0
©° | Axial mode |
°© of radiation 1
°
a L5k
' 1 L 1 1 1 i L= i1 1
4 5 6 7l B S w0 u 12 L3 14 15

Helix circumference, Cjy

Figure 2.3.2-2. Measured on-axis axial ratio versus circumference normalized to
wavelength (solid) and predicted value from (2.3.2-6) (dashed)

[1]

2. The Helical Antenna 29



Bandwidth

An empirical relation for the bandwidth (as a frequency ratio) of the helical
antenna as defined in (2.1.2-2) has been developed [7]:

4

fu . £.0.91\3y/n )
7= ( _Ci) (2.3.2-7)
GP

where G, is the peak gain and G is the gain at the limits of operating frequencies.
If f, and f; are defined as the points where G is 3 dB down from Gy, i.e. —GG— = 0.5,
(2.3.2-7) then becomes: P

T o o1V 2329

Figure 2.3.1-5 is a plot of this expression through a portion of the data from which
it was derived. The bandwidth of the helical antenna deteriorates drastically from
the frequency ratio of 1.78 (as given by equation (2.1.2-2)) as the number of turns

1s increased.

2.4 ESP Analysis of an Axial-Mode Helix

The ESP moment-method program is used in this section to analyze the
radiation properties of a cylindrical helix operating in the axial mode. The test-
case helix has 6 turns, a pitch angle of 14", and a diameter of 0.2325 meter (C~1 A
at 450 MHz). This antenna was chosen because actual measurements of a helix
with these dimensions are available [1]. The two results are compared in this

section.
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2.4.1 Electromagnetic Surface Patch (ESP) Moment-Method Code

Antennas to be analyzed by ESP must first be modeled as a combination of
straight wire segments and flat plates. ESP then uses the method of moments or,
more specifically, the piecewise sinusoidal Galerkin’s method to approximate the
current distribution on each segment or plate [17]. Once these currents have been
found it is a rather straightforward task to compute the antenna radiation

characteristics (far-field pattern, input impedance, etc.).

Different versions of ESP have been around for about 20 years. The latest,
Version III, has been available since 1987 and was used throughout this work.
Previous investigations showed that ESP produces accurate far-field patterns for
other types of wire antennas [18,19] and should demonstrate its accuracy for the

problem at hand, i.e. comparison with a known helix result.

ESP is well-suited for studying wire antennas with complex geometries such
as the helix. For this work, it was installed on a personal computer to make its
results easily accessible. Even on a PC, ESP is capable of handling antennas
broken into a large number of segments (up to several hundred, depending on the
memory) although it may run considerably slower than if it was on a mainframe.
Initial work on the spherical helix used a recently released moment-method code
called AWAS (Analysis of Wire Antennas and Scatterers) developed by a group at
Syracuse University [20]. This program is very user-friendly and provided a good

starting point but, unfortunately, it can only handle up to 50 segments.

Another benefit of using ESP is that it provides an option of defining the
wire geometry through a subroutine called WGEOM appended to the main
program. This makes it easy to enter data points for many segments of a
mathematically well-defined structure like the helix (the more segments, the better
the approximation to the actual antenna). Clever use of input data to the
subroutine also makes it possible to change the dimensions of an antenna without

having to recompile.

One final reason ESP was chosen to analyze the spherical helix is that its
flat plate feature permits modeling of a finite ground plane. Most moment method

codes, including AWAS, approximate a ground plane as a perfectly conducting
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sheet of infinite dimensions.

2.4.2 Measurements and Numerical Analysis of a 6 turn, 14° Helix

This section discusses how ESP was used to compute the radiation patterns
of a 6-turn, 14° cylindrical helix and compares the results to measured patterns.
The ESP subroutine WGEOM used to compute the data points for the helix is
included in Appendix A. The mathematics for generating these points is rather
simple. The equations of the helix are written in cylindrical coordinates (p, ¢, z) as
(referring to the coordinate system of Figure 2.2.1-1 and the helical dimensions of
Figure 2-1):

=S¢ = (% ta,na)qﬁ (2.4.2-1)

s

p =2 (2.4.2-2)

where ¢ is in radians and s, D, and a are as previously defined. The equivalent
cartesian coordinates (z,y,z) form of the helix equation for use with ESP is given

by the following relations:

r = pcosp = —gcosq& (2.4.2-3)
y = psing = g-sinqﬁ (2.4.2-4)
z = (g tana)¢ (2.4.2-5)

After a number of experimental runs with ESP, it was determined that
accurate patterns are produced for helical geometries modeled with 20 straight wire
segments per turn. Thus, a 6 turn helix will be made up of 120 segments. The
sub-program WGEOM approximates the geometry of the 6 turn, 14° helix as shown
in Figure 2.4.2-1.
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Figure 2.4.2-1. 6-turn, 14" helix modeled with straight wire segments for input
into ESP (120 total segments, 20 per turn). Helix has a
diameter of 0.23 m and is mounted over a square ground plane,
0.8 m on each side. Feeding wire makes angle o with ground
plane.
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The exact feeding arrangement or type of ground plane used for the original
measurements was not specified in the published results [1]. These will not have a
signiﬁéant effect on the pattern calculations however. A square ground plane was
used for simplicity and fast computational time. It is shown in Figure 2.4.2-1. The
ground plane is 0.8 meter on each side, which is well over a half wavelength at the
lowest frequency tested (275 MHz, where A =1.09 m). The ground plane used for
the measurements was probably circular but since its dimensions are greater than a

half wavelength, the square ground plane should not make much of a difference.

The helix is slightly offset from the ground plane so that it can be fed by a
straight wire segment attached to the center conductor of the coaxial input. The
feeding wire is arranged so that it forms an angle a (equal to the pitch angle of the
helix) with its projection on the ground plane as shown in Figure 2.4.2-1. This
type of feeding arrangement has been used on helical antennas in the past to lower

the VSWR [1].

Figure 2.4.2-2a shows the measured field patterns of the 6 turn, 14° helix as
reported by Kraus [1]. Both components, E, and E ¢ are plotted on a linear scale
at each frequency and have been normalized to the same maximum. (Refer to
Figure 2.2.1-1 for how the field components and coordinate system are related.)
The antenna operates in the axial mode over a frequency range from at least 300
MHz to 500 MHz, giving a bandwidth ratio of 1.67.

Figure 2.4.2-2b shows the results from an analysis of this antenna with ESP
for the seven frequencies shown in Figure 2.4.2-2a. Ej and E are plotted as they
were for the measured patterns in part (a). The pattern cuts are taken in the z-z
plane, although it is not exactly clear which plane was used for the original
measurements. It should not matter, however, since the axial-mode pattern of the
helix is essentially symmetrical about the z-axis. The results from ESP compare
remarkably well with the actual measurements. Both show that the helix begins to
operate in the axial mode at 300 MHz or when its circumference is 0.73 A which

also agrees well with the range specified in (2.1.2-1).
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Figure 2.4.2-3 contains plots of the phase difference between E, and E¢
computed using ESP for the upper half-plane (—90°< 6 <90°)* at 350 and 400
MHz. These curves are useful in showing how well an antenna is circularly
polarized. The requirement for circular polarization is that both components must
have equal magnitude and be 90° out of phase. Figure 2.4.2-3 shows that E, and
E, are 90 degrees out of phase for most of the main lobe in the axial mode (curves
at the other frequencies between 300 and 500 MHz, not shown here, are similar to
those in Figure 2.4.2-3). Circular polarization is only achieved on the axis.
Off the axis, the magnitudes of the components are not quite equal and the phase
difference between them departs from 90° which causes the polarization to become
slightly elliptical. The phase difference curves for the patterns in Figure 2.4.2-2
(two of which were shown in Figure 2.4.2-3) show that circular polarization is
maintained over a wide range of frequencies but not over a wide range of angles off
boresight. Modifications to the standard helix can be used to lower the axial ratio

and will be discussed in Section 2.5.

As expected, the far-field pattern reaches peak directivity when the
circumference of the helix approaches 1.1 A. In all of the patterns of Figure
2.4.2-2b, the sidelobe level is generally about — 10 dB (although a linear scale was
used in the figure) which also agrees well with published reports [7]. The half-
power beamwidths are about 50 degrees in both the measured and ESP-generated
plots verifying (2.3.2-5) for HPBW which predicts a value of 48.6°. Incidentally,
(2.3.2-4) which has been criticized for being inaccurate [13] predicts a half-power
beamwidth for this antenna of 37.1°. At 560 MHz (C, =1.35), the helix is no
longer operating in the axial mode. Table 2.4.2-1 summarizes the comparison of
the pattern characteristics computed by ESP, those measured on an antenna range,

and those predicted by the empirical relations of Section 2.3.2.

*See the discussion in Appendix C for a more rigorous definition of the quantities and ranges used
in these figures.
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Figure 2.4.2-3. Phase dxfference between Eg and E computed using ESP at (a)
350 MHz and (b) 400 MHz Por the upper half-plane.
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Table 2.4.2-1.

Comparison of Numerical (ESP), Measured, and Empirically-Calculated
Pattern Characteristics of a 6-turn, 14° helix with a Circumference of 1.1 A.

Pattern Characteristic Numerical (ESP) Measured [1I]  Empirical (eq. #)
e gain 12.3dB - 11.0 dB (2.3.2-2)
e bandwidth ratio ~ 1.70 ~ 1.70 1.79 (2.3.2-8)

e halfpower beamwidth ~ 50° ~ 50° 48.6° (2.3.2-4)

e sidelobe level —12.5dB ~ —10 dB -

This comparison of ESP results to a known helix verifies that ESP can be
used to accurately analyze electrically-long wire antennas. The square ground
plane has also proved to be an effective approximation to a circular one and this
helps to greatly cut down on computational time. (Recall, the measured patterns
of Figure 2.4.2-2a came from a helix which was most likely mounted over a circular
ground plane and compared well with the ESP-generated patterns of Figure
2.4.2-2b for a helix over a square ground plane.) Experience gained on this test run

was very useful in the analysis of the spherical helical antenna.

