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ABSTRACT

Fundamental physical limitations restrict antenna performance based on its elec-
trical size alone. These fundamental limitations are of the utmost importance since
the minimum size needed to achieve a particular figure of merit can be determined
from them. In this dissertation, the physical limitations on the size reduction of a
broadband antenna is examined theoretically and experimentally. This is in contrast
to previous research that focused on narrowband antennas. Specifically, size reduction
using antenna miniaturization techniques is considered and explored through the ap-
plication of high-contrast material and reactive loading. A particular example is the
miniaturization of a broadband spiral using readily available high-contrast dielectrics
and a novel inductive loading technique. Using either dielectric or inductive loading,
it is shown that the size can be reduced by more than a factor of two which is close
to the observed theoretical limit.

To enable the realization of a conformal antenna without the loss of the antenna’s
broadband characteristics, a novel ground plane is introduced. The proposed ground
plane consists of a traditional metallic ground plane coated with a layer of ferrite
material. It is shown that the ferrite coated ground plane minimizes the negative
effects that occur when the spacing between a traditional metallic ground plane and

antenna becomes electrically small.
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CHAPTER 1

INTRODUCTION

1.1 Motivation, Challenges and Objective

A common approach used to cover a large frequency range which encompasses
many different communication systems is to employ a separate antenna for each
system. An advantage of this approach is that it meets the specific needs of each
communication system. However, when a platform such as an airplane, ship or au-
tomobile requires the use of many communication systems, this approach has several
problems such as space, payload, cost and electromagnetic compatibility /interference
(EMC/EMI). Therefore, there is significant interest in antennas that are smaller in
size (aperture and profile) and multi-functional. In the commercial sector, for in-
stance, the interest originates from consumer demand for multimedia and wireless
applications. This is evident in the automotive industry where consumers expect
automobiles to be enabled with the latest multimedia and wireless products which
can operate from AM radio broadcast frequencies up to 2.5 GHz for Bluetooth ap-
plications [7]. The antennas must also be aesthetically pleasing implying a need for
small and concealable antennas. There is also significant interest from the defense

sector for a variety of reasons. One of the most notable is the military’s reliance on

1



radio systems that operate below 100 MHz for long distance communication. At these
frequencies, the wavelength is several meters (= 3 meters at 100 MHz) making the
physical antenna size prohibitively large for most applications and unacceptable for
small platforms such as unmanned aerial vehicles (UAV). Currently, large airplanes
and ground vehicles rely on blade and whip antennas which are highly visible and
obtrusive. Thus, there is a multitude of reasons for developing small and low-profile
broadband antennas to address the needs of smaller vehicles but to also deal with
practical aspects relating to cost, integration and realizability.

In designing an antenna that meets the above requirements, there are several chal-
lenges that must be dealt with. First and foremost, the antenna must have sufficient
bandwidth to facilitate the integration of multiple antennas into a single aperture.
Since the applications of interest require bandwidths in excess of 100:1, this work
focuses on ultra wide-band antennas (UWB) such as the spiral antenna. Since the
spiral antenna belongs to the class of frequency independent antennas, it is are easily
capable of bandwidths greater than 10:1 [8]. Such antennas are considered frequency
independent because their pattern, impedance and other parameters vary little with
frequency as compared to a multi-band antenna which can exhibit considerable vari-
ation. These characteristics make the spiral an ideal candidate for replacing a variety
of antennas.