2.5 Modifications of the Helix

After Kraus’s initial discovery of the remarkable properties of the axial-
mode helix, a euphoria of experimentation with the antenna swept through research
circles. Antenna engineers proposed countless variations on the simple cylindrical

helix over a flat ground plane in order to achieve the following improvements:

e Higher gain
e More bandwidth
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e Lower axial ratio
e Lower sidelobe level

e Lower VSWR at the feed

Exotic variations of the helix have inundated the antenna literature for the last
forty years and are far too numerous to make even a partial list here. Many of
these proposals have proved to be useless but some have stood up to close scrutiny
and have found a variety of applications. Of particular importance are the

following:

Cupped ground planes [5] - higher gain
Tapered feeds and ends [16] - lower axial ratio and VSWR

Helices of different diameters in series [11] - more bandwidth

Parasitic windings [21] - higher gain

With regard to the winding of the helix, Kraus [1] has defined three ways it

can be modified:

1) a constant, s and D variable
2) D constant, a and s variable

3) s constant, o and D variable

Figure 2.5-1 shows some different ways helices in these three classes may be
tapered. The spherical helix, the subject of this work, fits in the final category
shown: a constant spacing, s, with an envelope taper. The envelope taper for the

spherical helix is a sphere as shown in Figure 1-2.
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Figure 2.5-1. Variations of winding and tapering the axial-mode helical antenna
[1]. (a) @ held constant while s and D vary. (b) D held constant
while a and s vary. (c) s held constant while a and D vary.
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2.6 Applications of the Helix

The axial-mode helical antenna has found a wide variety of applications but
has probably been most useful in the area of satellite communications. Fairly high
gain and excellent circular polarization over a wide range of frequencies make it
ideal for transmitting and receiving broadband satellite signals. In mobile satellite
communications (land, sea, and air), low-to-medium gain helices are used because
of their broad beamwidths and low axial ratio. In situations where high gain and
reasonable circular polarization are required, parabolic reflectors with helical feeds

are often used.

Figure 2.6-1 is a picture of the actual antenna used on the fleetsatcom
satellites. Two helical antennas are used; one is the feed for the reflector and the
other operates with its own cupped ground plane. It is interesting to note that, in
both cases, the helices have tapered ends. In fact, most helical antennas built
today, except perhaps in amateur circles, use some sort of modification as discussed

in Section 2.5.

High gain helical arrays are also useful in satellite communications [9].
They provide the ability of tailoring the radiation pattern to a specific contour
while still retaining the desirable properties of the helix. Figure 2.6-2 is a picture
of an S-band phased array used on the Tracking and Data Relay Satellite System
(TDRSS). The helical elements have tapered ends to reduce the axial ratio and
cupped ground planes to minimize mutual coupling. The reference from which this
was taken states that simplicity of construction was one of the reasons helical

elements were chosen [23]. This is a serious concern even for high budget projects.

The spherical helical antenna is also simple to build. Several prototypes
were constructed and tested throughout the course of this work (details are given in
Chapter 5). The performance of this new antenna is discussed in the following

chapters.
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Figure 2.6-1. Antenna system for the Fleetsatcom satellites using helices
operating between 240 and 400 MHz [22].
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Figure 2.6-2.

Phased array using helical antennas for the Tracking and Data
Relay Satellite System (TDRSS) [23].
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3. The Spherical Helical Antenna

The spherical helical antenna is very similar to the conventional helical
antenna except that it is wound over a sphere instead of a cylinder. The sphere is
centered over a coaxial input; the inner conductor becomes the helical winding and

the outer conductor becomes the ground plane. This was shown in Figure 1-2.

The spherical helix is wound such that it maintains a constant spacing s
between turns (see Figure 3.2-1). This was done so that mathematical expressions
that describe the structure could be easily formulated. The spherical helix with a
fixed spacing is also advantageous because it is easy to construct. As stated in
Section 2.5, fixing the spacing and varying the diameter to produce a spherical
envelope forces the pitch angle of the helix to be variable. Chapter 5 gives the

details of the making and testing of these antennas.

With the spherical helix so-defined it is only necessary to specify the
circumference (or diameter) of the spherical envelope and the number of turns (or
spacing) to uniquely describe the structure.  The spherical helices under
consideration in this work have between 3 and 10 turns (the number of turns does
not have to be an integer). With fewer turns, the structure departs from having a
spherical shape and with more turns it becomes too much like a spherical resonant
cavity. In order to accommodate between 3 and 10 turns on a sphere, the pitch
angle (though varying) will be below the lower limit specified in Table 2.3-1 for

optimum axial-mode performance. It is still expected, however, that the spherical
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helix will operate in an axial mode since other researchers have produced axial
radiation with helical dimensions outside those specified in Table 2.3-1 [1, 5, 6].
This investigation addresses whether the spherical helical geometry will provide
any improvement over the radiation characteristics of the helix, specifically
bandwidth and circular polarization. It is also possible that entirely new modes of

operation will emerge.

The spherical helical antenna is even more difficult to analyze than the
helical antenna. It cannot be easily modeled as an array, as was done for the helix,
because the turns have different diameters and could not be assumed to have the
same far-field response. The best available way to study its behavior is to use
numerical techniques. ESP will be used to examine the spherical helix in
Chapter 4.

If the spherical helix operates in an axial mode with a spherical
circumference of 1 A, as might be expected, it will be a very electrically compact

antenna. Its diameter, D, will be:

AQ

D=%=12~ 032 (3-1)
This is a beneficial feature of the spherical helical antenna since physical size is
often an important consideration in antenna design. A helical antenna that has
dimensions for optimal performance and takes up the same space as the spherical
helical antenna would have very few turns. For example, a 12.5° helix with an
axial length, A, of 0.3 A would have:

A A _ 0.3 A

S = Ctana ~ I)tanl2s 1.2 turns (3-2)

n =

Thus, it can be realized that the average pitch angle of the spherical helix must be

fairly low in order to accommodate several turns over an axial length of only 0.3 A.
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3.1 Previous Work Related to the Spherical Helix

An extensive literature survey did not uncover any previous work on the
spherical helix as it is defined in this chapter. This could be due to the fact that it
is very difficult to derive analytic solutions for the antenna even under special
conditions. This section presents some of the research on spherically-shaped

radiators that, to some degree, resemble the spherical helical antenna.

About 30 years ago, research was done on a class of radiators known as
spherical spiral antennas which look very similar to the spherical helical antenna
[24, 25, 26]. Exact mathematical solutions were developed for the far fields of a
spherical boundary with an anisotropically-conducting surface [24]. The sphere is
only conductive along lines that spiral from each pole and is non-conductive
elsewhere. Considering an antenna as an anisotropic boundary-value problem is an

elegant approach to antenna analysis [25].

The geometry and equations that describe the spiral lines are shown in
Figure 3.1-1 for two of the cases examined. The spherical spiral antenna in Figure
3.1-1a looks very similar to the spherical helix. However, the solution to the
anisotropically-conducting surface model requires that there be an infinite number
of spiral turns along the sphere. The spherical helix presented in this work has
only between 3 and 10 turns; most of the spherical surface is nonconducting.
Additionally, the spherical spiral antenna is “excited by fields at a gap around the
equator” [24] whereas the spherical helix is mounted above a ground plane and is

excited by a coaxial input at the pole.

The work on spherical spiral antennas was motivated by the small spherical
shape of satellites in the early 1960’s. These satellites often required isotropic
patterns since their attitudes were not stabilized with respect to the earth [26].
Other mechanical considerations prohibited protruding antennas which excluded
dipole elements. This led to the development of broadband isotropic antennas that
conformed to the surface of the satellite. A picture of such an antenna is shown in
Figure 3.1-2. This satellite was used in the TRANSIT satellite program for taking

measurements of ionospheric refraction.
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Figure 3.1-1. Two previously investigated geometries [24] of spherical spiral
antennas. (a) Geometry looks similar to spherical helix, (b)
geometry is different than spherical helix.
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Figure 3.1-2. Fhf spherical spiral antenna used on the TRANSIT 3B satellite
29|.
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The purpose of experimenting with the spherical helix is to see if any
improvements can be made to the standard cylindrical helix or if any new
noteworthy radiation characteristics can be found. Others have experimented with
different envelopes and tapers for the same reason but, surprisingly, no one has
examined the spherical helix which seems to be a very fundamental geometry. A
notable departure from the cylindrical helix is the conical heliz shown in Figure
3.1-3 which is reported to have increased bandwidth [8, 30]. The half-ellipsoid
helical antenna shown in Figure 3.1-4 is another variation which is reported to have
a wider bandwidth than the standard helical antenna [31]. It is interesting to note
that, in both of these cases, the antennas operate in an axial mode just like the
helix despite having geometries markedly different from the helix. It is expected
that the spherical helix will behave similarly, although broadband operation is not

expected since its varying pitch angle is very low.

3.2 Geometry of the Spherical Helix

The geometry of the spherical helix with equal spacing between turns is
shown in Figure 3.2-1. The sphere, real or fictitious, over which the wire is
wrapped is centered at the origin of cartesian (z,y,z), cylindrical (p,4,z), and
spherical (r,0,¢) coordinate systems. The parameters that describe the geometry

of the spherical helix are similar to those for the cylindrical helix:

= radius of sphere

number of turns
2

= spacing between turns = N

diameter of sphere = 2a = Ns

I

circumference of sphere = 7D

a QOO0 e« 2o
I

= diameter of conductor
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Figure 3.1-3. The conical helical antenna [8].

Figure 3.1-4. The half-ellipsoid helical antenna [31].
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Figure 3.2-1. Geometry and dimensions of the spherical helix.
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The only two parameters required to completely specify the spherical helix are the
radius of the sphere, a, and the number of turns, N. This is due to the condition
imposed on the winding that each turn, though different, must traverse the same
axial distance, namely s or %V_a (which is along the z-axis in Figure 3.2-1). This
condition also makes the mathematical relations describing the helix easy to derive

and, as will be seen later, makes the structure a rather simple one to build.

Expressions for the geometry of the spherical helix will now be derived. By
definition, each spherical turn sweeps out 27 radians of the angle ¢ and displaces
the same distance along the z-axis. Thus, there is a linear relationship between z
and ¢ over the entire length of the spherical helix which sweeps out a total of 20N

radians of the angle ¢. It can be expressed as:
Zz = m¢ + b (32-1)

for 0 < ¢ <2xN. The coordinates (¢, z) of two known points can be used to find m

and b. Referring to Figure 3.2-1, the following points are chosen:

Inserting these into (3.2-1) and solving a simple system of two equations in two

unknowns yields:
2 =s-¢ —a (3.2-2)

for 0<$<2xrN. The parameter s can be removed by replacing it with %a.

Equation (3.2-2) now becomes:

z = a(% - ) (3.2-3)

for 0 < ¢ < 2xN. The linear relationship between 2 and ¢ is shown in Figure 3.2-2.

At this point, the derivation of equations for the spherical helix is simplified

by converting to spherical coordinates (r, 8, ¢). The coordinate transformation of z
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Figure 3.2-2. Linear relationship between z and ¢ coordinate of the spherical
helix.
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into spherical coordinates is given by:
z = rcosd = a cosf (3.2-4)
Finally, the mathematical expressions for the spherical helix can be found by

combining equations (3.2-3) and (3.2-4) and recognizing that the coordinate r is

always equal to the radius of the sphere, a. They are:

r=a (3.2-5)
6 = cos™? (% - 1) (3.2-6)

for 0 <¢ <27N.

The above relations can be extended to also describe spherical helices that
do not completely wrap around the sphere from pole to pole. This type of
structure, called a “truncated spherical heliz,” is specified by the actual number of
turns it has, labeled n, and the total number of turns it would have if completely
wound around the sphere, already labeled N. An example of a truncated spherical
helix with n = 5.5 and N =8 is shown in Figure 3.2-3. Future work may reveal
that this variation improves the radiation characteristics compared to the full
spherical helix since it looks less like a resonant cavity. This will again be proposed
in Section 6.2. Equations (3.2-5) and (3.2-6) can be made to accommodate the
option of truncated spherical helices simply by changing N to n in the range for ¢.
For a full spherical helix, n = N and for a truncated spherical helix n < N.

The antenna geometry must be inputted to ESP in cartesian coordinates. In
addition, it 1s also more convenient to have the base of the sphere at the origin;
this puts the feed point also at the origin. The following three equations, coupled
with (3.2-5) and (3.2-6), provide the necessary spherical-to-cartesian transformation
and also shift the base of the sphere to the origin (simply by adding the radius of

the sphere, a, to the z-component).

z = a sinf cosé (3.2-7)
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Figure 3.2-3. Truncated spherical helical antenna with 5.5 turns out of a
possible 8 (n = 5.5, N = 8).
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y = a sind sing (3.2-8)
z = acosl + a (3.2-9)
The ESP subroutine WGEOM was written to compute the data points for the

spherical helix using (3.2-5) through (3.2-9) and is included and discussed in
Appendix B.
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4. Numerical Analysis of the Spherical
Helical Antenna

The investigation of the spherical helix began with a numerical analysis of
its radlatxon characteristics including pattern, polarization, and input impedance
usmg the moment method code ESP. The scope of this project was to examine
how these characteristics are affected by the spherical circumference and the
number of turns, the two parameters that completely define the spherical helix (see
Chapter 3). Measurements were then made on the Virginia Tech antenna range in
order to confirm the results of the numerical analysis. Details of construction and
pattern measurements are given in Chapter 5. This chapter presents the results of
the numerical analysis of the spherical helical antenna with ESP. The wire
geometry of the spherical helix, as described in Section 3.2, is produced for ESP by
the subroutine WGEOM which is listed in Appendix B.

Many different cases were investigated with ESP over a wide range of
frequencies (by varying the frequency, the circumference of the sphere normalized
to wavelengths was varied). The results for 3, 4, 5, 7, and 10-turn spherical helices
were examined and compared. A few truncated geometries were investigated as
well. In all of the cases, a spherical diameter of 3.7 centimeters was used and,
according to the discussion in Section 3.2, the geometry of the full spherical helix is

completely defined by the number of turns and diameter of the sphere.
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As a starting point to the numerical analysis, it was assumed that the
spherical helix would have some type of axial-mode behavior when its
circumference was on the order of one wavelength as was the case for the
cylindrical helix. The circumference of the sphere used here, 11.6 centimeters
(C = 7D = 3.77), is equal to one wavelength at 2.6 GHz. A final frequency range
of 1.8 GHz to 7.4 GHz (corresponding to normalized circumferences of:
0.67 X < C <285 A) with calculations every 0.4 GHz was chosen for the analysis
because the spherical helix operates in two fairly stable modes over this range.
Table 4-1 summarizes the range of variables for both the numerical and

experimental investigations.

Table 4-1.
Range of Variables for the Investigation of the Spherical Helix.

Parameter Value Range

e number of turns, N 3<N<10

e frequency, f 1.8 GHz < f < 7.4 GHz
e circumference, C 0.67TA<C <285

During the numerical analysis of the spherical helical antenna it was
discovered that the number of turns has relatively little effect on its general
performance; results from a 3-turn and a 10-turn spherical helix are remarkably
similar. The number of turns on a conventional helical antenna has a significant
impact on its behavior; Section 2.3.1 discussed how the helix becomes more
directive as the number of turns is increased. The gain as well as some of the other
characteristics of the spherical helix seem to be almost solely dependent upon the
way the conductor is wrapped around a sphere. For this reason, it is only
necessary to present a single set of standard results for the spherical helical antenna
and, to this end, a 7-turn spherical helix was chosen to be discussed in Section 4.1
since it has roughly the median number of turns of all the spherical helices studied

in this work. Section 4.2 highlights a few special cases where the spherical helix is
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circularly polarized and Section 4.3 compares the spherical helix to a similarly-sized

cylindrical helix.

4.1 A 7-Turn Spherical Helical Antenna

The numerical analysis of a 7-turn spherical helical antenna, like the one
pictured in Figure 1-2, is presented in this section as a representative case for this
new class of antennas. A square ground plane, .1 m on each side, was used and the
straight-wire approximation used 20 segments per turn for a total of 140 segments.

The structure, as “seen” by ESP, is shown in Figure 4.1-1.

The lowest frequency at which measurements are desired is 1.8 GHz where
the circumference of the sphere is about 0.67 A (approximately the lower limit of
axial-mode operation for the cylindrical helix). At 1.8 GHz, a 0.1 meter square
ground plane is 0.6 wavelengths in its smallest linear dimension which should be
adequate for the spherical helix. (Recall, Section 2.3.1 stated that the ground plane
for a helical antenna should be at least %)\ in diameter.) At higher frequencies it is
electrically larger. Results were also generated for 7-turn spherical helices over
ground planes larger than 0.1 m on each side and there was no significant difference
between their radiation characteristics. For this reason and to cut down on the
long computational time required for large ground planes, a 0.1 meter square
ground plane is used for all the spherical helical antennas analyzed by ESP in this

work.

The following four sections present the numerically computed radiation
characteristics of a 7-turn spherical helix: far-field patterns, polarization, gain, and
input impedance. As stated before, the results are nearly the same for all spherical
helices between 3 and 10 turns, and it seems likely that with even more turns its

behavior would not depart greatly from these results.
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Figure 4.1-1. 7-turn spherical helix modeled with straight wire segments for
input into ESP (140 total segments, 20 per turn). It is 3.7
centimeters in diameter and is mounted over a solid square
ground plane, 0.1 m on each side.

4. Numerical Analysis of the Spherical Helical Antenna 60



4.1.1 Far-Field Patterns

Appendix C contains the computed far-field radiation plots for a 7-turn
spherical helix over a frequency range from 1.8 GHz to 7.4 GHz, which corresponds
to normalized circumferences of 0.67 A and 2.85A. In part (a) of each figure, the
gain of both far-field components in the z-z plane is plotted on a dB scale. The
gain, given by G4 and G & is referenced to an isotropic linearly-polarized antenna.
In part (b), the phase difference between the far-field components is plotted for the
upper half-plane and will be discussed in Section 4.1.2.

The far-field patterns in Appendix C show that the spherical helix radiates
in an axial mode over the approximate range of 0.75 A to 2.0 A (Figures C-2
through C-10). Other results, not shown in Appendix C, also indicate that it has a
normal mode like the conventional helix similar to the pattern shown in Figure
2.1.1-2. The normal mode is not pursued further here because it is electrically

small and therefore inefficient. The bandwidth ratio of the axial-mode pattern is:

C

fu _ A _ 2 8 _

P =3 =8 = 267 (4.1.1-1)
py 4

This value can be somewhat deceiving, however, because some of the other
radiation characteristics of the spherical helix, like polarization and input

impedance, vary significantly over this frequency range, as will be seen later.

The lower limit of the axial mode, 0.75 A, is expected since this is also the
lower limit of the axial-mode cylindrical helix as given by (2.1.2-1). The upper
limit, 2.0 A, is higher than that of the standard helix of 1.33 A.

The patterns of both components in the axial mode are nearly equal in
magnitude and have very large beamwidths. The 10 dB beamwidth, which is often
used to characterize parabolic feeds, may be a more appropriate measure of this
antenna’s radiation pattern than the 3 dB beamwidth. The 10 dB beamwidth of
the spherical helix is about 120° for both far-field components. The 3 dB

beamwidths are about 60°. Unlike the conventional helix, the spherical helix does
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not become more directive as the number of turns is increased. Figure 4.1.1-1
shows the far-field patterns for 3 and 10-turn spherical helices with circumferences
of 1.5 . Comparing these two plots and Figure C-6, it is seen that the beamwidth

does not decrease when more turns are added to the sphere.

Figure C-10 shows that as the circumference of the sphere increases to about
2 ) its broad beam pattern develops a null on the axis. This type of pattern is
sometimes called a bifurcated pattern because it has two main lobes that branch off
its axis. Figure C-15 shows that this type of radiation mode, referred to hereafter
as the arial-null mode, is maintained up to a spherical circumference of about 2.8 A.
The behavior of this mode is somewhat similar to the behavior of the third
radiation mode of the cylindrical helix which radiates a far-field pattern as shown
in Figure 4.1.1-2. This helical mode also occurs when the circumference of the
helix is 2 A and like the bifurcated spherical helix pattern, there is a null on-axis
[3].

The axial-null mode of the spherical helix arises due to phase cancellation of
the fields along the axis. Figure 4.1.1-3 shows how this happens. The discussion is
similar to that for the axial mode of the conventional helical antenna presented in
Section 2.1.2. The current distribution is shown for turns that are near the equator
of a spherical helix with a circumference of 2 A\. Halfway around each turn the
phase goes through a complete cycle of 360° but since its direction is reversed 180°
by the geometry of the wire, points opposite each other on a turn will be out of
phase. The far-fields produced by each point will then destructively interfere with
each other along the axis of the spherical helix.