Even though the spiral has sufficient bandwidth, its size is too large for low fre-
quency applications just like any other type of antenna. To reduce the size of the
spiral, one must address the issue of deteriorating performance as the antenna be-
comes smaller. Generally, this issue is addressed by using antenna miniaturization

techniques such as material and reactive loading. The basic idea is to increase the



antenna’s electrical size without increasing its physical size. This can be accomplished
by using high-contrast materials or reactive loading to reduce the phase velocity of
the principle wave guided by the antenna. This effectively makes the antenna appear
electrically larger and improves its performance at frequencies where it is electri-
cally small. Each miniaturization approach has its own associated challenges and
performance trade-offs. One of the main challenges with using dielectric or mag-
netic material is maintaining a reasonable antenna weight while achieving the desired
miniaturization. This becomes an issue when large miniaturization factors are de-
sired because a sufficient volume of high-contrast material is needed to achieve such
miniaturization factors. Since these materials have a high density, the antenna weight
can increase appreciably. Therefore, high-contrast materials must be used sparingly
to maintain a reasonable weight. As an alternative, reactive loading can be used
to achieve similar miniaturization factors with minimal increase in weight. Reac-
tive loading refers to the enhancement of the capacitance and/or inductance of the
antenna structure without using dielectric or magnetic materials. This usually in-
volves modifying the antenna geometry in such a way that the local stored electric or
magnetic energy density is increased. For instance, a common example of capacitive
loading is the top loaded monopole [9]. For inductive loading, the normal mode helix
and the meander-line antenna are the two most common examples [10,11]. The main
issue with reactive loading is its implementation and integration into the antenna.
For some antennas, it can be very difficult if not impossible to implement capacitive
and/or inductive loading.

The last challenge that must be addressed is that of minimizing the antenna profile.

This issue occurs because unidirectional radiation is required in most applications



necessitating the use of a metallic cavity or ground plane. Furthermore, the metallic
back plane is also useful for shielding the electronics mounted behind the aperture.
However, the presence of the ground plane has a significant impact on the antenna’s
performance depending upon the electrical separation between them. At frequencies
where the separation is small, the metallic ground plane effectively shorts out the
antenna leading to an increase in mismatch loss which reduces the realized gain and
bandwidth of the antenna. This issue is traditionally dealt with by placing the ground
plane a A\/4 away from the antenna at the lowest operating frequency. However, the
resulting profile is impractical or intolerable for most applications. For the broadband
spiral, one would ideally like to replace the metallic ground plane (perfect electric
conductor) with a perfect magnetic conductor (PMC) which can be placed as close
to the antenna aperture as desired without negative consequences. Such a conductor
does not exist in nature but it can be emulated to an extent by using an artificial
magnetic conductor (AMC) or some other kind of high impedance surface [5, 6].
However, these surfaces exhibit a multiband behavior and have bandwidth limitations
making them unsuitable for broadband miniaturized apertures. In addition, since an
AMC is composed of a frequency selective surface (FSS), the elements which make
up the FSS must be at or near resonance to produce the desired effect. Therefore, for
a miniature antenna operating in the VHF or UHF band, the element size can make
the AMC surface larger than the antenna aperture which is extremely problematic
and impractical.

In light of the aforementioned challenges, this thesis is organized into six chap-
ters beginning with a chapter that discusses the fundamental limitations of electri-

cally small antennas. Performance issues with electrically small antennas have been



typically discussed from the perspective of band-pass type antennas (narrow band).
However, here the discussion is extended to include high-pass type antennas such as
the spiral. In doing so, the extent to which a broadband antenna can be miniaturized
is established in theory. In Chapter 3, the general concept of antenna miniaturization
using inductive and/or capacitive loading is presented. The actual implementation
of capacitive (dielectric) loading and inductive loading is treated separately in Chap-
ters 4 and 5 respectively. Specifically, Chapter 4 examines the use of readily available
dielectric materials for miniaturizing a spiral antenna where as Chapter 5 discusses
the development of a novel method for implementing inductive loading for the spiral
antenna. The final chapter addresses the low-profile issue by introducing a ferrite

coated ground plane.