It is worth noting that the on-axis null, as typified by Figure C-10, is much
less sharper than that of the third order cylindrical-helical mode shown in Figure
4.1.1-2. This is due to the fact that the circumference of the individual turns on
the spherical helix varies and gives each turn a slightly different frequency at which
it produces a null on-axis. The varying circumference of each turn also contributes
to the broad beam nature of the axial-mode spherical helix since each turn
approaches a one-wavelength circumference at different frequencies. The spherical
envelope taper also provides a larger bandwidth than the conventional helix. The
bandwidth ratio of the axial-mode pattern of the spherical helix is 2.67 as compared
to 1.78 for the standard helix (see equations (2.1.2-2) and (4.1.1-1)).
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Figure 4.1.1-1. Computed far-field patterns in z-z plane for spherical helices
1.5 X in diameter with (a) 3 turns and (b) 10 turns.
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Figure 4.1.1-2. Fa,r-fiial]d pattern of a cylindrical helix with a circumference of
2.0 X [5].
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Figure 4.1.1-3. Top view of spherical helix with a circumference of 2 A showing
how the current distribution on turns near the equator produces
an on-axis null.
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4.1.2 Polarization

The phase difference between the far-field components is plotted in part (b)
of the figures in Appendix C, like they were in Figure 2.4.2-3 for the standard

helix. It can be written explicitly as:
Phase Dif ference = ZLEy — ZLEy (4.1.2-1)

where ZE, and 4E¢ are the phases of the two electric-field components; they are
computed by ESP. The phase difference between components coupled with their
magnitudes (or gain as plotted in part (a) of the figures) describes the nature of the

antenna’s polarization.

The figures in Appendix C show that the phase difference fluctuates greatly
with the frequency and angle §. It also varies to some degree with the number of
turns, though only a 7-turn case is shown here. In fact, of all the radiation
characteristics of the spherical helix none seem to be more dependent on the

number of turns than the phase difference between far-field components.

In general, the spherical helix is nonuniformly elliptically polarized.
Although the magnitudes of the components are nearly equal over a wide frequency
range, the phase difference between them does not stabilize at any given value.
There are some special cases, however, where the phase difference approaches 90°,

thereby giving rise to circular polarization. These will be discussed in Section 4.2.

The sense of the polarization of the spherical helix is determined the same
way it was for the conventional helix. If it is wound in a right- (left-) handed sense
then its polarization will also be right- (left-) hand sensed. The 7-turn spherical
helix in Appendix C was wound in a right-hand sense by the subroutine WGEOM
(see Appendix B). The phase difference, ZE;— ZE & shows E, to be leading E,
in most cases and by referring to the established coordinate system of Figure

2.2.1-1 it can be seen that the polarization is also right-hand sensed.
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4.1.3 Gain

Appendix C shows the gain of both components, Gy and G & referenced to
an isotropic linearly-polarized antenna as discussed in Section 4.1.1. It is also
useful to find the total gain of the spherical helical antenna with respect to an
isotropic circularly-polarized antenna. This can be achieved with the following

expression [32]:

where G is gain in dB with respect to an isotropic circularly-polarized antenna and
Gy, G 6 18 linear gain of Gy,G é with respect to an isotropic linearly-polarized
antenna as computed by ESP and shown in dB scale in Appendix C.

Figures 4.1.3-1a and 4.1.3-1b plot the gain as computed by (4.1.3-1) for the
data in Figures C-6a and C-10a, respectively. These two cases are typical gain
curves for all spherical helices operating in the axial and axial-null mode. In the
axial mode, the gain is 9.5 dB along the axis (Figure 4.1.3-1a) and in the axial-null
mode, the gain is about 7.3 dB on the main lobe peaks (Figure 4.1.3-1b). The 3 dB
and 10 dB beamwidths for the axial mode are 64° and 111°, respectively. The 3 dB

bearawidth for each main lobe of the axial-null mode is 33".

As stated in Section 4.1.1, the number of turns of the spherical helix has
little effect on the pattern and, hence, little effect on the gain as well. This is
evident from Figure 4.1.1-1 which shows that both linear components of the gain

are no greater with 10 turns than they are with 3 turns.

4.1.4 Input Impedance

The input impedance of the spherical helical antenna is complex, in general,

and can be written as :
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Figure 4.1.3-1. Gain with respect to a circularly-polarized isotropic antenna
computed using ESP in the z-z plane for a 7-turn spherical helix
with a circumference of (a) 1.46 A and (b) 2.0 A.
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Zin = Riﬂ + inn [Oth] (414-1)

One of the many advantages of the conventional helix is that its input impedance
is almost purely real and does not change significantly in the axial mode of
operation. This is due to the fact that the axial-mode helix is a traveling wave
antenna as discussed in Section 2.1.2. Results for the spherical helix indicate that
it is a resonant antenna and its input impedance is complex and varies significantly
with frequency. Figure 4.1.4-1 plots the real and imaginary parts of the input
impedance versus normalized circumference for the 7-turn spherical helix of
Appendix C. The behavior of the input impedance in this figure is typical of all
the spherical helices analyzed in this work. It is mostly reactive when it is
electrically small ( ~ 0.7 }), becomes oscillatory in the axial-mode region (1.0 A -
2.0 )), and levels off at approximately 70 — 750 in the axial-null mode region (2.0 A
-3.0).

4.2 Special Cases of Circular Polarization

As discussed in Section 4.1.2, although the spherical helix is elliptically
polarized, in general, there are some special cases where it is circularly polarized.
Since circular polarization is often a very desirable property in antenna design an

effort was made to find these cases.

4.2.1 Circular Polanization in the Axial-Null Mode

In the axial-null mode, particularly for a spherical circumference of about
2 A, the phase difference between E; and E¢ is close to 90° on the main lobes for

most spherical helices. This gives rise to a circularly-polarized bifurcated pattern
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Figure 4.1.4-1. Input impedance versus normalized circumference computed
using ESP for the 7-turn spherical helix in Appendix C.
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since the magnitudes (or gain) of the components are nearly equal. An example of
this occurrence is the 7-turn spherical helix with a circumference of 2.077 A which is
shown in Figure C-10. Both main lobes remain circularly polarized over a range of
about 30° each, but not over a very wide bandwidth. Figures C-9 and C-11 show
that the phase difference departs from 90° rather quickly as the frequency is
changed. The bandwidth is about 400 MHz for a ping-pong ball sized spherical
helix.

Due to the sensitivity of the phase difference to the number of turns not all
of the spherical helices are close to circular polarization in the axial-null mode.
Another example, however, is the 4-turn spherical helix with a circumference of
2.077 A as shown in Figure 4.2.1-1. The circular polarization does not persist over a

wide bandwidth in this case either.

4.2.2 Circular Polarization in the Axial-Mode

It was much more difficult to find any evidence of circular polarization in
the axial-mode than it was in the axial-null mode because the phase difference
between E, and E¢ fluctuates more unpredictably in the axial mode. Nevertheless,
1t was found that a 10-turn spherical helix with a circumference of 1.25 A operates
in the axial mode and is circularly polarized. Figure 4.2.2-1 shows the gain and
phase difference of E, and E¢ for this special case. What is remarkable and
potentially useful about this pattern is that it remains circularly polarized over a
beamwidth of almost 120°. The conventional helical antenna does not maintain
circular polarization off-axis, a drawback which has motivated researchers to look
for ways of improving it. Tapered ends and feeds have proven somewhat successful
in this regard [16] but no modification to the helix has yet produced circular
polarization over an angle as large as that for this spherical helix. The limitation
with this antenna, however, is the narrow bandwidth in which it operates this way.
Results have shown that it stays circularly polarized only over a bandwidth of

about 50 MHz for a spherical helix the size of a ping pong ball.

Another investigation revealed that a 4-turn spherical helix with a
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Figure 4.2.1-1. Computed far-field pattern in the z-z plane of a 4-turn spherical

helical antenna with a circumference of 2.077 A. (a) Gain of E,
and E¢ with respect to an isotropic linearly-polarized antenna.
(b) Phase difference between Ey and E ;.
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circumference between 0.9 A and 1.6 A is nearly circularly polarized over a
beamwidth slightly larger than 120°. A typical pattern for this case is shown in
Figure 4.2.2-2 where the circumference of the spherical helix is 1.15 A. Although
the polarization is not as purely circular as it is for the 10-turn case due to slightly
different field-component magnitudes, the bandwidth is much larger, about 800
MHz.

4.3 Comparison with a Standard Helix of Similar
Physical Size

After observing the numerical results for the spherical helix it is obvious
that this new antenna has radiation characteristics markedly different than the
standard helix. This is due largely to the fact that a very low and variable pitch
angle must be used in order to wind the helix on a sphere. This requirement has
the advantage of making the spherical helical antenna an electrically-compact
radiator as discussed in Chapter 3. It is much smaller than the conventional helix
that has been so widely used and researched in the past and does not offer any

improvement in the radiation characteristics of the axial mode.

In order to make a fair assessment of the spherical taper, a 5-turn spherical
helix was compared to a 5-turn cylindrical helix of about the same physical size.
The cylindrical helix was forced to occupy about the same physical volume as a
ping pong ball (see introduction to Chapter 4 for the size of the spherical helix):
the diameter was set to 3.7 centimeters and the pitch angle to 3.6° so that its axial
length would also be 3.7 centimeters. The antenna would look something like the
helix in Figure 1-1 except that it would be flattened such that its axial length was
equal to its diameter. The results of this comparison are given in Figures 4.3-1 and
4.3-2 which show axial and axial-null mode patterns for the two antennas. Table
4.3-1 compares the radiation characteristics for the two antennas with normalized

circumferences of 1 A.
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Table 4.3-1.