CHAPTER 2

FUNDAMENTAL LIMITATIONS OF ELECTRICALLY
SMALL ANTENNAS

2.1 Introduction

An electrically small antenna is often defined using the concept of the radian
sphere [12]. The radian sphere is a hypothetical sphere whose diameter 2a is equal to
the largest linear dimension of the antenna that it encloses. When the electrical size
ka (throughout & = 27/X) of the radian sphere is less than one (or a < A/27), the
antenna enclosed by the sphere is considered to be electrically small. Therefore, any
dipole-type antenna of length less than A/7 or a loop type antenna with a circumfer-
ence less than A is an electrically small antenna. These antennas exhibit low radiation
resistance, high reactance, low efficiency and narrow bandwidth, all of which limit
their performance. Such limitations have been a subject of interest since the early
1900’s and many researchers have contributed to the goal of determining the opti-
mum performance of an antenna in terms of directivity and impedance bandwidth. In
this chapter, past research on this subject is reviewed and discussed with particular
emphasis on how it applies to electrically small antennas. The presentation is in a

predominately historical manner but not necessarily in chronological order.



In the following, the research related to super-directive antennas is discussed first.
Essentially, the discussion on the fundamental limitations of antennas began with
the research in this area. From this work, the idea of using a quality factor (Q)
to quantify the physical limitations of an antenna was introduced. In section 2.3,
the seminal work on radiation () by Chu is presented and its importance in defining
the limits on directivity and impedance bandwidth for an electrically small antenna
is demonstrated in subsequent sections. The last section of this chapter builds on
these fundamental limitations to establish a more useful limit for electrically small
broadband antennas. It is remarked that radiation efficiency is not discussed because,
unlike other quantities, the issue of radiation efficiency cannot be generalized to the
extent that it only depends upon electrical size. The radiation efficiency inherently
depends upon frequency dependent loss mechanisms and requires specific knowledge

of the antenna structure and constituting materials.

2.2 Directivity Limit for an Antenna of Arbitrary Size

In the early 1900’s a discussion began about whether it was possible for an aper-
ture to have infinite directivity if the amplitude and phase of the current distribution
is chosen properly. In one of the first published articles on this subject, Schelkunoff
derived a current distribution for a linear array that could achieve superdirectiv-
ity [13]. That is, he determined the current distribution which resulted in a higher
directivity than if the array was excited with uniform amplitude and linear phase
(constant or progressive across the aperture). In later works, Taylor, Chu and Har-
rington showed that there is no mathematical limit to the directivity of an antenna

of given size [2,3,14]. They demonstrated this by describing the radiated field from



an arbitrary source distribution inside a sphere of finite radius using a complete set
of orthogonal spherical wave modes (TM and TE modes). In doing so, the directivity
could be written in terms of the spherical wave mode coefficients A,,,, (T'M,,, modes)

and By, (TE,,, modes) as follows
dmr?\/e[u|E (6, 9)|"
Prad
2
‘Zmn J" [Amnpfln (cosO) + m/ 1) € B P (0050)} ‘

2 27 n(n+1)(n+m)!
Zm,n “Am”’ + % | Byn| } em (2n+1)(n—m)!

D(0,¢) =

(2.1)

where P is the Legendre function of the first kind, €, = 1 for m = 0 and ¢, = 2
for m > 0. With proper choice of spherical wave mode coefficients, they showed that
the highest possible gain that could be achieved using spherical wave modes of order
n < N is

N

Dpaz = »_ (204 1) = N 4+ 2N. (2.2)

n=1

Therefore, the directivity is unbounded as long as the number of modes used to express
the field is unrestricted, regardless of antenna size. The reason for this unbounded
directivity stems from the inherent assumption that any or all of the spherical wave
modes can be excited regardless of antenna size. Physically, this is not possible
as demonstrated by Stratton. Stratton [2] is credited by Chu as being the first to
demonstrate that the source distribution needed to realize superdirectivity diverges
as the directivity of the system increases indefinitely. Therefore, it is physically
impossible to excite all of the modes with a finite size antenna. However, Stratton’s
demonstration on the impracticality of superdirectivity did not completely resolve the
issue because there wasn’t a basis for limiting the number of modes and, therefore,
no physical limit for the directivity. It was Chu who introduced the concept of the
quality factor ) to demonstrate how the number of excited modes depended upon the

8



antenna size. The following section describes how Chu used the ) to define a cutoff
for each spherical mode. In doing so, he provided a physical basis for limiting the
number of modes used in determining the maximum directivity of a given antenna
size. It is remarked that Taylor simultaneously and independently achieved a similar

result [14].