Comparison of a 5-Turn Spherical Helix and a Compact 5-Turn Cylindrical Helix
with Circumferences of 1 A

Radiation Characteristic Spherical Helix Cylindrical Helix
e E, beamwidth (3 dB, 10 dB) 66.1°, 113.1° 44.3°, 88.8°

° E¢ beamwidth (3 dB, 10 dB) 75.2°, 128.5° 109.6°, 142.7°

e gain 9.3 dB,, 9.4 dB;,

e input impedance 90.8 — 7116.0 156.5 — 794.5

e sidelobe level ~ —21.8dB ~ —19.6 dB

For the cylindrical helix Gy and G é differ by about 10 dB over the whole pattern in
both modes whereas for the spherical helix they are nearly equal. This is an
important difference making the spherical helix worthy of continued investigation
since circular polarization is only achievable when the field components have equal
magnitudes. Its compact size also makes it attractive for applications in which size

is a factor.
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5. Far-Field Measurements of the
Spherical Helical Antenna

Several spherical helical antennas were constructed and tested on the
Virginia Tech antenna range. Far-field measurements were taken over a wide
range of frequencies and for both orthogonal components, Ey and E, for spherical
helices with 4, 5, 7, and 10 turns. The results are presented in this chapter and
compared to those generated numerically by ESP in Chapter 4. Section 5.1 will
briefly describe how the antenna was constructed. Section 5.2 will present the
measurements for the 7-turn spherical helix studied in Section 4.1 and Section 5.3
will focus on the results for the circularly-polarized cases studied in Section 4.2.
Section 5.4 will conclude the chapter with measurements of an experimental

spherical helix mounted in a spherical cavity.

5.1 Antenna Construction

The spherical helices tested in this work were built to conform as closely as

possible to the way they were defined for the numerical analysis in Section 3.2.
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The prototype was a 5-turn spherical helix wrapped around a ping-pong ball, which
has a diameter of 3.7 centimeters. This is an appropriately-sized sphere because its
desired operating range, 1.8 to 7.4 GHz (0.69 A < C < 2.8 )), falls well within the
frequency range of the Virginia Tech Antenna Laboratory, 200 MHz to 28 GHz.
This is why a 3.7 cm diameter spherical helix was used for the numerical analysis

presented in Chapter 4.

Larger or smaller sized spheres could also be used so long as the normalized
circumferences at which measurements are desired correspond to frequencies within
the limits of the antenna range. To operate at higher frequencies, smaller spherical
helices must be built. These were not constructed because it is difficult to wind
wire around anything smaller than a ping-pong ball. Larger spherical helices were
built, however, because they are easier to wind. Styrofoam balls, 10, 7.5 and 6

centimeters in diameter, proved useful for this purpose.

The first step in building a spherical helical antenna is finding two poles on
the sphere, i.e., two directly opposite points on the surface. It is then useful to
draw the equator and several equally-spaced longitudinal lines which make it easy
to find the locations where the wire will pass through. Along the axis of the
sphere, the spacing between turns (s = ]—l\,)r') is equal, as discussed in Section 3.2. A
contour gauge, which is basically a ruler that conforms to any curved surface, can
be used to find the corresponding spacing on the surface of the sphere. The axial
displacement of each turn is marked off on all of the longitudinal lines. Wire is
then wound around the sphere from pole to pole so that each turn is just completed
between adjacentvdemarcations on one of the longitudinal lines. The winding of all

the spherical helical antennas in this work is right-hand sensed.

Superglue was originally used to adhere the wire to the spheres but some
concern arose over its dielectric properties so masking tape, which is even easier to
work with, was used instead. The dielectric constant of the spheres was also an
important consideration. Ping-pong and styrofoam balls are good choices because

they are composed mostly of air.

Finally, each spherical helix is mounted above a ground plane as was shown
in Figure 1-2. It is fed with a coaxial cable, the center conductor being attached to

the wire and the outer being attached to the ground plane. A practical
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construction requirement is to slightly offset the spherical helix from the ground
plane with a small (less than half a centimeter) straight wire segment in order to
make a solid connection between the center conductor and the helix. This should
not, however, have a significant effect on the far-field pattern.

Square and circular ground planes were tested. Both were made large
enough so that they were at least %/\ wide at the lowest measured frequency. No
significant difference was observed between patterns for the two in the upper half
plane. Thus, the shape and size of the ground plane has relatively little effect on

the behavior of the spherical helix as was the case for the conventional helix.

5.2 Measurements of a 7-turn Spherical Helix

The Virginia Tech antenna range was used to make far-field measurements
of a 7-turn spherical helix at the same normalized circumferences as those used in
the numerical analysis of Chapter 4. It is necessary to refer to normalized
circumferences because a 10 cm diameter sphere was used for the actual measured
spherical helix as opposed to the 3.7 cm diameter sphere used for the numerical
calculations. Appendix D contains the measured patterns for the magnitude of
both far-field components, E, and E¢, corresponding to the ESP results in
Appendix C. An attempt was made to take pattern cuts in the z-z plane as for the
numerical results but there was some difficulty in aligning the antenna precisely.
Nonetheless, numerical results show that the far-fields of the spherical helix are
essentially symmetric about the z-axis so this did not pose too great a problem.

The patterns of both components in Appendix D have been normalized to 0 dB.

There is some difficulty in measuring broad beam antennas such as the
spherical helix on the antenna range due to reflections from a variety of metal
surfaces. However, there is general agreement between the experimental results of
Appendix D and the numerical results of Appendix C. At a circumference of
0.846 A, Figure D-2 confirms with Figure C-2 that the spherical helix has begun to
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operate in the axial mode and continues to do so up to a circumference of 2.077 A,
as shown in Figures D-10 and C-10. The experimental results also confirm that the
spherical helical antenna is a broad beam radiator in this region with a 10 dB
beamwidth of almost 120°. Sidelobe and back lobe radiation is generally 20 dB
below the on-axis peak. This is an improvement over the standard helix which has
a sidelobe level of about 10 dB (see Figure 2.4.2-2) and contributes to the relatively
high gain of the spherical helix considering that it is a broad beam antenna. (A
gain of 9.5 dB was computed in Section 4.1.3.)

Beyond 2 A, there is less agreement between the measured and calculated
patterns (Figures C,D-11 through C,D-15). Between 2 A and 3), there is no
observable on-axis null in the measured patterns although they do retain their

general broad beam nature.

As an endnote to this general investigation, the spherical helical antenna
does not appear to be affected by any similarity it may have to a spherical cavity.
Initially, there was some concern that a spherical helix might store energy in the
resonant modes of a spherical cavity but this does not seem to be happening. The
lowest resonant frequency of a spherical cavity is from a Transverse Magnetic (TM)

mode and is given by [33]:

fr = % Hz (5.2-1)

where ¢ = speed of light

C = circumference of the sphere

Setting f, = Xc—, this equation can be rearranged to:
r
C =2744) m (5.2-2)

This is the normalized circumference of a spherical cavity at which the first
resonant mode has appeared. A circumference of 2.744 A occurs somewhere
between those for the pattern measurements of Figures C,D-14 and C,D-15.
Neither the numerically generated nor measured patterns seem to show any effect

of a resonant cavity mode. Such an effect, if present, might be exhibited in the
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input impedance of the spherical helix which was plotted in Figure 4.1.3-1. The
imaginary or reactive part which represents stored power in the near field actually
decreases after 2.7 A. It is likely, however, that a cavity behavior will develop if
the number of turns is increased such that the spacing between them becomes a

small fraction of the wavelength.

5.3 Measurements of Circularly-Polarized Spherical
Helical Antennas

Section 4.2 presented some special cases where spherical helices are
circularly-polarized over a broad beamwidth. While it is not possible to measure
the phases of the far-field components on the antenna range, it is possible to
measure the relative difference between their magnitudes. The magnitudes of E,
and F ¢ must be equal for circular polarization.  This section presents
measurements for the two circularly-polarized (or nearly so) axial-mode spherical

helices in Section 4.2.2.

Figure 5.3-1 shows the measured far-field of a 10-turn spherical helix with a
circumference of 1.25 A. The maximum of the E ¢ Pattern is normalized to 0 dB
and E, is normalized relative to E 4 An effort was made to avoid altering the gain
of the test setup to allow comparison of component magnitudes. The measured
patterns of the two components differ from each other only by about 2 dB and
mimic each other almost exactly in the upper half-plane. Experimental error
(interference, reflections, gain fluctuations, etc.) may have contributed to the
difference between the components which are shown to be equal in the numerical
predictions of Figure 4.2.2-1. Still, this antenna shows some promise as a

narrowband broad beam circularly-polarized antenna.

Figure 5.3-2 shows the measured far-field pattern of a 4-turn spherical helix
with a circumference of 1.154 A\. The numerically-computed patterns for this

antenna were given in Figure 4.2.2-2 which showed it to be nearly circularly
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Figure 5.3-1. Measured far-field pattern of a 10-turn spherical helical antenna
with a circumference of 1.25 A.
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Figure 5.3-2. Measured far-field pattern of a 4-turn spherical helical antenna
with a circumference of 1.154 A.
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polarized over a larger bandwidth than the previous 10-turn case. The measured
results are in good agreement with the numerical calculations and allow some

optimism for achieving circular polarization with the spherical helical antenna.

5.4 Measurements of a Spherical Helix Mounted in a
Spherical Cavity

Cupped ground planes, as shown in Figures 2.3.1-7 and 2.6-1, have been
used to cut down on unwanted modes and improve the gain of the standard helical
antenna. Small elliptically-polarized helices have been used as antennas on high-
speed aircraft mounted in cylindrical cavities flush with the surface of the plane [6].
Spherical helices mounted in spherical cavities may also be useful for this

application since they are also physically compact.

It is very difficult to numerically model a spherical ground plane, even an
approximate one, so the best way to evaluate this structure is through
experimentation. Measurements were taken for a 4-turn spherical helix mounted in
a spherical cavity as shown in Figure 5.4-1. The dimensions of the spherical cup
and the placement of the spherical helix within it was rather arbitrarily chosen.
Figure 5.4-2 compares the far-field patterns of this antenna with one over a flat
ground plane. The results are promising and show that the axial mode of radiation

is preserved with the spherical cavity.
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Figure 5.4-1. 4-turn spherical helix mounted in a spherical cavity.
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Figure 5.4-2. Measured far-field patterns for a 4-turn spherical helical antenna
with a (a) square ground plane and a (b) spherical ground plane
for a circumference of 1.308 A.
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6. Conclusions and Recommendations

for Future Work

The spherical helical antenna was presented as a new variation of the well-
established and widely-used cylindrical helical antenna. The wire antenna code
ESP was used to analyze the structure because its complex geometry makes it
difficult to develop even approximate analytic solutions for its behavior. Also,
several spherical helices were built and tested in the Virginia Tech Antenna
Laboratory. The experimental measurements and numerical predictions have
yielded a general understanding of the spherical helical antenna and have also
revealed certain conditions under which it is circularly polarized over a broad
beamwidth. These results will be summarized in Section 6.1. Section 6.2 will offer

suggestions for future work on the spherical helix.

As a final note, this investigation has been one in hundreds, perhaps
thousands, of proposed modifications to the simple cylindrical helix first
experimented with in 1946. Results from the spherical helix show that it has some
unique properties which could be of interest in some applications. Chapter 2
presented an overview of the intensely-studied helical antenna and highlighted the
remarkable properties that have given it a wide variety of applications: wide
bandwidth, circular polarization, purely-resistive input impedance, etc.. Perhaps
the truest testament to the value of the helical antenna is that it has stood up to 40

years of painstaking scrutiny, optimization, and modification and has remained
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relatively unchanged from its original form. The spherical helix is markedly
different from the cylindrical helix in many ways and is proposed not as an
improvement to the helix but rather as a new wire antenna with its own distinct

properties.

6.1 Summary of the Results

An extensive literature survey has revealed that the spherical helical
antenna is, for the most part, a new antenna that has not been previously
examined. There are some similarities to spherical radiators that have been
studied in the past (Section 3.1) but the spherical helix as carefully defined in

Section 3.2 is a unique structure. The following is a summary of its characteristics.

e The spherical helix is electrically small due to the fact that its axial length is
equal to its diameter. A spherical helix operating at a frequency such that its
circumference is 1 A will have an axial length of 0.3X (A=D = —Wq) A 10-

turn cylindrical helix with a circumference of 1 A and a pitch angle of 12.5
will have an axial length of 2.2 A (A = ns =nCtana). Thus, the spherical
helix has the advantage over the cylindrical helix of being much smaller.
Another result of its shape is that in order to wind several turns around a

sphere the pitch angle must be low. (Section 3.2)

e All spherical helices seem to have the same general behavior (radiation
patterns, polarization, input impedance, etc.) regardless of the number of
turns. Their radiation characteristics are dependent upon the spherical

envelope taper. (Chapter 4)

e The spherical helix has two radiation modes of interest, the so-called “axial”

and “axial-null” modes. (Section 4.1.1)
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6. Conclusions and Recommendations for Future Work

The axial mode operates over the approximate range: 0.75A < C < 2.0\. The
magnitudes of the components, E, and E ¢ are nearly equal, in general, and
have large beamwidths; the 3 dB and 10 dB beamwidths are typically about
60° and 110° respectively. The on-axis gain is about 9 dB and the sidelobe
and back lobe levels are about 20 dB below the peak. Polarization varies
considerably over angle and frequency and is elliptical in general. (Section
4.1)

The axial-null mode operates over the approximate range: 2.0 A < C < 2.8 A,
Eyand E ¢ are equal, in general, and have about a 10 dB null on-axis. The
two main lobes have a maximum gain of about 7 dB and halfpower
beamwidths of about 33°. The polarization is close to circular for C = 2.0 A

and is non-uniformly elliptical in general. (Section 4.1)

The input impedance is complex since the spherical helix behaves more like a
resonant antenna than a travelling-wave antenna and is not affected to any
large degree by the number of turns. It oscillates in the axial mode but

stabilizes at approximately 70 — 550 in the axial-null mode. (Section 4.1.4)

Under certain circumstances, the spherical helix is circularly polarized over a
broad beamwidth but only over a narrow bandwidth. Experimental results

seem to confirm this. (Section 4.2)

Comparison with a comparably-sized cylindrical helix shows that equal
magnitudes for E, and E¢ are possibly unique to the spherical helical
geometry. This gives promise for finding and optimizing cases of circular

polarization. (Section 4.3)
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6.2 Recommendations for Future Work

During the course of this investigation, many choices had to be made as to

which direction the work was going to proceed. Many avenues are yet to be

explored. The following is a list of suggestions and modifications for future study

of the spherical helix that could help to optimize its radiation characteristics.

e Circular Polarization. Circular polarization over a wide beamwidth has been

achieved with the spherical helix but only over a narrow bandwidth. There
may be some configurations in which it is circularly polarized over a wider
bandwidth. It would be helpful to know what mechanism makes the 10-turn
spherical helix circularly polarized for a circumference of almost exactly 1% A
(Section 4.2.2).

Truncated spherical helix. A few of these cases were tried with ESP but no
improvements were made over the full spherical helix. The subroutine
WGEOM in Appendix B is capable of generating these geometries (Section
3.2). Perhaps using many more turns, say 10 to 30, would yield better

results.

Different Winding. The spherical helix as defined in Section 3.2 has a
constant axial spacing between turns. This causes the turns to be somewhat
“bunched up” near the equator and spread apart near the poles. It may be
beneficial to redefine the spherical helix so that it has a constant pitch angle

(low) which would make more use of the spherical surface.

Spherical Cavity Mount. The spherical helix mounted in a spherical cavity
was presented in Section 5.4 as a small elliptically-polarized antenna with
promising applications. Further experimental results are needed to fully
evaluate the usefulness of this structure and determine optimal dimensions

for the spherical cavity.
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Appendix A. Subroutine WGEOM for

Helices

The Fortran source code is presented for the ESP subroutine WGEOM
that was used to produce the geometry of the cylindrical helix as outlined in
Section 2.4.2. The ESP User’s Manual [18] contains a full explanation of how to
define the geometry of a wire antenna with a subroutine and integrate it with the
main program. WGEOM is very useful because it allows the user to change the

parameters of the wire structure without having to recompile the program.

The five READ statements in the subprogram accept the input parameters
for the cylindrical helix. They are:

e NSEGHEL - Number of segments on the helix. This parameter determines

how many straight-wire segments will approximate the helix.

e ZOFFSET - Distance helix is offset from ground plane in meters. This
parameter was used to make the first segment between the coaxial input and
the helix form an angle a (equal to the pitch angle of the helix) with the
ground plane for the helix studied in Section 2.4.2.

e NTURNS - Number of turns of the helix.
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e PITCHANG - Pitch angle, «, of the helix in degrees.
e HELRAD - Radius of the helix in meters.

As an example, the input file for the computation of the 6-turn, 14" helical
geometry of Section 2.4.2 and shown in Figure 2.4.2-1 is given below. This data
can be included at the end of the input for the READ statements in ESP (carefully
outlined in [18]).

120
0.029
6.
14.
0.11625

The subroutine, WGEOM, for the cylindrical helix is listed below.

C*******************************************************************

Cx

Cx SUBROUTINE WGEOM - Cylindrical Helix

Cx

Cx Computes the wire geometry for a cylindrical helix
Cx approximated by straight wire segments for input to ESP
Cx see Chapter 3 of Reference [18]

Cx

C ke oo o ke ok o o o ok o ok sk e o K 6 6 6 o o o o o oK oK oK oK oK K 5 3 K K 6 o o o o o o o o o sk oK oK oK o o ok o o o o ok ok oK oK K ok o o o
C
C234567
SUBROUTINE WGEOM(IA,IB,X,Y,Z,NM,NP,NAT,NSA,NPLA,VGA,BDSK,ZLDA,
+NWG, VG,ZLD,WV,NFS1,NFS2,NRUN,A)
DIMENSION IA(1),IB(1),X(1),Y(1),Z(1),
+NSA(1),NPLA(1),BDSK(1)
COMPLEX VGA(1),ZLDA(1),VG(1),ZLD(1)
REAL PIE, HELRAD, NTURNS, PITCHANG
C
C
C Total number of wire segments desired on helix, NSEGHEL
READ(5,*)NSEGHEL

Qe

Distance helix will be offset from ground plane, ZOFFSET [meters]
READ(5,*)ZOFFSET

Qo

Total number of wire segments, NM (definition required by ESP)
NM = NSEGHEL + 1
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Qo

Qa0

o Ne]

Qo

oEeoNeoNe!

Total number of wire points, NP (definition required by ESP)
NP = NM + 1

Total number of wire attachment points, NAT (one wire is
attached to the square plate making the ground plane - definition
required by ESP)

NAT = 1

Number of turns of helix, NTURNS
READ(5,*)NTURNS

Pitch angle of helix, PITCHANG [degrees]
READ(5, +)PITCHANG

Radius of helix (half the diameter), HELRAD [meters]
READ(5,* )HELRAD

PIE = 3.1415927

Convert pitch angle from degrees to radians
PITCHANG = PITCHANG*PIE/180.

SEGPHI is the change in the angle phi (radians) over each segment
SEGPHI = 2.0«PIE«NTURNS/REAL(NSEGHEL)

Coordinates of first wire point, the origin (required by ESP)
X(1) 0.0
Y(1) 0.0
Z(1) 0.0

Nodes of the first segment
IA(1) 1
IB(1) 2

Coordinates of the rest of the wire points and nodes.

DO 100 J = 2,NP
PHI = SEGPHIxREAL(J-2)

X(J) = HELRAD*COS(PHI)

Y(J) = HELRAD+SIN(PHI)

Z(J) = HELRADxTAN(PITCHANG)*PHI + ZOFFSET
IF (J .EQ. NP) GOTO 100

IA(J) = J

IB(J) = J+1

100 CONTINUE

Check that smallest segment is greater than twice the wire radius
(otherwise ESP results may be invalid - see ESP manual)
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SLENGTH = SQRT( (X(NP)-X(NP-1))#x2 + (Y(NP)-Y(NP-1))*%2 +

+ (Z(NP)-Z(NP-1))**2 )
C
IF (SLENGTH .LE. Ax2.) WRITE(*,%)’ WARNING - At least one
+segment is smaller than twice the wire radius’
C
C
C Following inputs are required by ESP:
C
C VWire ”location” of attachment point, NSA
NSA(1) = 1
C
C Plate number geometry is attached to, NPLA
NPLA(1) = 1
C

C Complex voltage generator, VGA
VGA(1) = (1.0,0.0)

C Outer disk radius of disk monopole (should be about .2

C wavelengths lambda), BDSK
BDSK(1) = 0.2%WV

RETURN
END
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Appendix B. Subroutine WGEOM for
Spherical Helices

The Fortran source code is presented for the ESP subroutine WGEOM
that was used to produce the geometry of the spherical helix as outlined in Section
3.2. The ESP User’s Manual [18] contains a full explanation of how to define the
geometry of a wire antenna with a subroutine and integrate it with the main
program. WGEOM is very useful because it allows the user to change the

parameters of the wire structure without having to recompile the program.