2.3 Antenna Quality Factor

The quality factor is a fundamental concept in physics for characterizing an os-
cillating system. In general, the quality factor ) of an oscillating system is defined
to be the total energy content of the oscillator at a given time divided by the energy

loss per radian [15]:

W

Q= Tvie

(2.3)

In electromagnetics, this is commonly stated differently by considering the rate of
change of energy per unit time instead of per cycle. Therefore, the denominator in
equation 2.3 is replaced using the relation dW/d¢ = (dW/dt) (dt/d¢) = (dW/dt) Jw

which leads to the following definition

wW

prre (2.4)

Q=

For an antenna, the energy lost per cycle is caused by radiation and dissipation
whereas W is the average stored energy. This means that the () tells us how the
energy of the oscillating system dies out, dW/dt = — (w/Q)W [15]. That is, from
equation 2.4 and assuming an oscillating system having initial energy Wy at time ¢ =
0, the total energy content of the system at any time ¢ is given by W = Wye /@ [15].

Therefore, the smaller the () the more quickly the energy of the oscillation dissipates.



This means that an antenna with a low @) is a very effective radiator. Therefore, the
@ is of significant physical importance for any oscillating system especially one that
is radiating.

The first prominent publication on antenna () and its use in describing the fun-
damental limitations of small antennas was by H. A. Wheeler in 1947 [16]. In his
paper, he approximated a small antenna as either a lumped capacitor or a lumped
inductor connected to a resistor representing the radiation resistance. Using this sim-
ple theory, Wheeler was able to show that the ratio between the antenna reactance
and resistance (energy stored and energy radiated/dissipated), which he refers to as
the power factor, had a lower bound determined only by the antenna’s electrical size.
However, Wheeler’s circuit approximation for an electrically small antenna was only
accurate for extremely small antennas.

A year later, a more comprehensive analysis was carried out by Chu [2]. In [2],
Chu enclosed the entire antenna structure, its transmission line and oscillator inside
the radian sphere. The field outside the sphere produced by the current or source
distribution of the antenna was expressed using a complete set of orthogonal spherical
modes (both TE and TM) which propagated radially outward. In this approach, space
is treated as a waveguide but, unlike traditional waveguide modes, these modes do not
have a cutoff frequency or wavelength. Instead, the modes have a “cut-off radius”.
That is, the size of the radian sphere and the current distribution of the antenna
determines which modes can be excited and how effectively they can be excited.
To demonstrate this, Chu assumed that the antenna produced the most favorable
conditions for energy storage and power dissipation inside the sphere. Specifically,

the antenna structure was assumed loss-less and did not store any energy inside the
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sphere. Therefore, the antenna has a purely real input impedance at the frequency of
interest. These conditions or constraints are important because now the entire energy
in the system is in the field external to the sphere. This allows the problem to be
analyzed without having to determine the actual “ideal” antenna current distribution
and its impedance [2].