The five READ statements in the subprogram below accept the input

parameters for the spherical helix. They are:

e NSEGSP - Number of segments on the spherical helix. This parameter
determines how many straight-wire segments will approximate the spherical

helix.

e ZOFFSET - Distance spherical helix is offset from ground plane in meters.
This parameter was set to zero for all of the spherical helices analyzed in this

work but is included as an option for future work.

e NTOTAL - Total number of turns spherical helix would have if completely
wound around sphere (labeled N in Section 3.2).
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e NACT - Actual number of turns of spherical helix. This parameter provides
a way to define truncated spherical helices as discussed in Section 3.2. For

all of the cases presented in this work, NACT = NTOTAL.

e AS - Radius of sphere in meters.

As an example, the input file for the computation of the 7-turn spherical helical
geometry of Section 4.1 and shown in Figure 4.1-1 is given below. This data can be
included at the end of the input for the READ statements in ESP (carefully
outlined in [18]).

140

0.0

7

7
0.018364

The subroutine, WGEOM, for the spherical helix is listed below.

(0 ok ke ke s e e ke s sk e e ok o e e ok o ke sk sk o ok sk o e ko sk ke sk ok ok ke ke ok s ke sk ok e ok ok ok ke sk ok s ok ok ok e e sk ok e sk ok sk sk sk ok ok sk ok ok ok

Cx

Cx SUBROUTINE WGEOM - Spherical Helix

Cx

Cx Computes the wire geometry for a spherical helix

Cx approximated by straight wire segments for input to ESP
Cx see Chapter 3 of Reference [18]

Cx

otk e s sk s sk ke sk o s ok o ok s sk sk e ok oK o o o o ok o o o oo s oKk o ok ok K ok o o ok ok sk sk ok sk sk K K K o o e ok ok ok ok oK oK
C
C234567
SUBROUTINE WGEOM(IA,IB,X,Y,Z,NM,NP,NAT,NSA,NPLA,VGA,BDSK,ZLDA,
+NWG,VG,ZLD,WV,NFS1 ,NFS2,NRUN,A)
DIMENSION IA(1),IB(1),X(1),Y(1),Z(1),
+NSA(1),NPLA(1),BDSK(1)
COMPLEX VGA(1),ZLDA(1),VG(1),ZLD(1)
REAL PIE, AS, NTOTAL, NACT
C
C
C Total number of wire segments approximating spherical helix,
C NSEGSP
READ(5,*)NSEGSP

aQa

Length of segment offsetting sphere from ground plane, ZOFFSET
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C If ZOFFSET is not zero there will be one additional segment
READ(5,%)Z0FFSET
IF (ZOFFSET .GT. 0.0) INDX = 1

[oRe!

Total number of wire segments, NM (definition required by ESP)
NM = NSEGSP + INDX

[N

Total number of wire points, NP (definition required by ESP)
NP = NM + 1

Total number of wire attachment points, NAT (one wire is
attached to the square plate making the ground plane - definition
required by ESP)

NAT = 1

[oNoNeNe]

Total number of turns sphere would have if completely wound,
NTOTAL
READ(5,*)NTOTAL

aan

C Actual number of turns sphere has, NACT
READ(5,*)NACT

C Radius of sphere, AS (meters)
READ(5, +)AS

PIE = 3.1415927

C SEGPHI is the change in the angle phi (radians) over each segment
SEGPHI = 2.0xPIExNACT/REAL(NSEGSP)

C
C Coordinates of first wire point, the origin (required by ESP)
X(1) = 0.0
Y(1) = 0.0
Z(1) = 0.0
C
C Nodes of the first segment
IA(1) =1
IB(1) = 2
C
C Coordinates of second wire point and nodes of the second segment
C if there is the spherical helix is vertically offset from the
C ground plane
IF (INDX .EQ. 0) GOTD 101
X(2) = 0.0
Y(2) = 0.0
Z(2) = ZOFFSET
IA(2) = 2
IB(2) = 3
C
C
C Coordinates of the rest of the wire points and nodes.
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101 DO 100 J = 2+INDX,NP
PHI = SEGPHIREAL(J-1-INDX)
TH = ACOS((PHI/(PIE«NTOTAL))-1.0)
X(J) = AS=SIN(TH)*COS(PHI)
Y(J) = AS+SIN(TH)*SIN(PHI)
Z(J) = AS=COS(TH) + AS + ZOFFSET
IF (J .EQ. NP) GOTO 100
IA(J) = J
IB(J) = J+1
100 CONTINUE

Check that smallest segment is greater than twice the wire radius
(otherwise ESP results may be invalid - see ESP manual)

aaoaaa

SLENGTH = SQRT( (X(NP)-X(NP-1))#2 + (Y(NP)-Y(NP-1))+*2 +
+ (Z(NP)-Z(NP-1))*x2 )

a

IF (SLENGTH .LE. A%2.) WRITE(*,*)’ WARNING - At least omne
+segment is smaller than twice the wire radius’

Following inputs are required by ESP:

oNoNoNoNe]

Wire ”location” of attachment point, NSA
NSA(1) = 1

aQQ

Plate number geometry is attached to, NPLA
NPLA(1) = 1

C Complex voltage generator, VGA
VGA(1) = (1.0,0.0)

C
C Outer disk radius of disk monopole (should be about .2
C

wavelengths lambda), BDSK
BDSK(1) = 0.2xWV

RETURN
END
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Appendix C. Numerically-Calculated
Far-Field Patterns of a
Spherical Helix

The far-field radiation plots are compiled for the 7-turn spherical helix
discussed in Section 4.1 over a frequency range from 1.8 GHz to 7.4 GHz, which
corresponds to normalized circumferences of 0.67 A and 2.85 A, respectively. In
part (a) of each figure, the gain of both far-field components is plotted in the

z-z plane which can be written in terms of 8 and ¢ as:

0°<6<180° for ¢ =0 (right half-plane)
and ¢ = 180" (left half-plane)

Pattern cuts are shown only for the z-z plane since the pattern of the spherical
helix is essentially, but not perfectly, symmetrical about the z-axis. The gain of

each component is referenced to an isotropic linearly-polarized antenna and can be

shown to be related to the magnitude of the electric field components by:
= 10 log{ C|Eyf) = 10 10g(C) + 20 log(| E,[) dB (D-1)

G, = 10 log((?]E¢F) = 10 log(C) + 20 log(|Ey|) dB (D-2)
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where C is a constant that is related to the radiation intensity of an isotropic
source (see reference [4]). Thus, relative comparisons can be drawn between the
patterns in this appendix (G4 and G ¢) and the measured patterns in Appendix D
(Eg and E in dB normalized to 0 dB).

In part (b) of each figure, the phase difference between the far-field
components as discussed in Section 4.1.2 is plotted for the upper-half z-z plane

given by:
—90°< <90
Strickly speaking, @ varies between 0° and 180° in spherical coordinates. Here,

—-90°<#<0° and 0°<0<90° ranges are used for ¢ =180 and ¢ =10’

respectively.

Appendix C. Numerically-Calculated Far-Field Patterns of a Spherical Helix 104



(a)

390
360
330
300
270
240

210

Phase Difference (degrees)

180

150

(b)

Figure C-1.

o} 1

Y
vy

‘c.

020 -30 40 -40 -30420 -10

\ BN . .

\
.

Ge [dB]
G [dB]

90 -75 60 -45 30 -15 0 15 30 45 60 75 90

0 (degrees)

Computed far-field pattern in the z-z plane of a 7-turn spherical
helical antenna with a circumference of 0.692 X. (a) Gain of E
and E with respect to an isotropic linearly-polarized antenna. (b?
Phase difference between E4 and E ¢

Appendix C. Numerically-Calculated Far-Field Patterns of a Spherical Helix 105



g,u‘

ttencccesde?
-

Sear

Ge [dB]
sweessesseees Gy [dB]

(a)

360 N L L L LA L A L BN BRI B B

330 - .
300 -
270 .
240 - -
210 -
180 - -
is0 Lo ]

120 . | I | L | L | L | 2 | L ] L | L ! L | L ] i
90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90

(b) 0 (degrees)

Phase Difference (degrees)

Figure C-2. Computed far-field pattern in the z-z plane of a 7-turn spherical
helical antenna with a circumference of 0.846 A\. (a) Gain of E
and E, with respect to an isotropic linearly-polarized antenna. (bg

Phase difference between E, and E &

Appendix C. Numerically-Calculated Far-Field Patterns of a Spherical Helix 106



/-'.
P
o

St treicaresens®®”

..................................

40 -40 -30 -20<
\“s. ‘/\‘ ’

______ Ge [dB]
@ o 4B
20— T 71T T T T T T T T T T T
210
$ 180
~)
LY
2 150
&
e 120
3
A 90
2
2 60
R
30
O-"'I'I'II!!II1'[|I‘[’III

90 75 60 -45 -30 -15 0 15 30 45 60 75 90
(b) 0 (degrees)

Figure C-3. Computed far-field pattern in the z-z plane of a 7-turn spherical
helical antenna with a circumference of 1.0 A. (a) Gain of E, and
E, with respect to an isotropic linearly-polarized antenna. (b)
Pﬁase difference between E4 and E &

Appendix C. Numerically-Calculated Far-Field Patterns of a Spherical Helix 107



(a)
290
265
8 240
>3
()
2 215
g
190
o
a 165
8
2 140
&
115
90
(b)
Figure C-4.