In order to determine the system (), Chu had to separate the energy radiated
(propagating) by the antenna from the energy associated with the near field (non-
propagating). Since the total energy in the system is infinite ! and the near-field
components are nonlinear, this is not a trivial matter. Chu did this by transforming
or reducing the field problem into an equivalent circuit problem by replacing the space
outside the sphere with a number of independent equivalent circuits. Each equivalent
circuit represented an orthogonal spherical wave mode used in describing the external
field. The equivalent circuits were obtained from the wave impedance of each mode
which completely describes the propagating and non-propagating energy associated

with each mode. The wave impedances for outward traveling waves are given by

2
g _ By o Y (kr)

== —— = jn— : (2.5)
TooHDHE T ED (k)
for TM modes and by
+ e
gre_ B _ B _jn—H’g (kr). (2.6)
+r H; Hy @ (kr

"'Why is the total energy in the system infinite? First of all, the system is being analyzed in
steady state and the system is being driven by a continuous wave source (generator). Secondly, the
problem domain extends from the surface of the sphere to infinity. Because the domain is infinite in
extent, it takes an infinite amount of time to reach steady state (it takes an infinite amount of time
for the initial radiated wave to reach infinity). During this time, the generator has been continuously
“pumping” energy into the system. Consequently, the total energy in the system is infinite.
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for TE modes where the function H, (kr) is given in terms of the spherical Hankel

function as

A

H, (kr) = kr h, (kr). (2.7)

Using the recurrence formulas for spherical Bessel functions, Chu obtained a partial
fraction expansion of the wave impedance for each mode. The resulting expansion was
then interpreted as a high-pass RLC ladder network as shown in Fig. 2.1. The network
consists of a cascade of series capacitances and shunt inductances with the resistive
element at the end of the network used to represent the radiated or propagating

energy. Now, the () could be calculated using the equivalent circuit for each mode by

c_Er er
n 2n-3
° 1| [
v [ I
ZTM o M ur R
mn 2n—1 2n-5 T
(@)
Er Er
C_2n—1 2n-5

]

Figure 2.1: Equivalent circuits for the (a) T'M,,, and (b) T'E,,,, modes of free space |2,
3].
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summing the energy stored in each of the inductors and capacitors. Chu then defined

a quality factor @), for each mode of order n as follows

i e 2.8
WWa W, > W 28)

wnlF W
where W, and W,), are the average stored electric and magnetic energy in the inductors
and capacitors, and P is the radiated energy (dissipated in the resistor). Chu then
obtained a general expression for the ) by summing up the mean electric energy

stored in all of the circuits and the total power radiated. The @) for this idealized

antenna is given by

/ n(n+1)
Q - Z A?L 2n-+1 Qn
- Z/ A2 n(n+1)

n 2n+1

(2.9)

where A,, is a spherical wave mode coefficient for mode n and @, is the @ of the
mode. Considering each mode separately, Chu then showed that for a fixed a, the
wave impedances for a given mode n are associated with low ) when ka > n and
with high @) when ka < n. This demonstrated the gradual cutoff phenomenon that
occurs around ka = n. Note that equation 2.9 is in general not valid. It is only valid
for the excitation of either T'M,,,, or T'F,,, modes because in Chu’s analysis he did
not consider the case when both T'M and T'E modes were present simultaneously.
Another important result of Chu’s work was the discovery of a lower bound on
the radiation () which depends only on the electrical size ka. Chu demonstrated this
by considering the combination of A/ s that would minimize equation 2.9. To find the

required A/ s, equation 2.9 was differentiated with respect to A,, giving

n(n+1) n(n+1)
@D AT Mgt @ (2.10)

The above equation can only be satisfied if there is one term in the summation
because, for any given ka, the Qs have different values [2]. Since the n = 1 mode
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has the lowest (), an antenna which excites only the n = 1 modes (T'M,,; and/or
TE,,) and stores no energy inside the sphere it occupies has the lowest possible
radiation ). However, Chu’s analysis only considered the presence of either TM or
TE modes (omni-directional antenna) and, therefore, was not complete. Using the
same methodology as Chu, Harrington considered the case when both TE and TM
modes are present. In doing so, Harrington showed that the absolute lowest achievable
radiation Q was obtained by the equal excitation of the T'My; and T Ey; modes? [17].
However, in the method used by Chu and Harrington to calculate the radiation @,
an approximation was made to help facilitate the computation since they lacked the
computational power of computers at the time. The approximation made by Chu and
repeated by Harrington was to approximate the equivalent circuit for each mode using
a second-order series RLC circuit that essentially had the same frequency behavior in
the neighborhood of the operating frequency [2,18]. This approximation resulted in a
significant error in the calculation of the minimum radiation () as shown in Fig. 2.2.
Later, Collin [19] and Fante [20] both published an exact theory for calculating the
radiation (). The exact equation for the () derived by Fante is repeated below for