Ge [dB]
Ge [dB]

P S T S NS I e P SN RR
90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90

0 (degrees)

Computed far-field pattern in the z-z plane of a 7-turn spherical
helical antenna with a circumference of 1.154 A\. (a) Gain of F
and F, with respect to an isotropic linearly-polarized antenna. (bg
Phase difference between E, and E ¢

Appendix C. Numerically-Calculated Far-Field Patterns of a Spherical Helix 108



-40 -3

AN

Ge [dB]
Ge [dB]

4@ —/——
220
200
180
160
140

120

Phase Difference (degrees)

100

L
90 -75 60 -45 -30 -15 O 15 30 45 60 75 90

80 U R T RS | IS IS NN ST N T

(b) 0 (degrees)

Figure C-5. Computed far-field pattern in the z-z plane of a 7-turn spherical
helical antenna with a circumference of 1.308 A. (a) Gain of E
and E 4 with respect to an isotropic linearly-polarized antenna. (bg
Phase difference between Ey and E 4

Appendix C. Numerically-Calculated Far-Field Patterns of a Spherical Helix 109



380

345

£ 310
>

2 275
g

g 240
=

A 205
2

& 170
R

135

100
(b)

Figure C-6.

Appendix C. Numerically-Calculated Far-Field Patterns of a Spherical Helix

T ‘l’ ' l 14 T I 1 ‘ 1] ' Ll ‘l 1 l T ' T ; 1
s ]
N R R B e IR
90 -75 -60 -45 -30 -15 0 15 30 45 60 75
0 (degrees)

90

Computed far-field pattern in the z-z plane of a 7-turn spherical

helical antenna with a circumference of 1.462 .

(a) Gain of E
j

and E, with respect to an isotropic linearly-polarized antenna. (b

Phase difference between E0 and F &

110



30

-
-

et

Ge [dB]
Ge [dB]

il | | I— I L ' L ' 3 | 1 ! L ‘v Il ’ 1 | L ' L ‘ i

90 75 60 -45 -30 -15 0 15 30 45 60 75 90

(a)
270
245
$ 220
&
O
T 195
3
§ 170
it
St
2 145
2
& 120
B
95
70
(b)
Figure C-7.

0 (degrees)

Computed far-field pattern in the z-z plane of a 7-turn spherical
helical antenna with a circumference of 1.615X. (a) Gain of E
and E with respect to an isotropic linearly-polarized antenna. (bg
Phase difference between E, and E &

Appendix C. Numerically-Calculated Far-Field Patterns of a Spherical Helix 111



Ge [dB]
Ge [dB]

L L ! . | L

P T N

L ! L ! I ! P L

90 -75 60 -45 -30 -15 0 15 30 45 60 75 90

(a)
260
230
E 200
(™)
N
8 170
S
é 140
(=)
g 110
o=
B
80
50
(b)
Figure C-8.

0 (degrees)

Computed far-field pattern in the z-z plane of a 7-turn spherical
helical antenna with a circumference of 1.769 A\. (a) Gain of E
and E ; with respect to an isotropic linearly-polarized antenna. (bg
Phase difference between Ey and E e

Appendix C. Numerically-Calculated Far-Field Patterns of a Spherical Helix 112



[dB]

(a) [dB]

80 7T ' T T T T
245 ; A ﬁ
210 | i
175

140

105

Phase Difference (degrees)

0 | L I L | L ! L [ | - | L [ | | L L
90 -75 60 -45 -30 -15 0 15 30 45 60 75 90

(b) 0 (degrees)

Figure C-9. Computed far-field pattern in the z-2z plane of a 7-turn spherical
helical antenna with a circumference of 1.923 A\. (a) Gain of E
and E, with respect to an isotropic linearly-polarized antenna. (bg
Phase difference between Eg and E ;.

Appendix C. Numerically-Calculated Far-Field Patterns of a Spherical Helix 113



(a)

330
290
b 250
(M)
NCA
8 210
=
e
% 170
(=
§ 130
]
&
90
50 L | L | L i ] l R - | L | i ] L { I | ! | 1
90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90
(b) 0 (degrees)

Figure C-10. Computed far-field pattern in the z-z plane of a 7-turn spherical
helical antenna with a circumference of 2.077 A\. (a) Gain of E
and E with respect to an isotropic linearly-polarized antenna. (bg
Phase difference between E, and £ &

Appendix C. Numerically-Calculated Far-Field Patterns of a Spherical Helix 114



(a)

Phase Difference (degrees)

(b)

130

110

90

70

50

30

10

-10

90 -75 60 -45 -30 -15 0 15

P
N £od
*oessoeat®

-
LTTYON

i
;
!

Ge [dB]
Gy [dB]

. | L i L | L ! L | I | 'l |

0 (degrees)

30 45

60 75 90

Figure C-11. Computed far-field pattern in the z-z plane of a 7-turn spherical
helical antenna with a circumference of 2.231 A\. (a) Gain of E
and E with respect to an isotropic linearly-polarized antenna. (bq

Appendix C. Numerically-Calculated Far-Field Patterns of a Spherical Helix

Phase difference between Ee and FE &

115



18 !

40305

VLN M VAN

.

0 1q(-20 -30 -40

Ge [dB]
(a) Gy [dB]
350 T I 1 ‘ ) [ ] I T ] 1 T i I b T ' ¥ I t
300
B 250
(4]
2
8 200
o
ﬁ 150
(]
§ 100
=
Qy
50
0 ! } 1 | 1 | L | L | L | L | ! L ] | | !
90 -75 60 -45 30 -15 O 15 30 45 60 75 90
(b) 0 (degrees)

Figure C-12. Computed far-field pattern in the z-z plane of a 7-turn spherical
helical antenna with a circumference of 2.385 A. (a) Gain of F
and E ; with respect to an isotropic linearly-polarized antenna. (bg
Phase difference between Ey and E,.

Appendix C. Numerically-Calculated Far-Field Patterns of a Spherical Helix 116



| QU

.,30_20 H

TN /

T/

s el
. soodeoce®’ 4
'-oq-' P

f 20 -30 -40

40

-"\

(a)

120 T i ‘ T I 1 i ] ¥ [ ¥ I U | 1 1 i T I T

60

0

-60

-120

-180

Phase Difference (degrees)

-240

_300 I ] L | ! | ! | L ] L | I | ] | ! | . ] I | !
90 -75 60 -45 -30 -15 0 15 30 45 60 75 90

(b) 0 (degrees)

Figure C-13. Computed far-field pattern in the z-z plane of a 7-turn spherical
helical antenna with a circumference of 2.538 A. (a) Gain of E
and F, with respect to an isotropic linearly-polarized antenna. (bg
Phase difference between Ey and E &

Appendix C. Numerically-Calculated Far-Field Patterns of a Spherical Helix 117



| S

pe /
4 e’ -
t,d...’\. s .

80 49 4030 20 X0 0

/

Ge [dB]
(a) Gy [dB]
260 l { U 1 | T T 1 T | 1 1 v T 7 T T T T
180
?,, 100
]
2
8 20
S
g -60
Q
% -140
=
=™
-220
_300 ] ] L ] L L ! . | L i
90 -75 60 -45 -30 -1 0 15 30 45 60 75 90

(b) 0 (degrees)

Figure C-14. Computed far-field pattern in the z-z plane of a 7-turn spherical
helical antenna with a circumference of 2.692 A. (a) Gain of E
and E; with respect to an isotropic linearly-polarized antenna. (bg
Phase difference between Ey and E ;.

Appendix C. Numerically-Calculated Far-Field Patterns of a Spherical Helix 118



(a)

Phase Difference (degrees)

(b)

170
150
130
110
90
70
50
30
10
-10

-90

e reegere®”

~O L

)

Q10

)
.

Ge [dB]
Ge [dB]

P I T N

l 1 ! 1 i 1 | It

L | L ] L ]

L

75 60 -45 -30 -15 0 15 30 45 60 75

0 (degrees)

90

Figure C-15. Computed far-field pattern in the z-z plane of a 7-turn spherical

helical antenna with a circumference of 2.846 A.

(a) Gain of E

and E, with respect to an isotropic linearly-polarized antenna. (b?

Phase difference between E, and FE 4

Appendix C. Numerically-Calculated Far-Field Patterns of a Spherical Helix

119



Appendix D. Measured Far-Field
Patterns of a Spherical
Helix

Far-field measurements are presented for a 7-turn spherical helix
corresponding to the numerical results presented in Appendix C. The magnitudes
in dB of both electric-field components, i.e. 20 log(l E, ¢D, are plotted in the z-z
plane for spherical circumferences between 0.67 A and 2.85 A. The measurements
were taken at frequencies between 1 GHz and 4 GHz which is different from the
frequencies used for numerical calculations (1.8 GHz to 7.4 GHz) since the
spherical helix was constructed with a larger sphere than that used with ESP.
The measurements were coordinated such that they occurred at the same
normalized circumferences as those in Appendix C. The results are discussed in

Section 5.2.
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Figure D-1. Measured far-field pattern of a 7-turn spherical helical antenna
with a circumference of 0.692 A.
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Figure D-2. Measured far-field pattern of a 7-turn spherical helical antenna
with a circumference of 0.846 A.
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Figure D-3. Measured far-field pattern of a 7-turn spherical helical antenna
with a circumference of 1.0 A.
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Figure D-4. Measured far-field pattern of a 7-turn spherical helical antenna
with a circumference of 1.154 A.
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Measured far-field pattern of a 7-turn spherical helical antenna

Figure D-5.
with a circumference of 1.308 .
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Figure D-6. Measured far-field pattern of a 7-turn spherical helical antenna
with a circumference of 1.462 A.
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Figure D-7. Measured far-field pattern of a 7-turn spherical helical antenna
with a circumference of 1.615 A.
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Figure D-8. Measured far-field pattern of a 7-turn spherical helical antenna
with a circumference of 1.769 A.
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Figure D-9.
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Measured far-field pattern of a 7-turn spherical helical antenna
with a circumference of 1.923 A.
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Figure D-10. Measured far-field pattern of a 7-turn spherical helical antenna
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with a circumference of 2.077 .
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Figure D-11. Measured far-field pattern of a 7-turn spherical helical antenna

with a circumference of 2.231 ).
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Figure D-12. Measured far-field pattern of a 7-turn spherical helical antenna

with a circumference of 2.385 A.
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Figure D-13. Measured far-field pattern of a 7-turn spherical helical antenna
with a circumference of 2.538 A.
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Figure D-14. Measured far-field pattern of a 7-turn spherical helical antenna
with a circumference of 2.692 A.
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Figure D-15. Measured far-field pattern of a 7-turn spherical helical antenna
with a circumference of 2.846 A.
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