completeness (and will be useful later).
o [a2QuAb2Qs]
Yone1lag +b7]
Q) = larger of (2.11)
o1 [a2 Q142 Qn]
Yone1lag+b7]

where

o

m=

2The combination of the TMy; and T Ey; modes results in the lowest () because the T My; mode
stores predominately electric energy where as the T'Ey; mode stores predominately magnetic energy.
Therefore, there is a partial cancellation of the average stored energy when both modes are present.
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Figure 2.2: Percent error due to calculating the minimum () based on Chu’s approx-
imate analysis and Fante’s exact analysis.
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The work of Chu, Harrington, Collin and Fante was later consolidated into its
present form by Hansen [21] and further refined by McLean [18]. The following
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equation for the minimum () is taken from [18] and given by

Qmin = % (ﬁ + %) : (2.13)

where k is the free-space propagation constant (k = 2w/)g), and a is the radius of the
enclosing radian sphere. Note that N = 1 refers to the excitation of either the T Fy;
or T'My; mode (linearly polarized fields) and N = 2 is for equal excitation of both the
T Ey; and T'My; modes (field can be either circularly or linearly polarized). Recently,
Kwon [22] has shown that if the T Ey and T'My; modes are not excited equally the
minimum @) is given by

1 1

Qmin = E + —(k;a)g (1 n a2) .

(2.14)

where « is the strength of the T'Ey; mode relative to the 7'My mode (0 < o < 1).
That is, for equal excitation a = 1 and if only one mode is excited o = 0. This result
is interesting because it implies that the excitation of both T'My; and T'Ey; modes,
regardless of their relative strength, always results in a lower () than the excitation

of only one of the modes.

2.4 Directivity Limit Based on Antenna ()

In section 2.2, it was evident that there was no mathematical limit to the directiv-
ity of an antenna as long as the number of excited spherical modes was unbounded.
To provide a means for restricting the number of modes, Chu used the concept of )
to quantify the practicality of exciting a given spherical mode. In doing so, one is
faced with the question: How high must the ) be to prevent the mode from being
excited? There is not a clear answer to this question because the spherical modes of
free space lack a well defined cutoff. In the following, the () is used to define a limit
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for the directivity in different ways. Specifically, in section 2.4.1, the mode cutoff is
defined using the mode number and antenna size, resulting in what is called the “nor-
mal gain” of an antenna [3,23]. In section 2.4.2, a more applicable limit is obtained
by maximizing the ratio of directivity and (). Finally, in section 2.4.3, the directivity
limit for a minimum () antenna is discussed.

Before proceeding, it is important to note that none of the directivity limits dis-
cussed are truly absolute limits. It is theoretically possible to achieve a higher direc-
tivity (super directive antenna) at the expense of higher radiation ¢ which leads to
lower radiation resistance (hence low efficiency) and narrow bandwidth. Therefore,
it is likely that such super directive antennas are impractical at best and possibly

impossible to realize [21,24] which is something to be kept in mind.
2.4.1 Chu-Harrington-Taylor Normal Directivity Limit

The first attempt to define a practical limit for the directivity relied on the ob-
servation that the ) of spherical modes of order n is considered “high” for ka < n.
Therefore, it can be assumed that modes of order n > ka are not easily excitable
and do not significantly contribute to the field of an antenna of radius a [2,3]. Under
this assumption, the cutoff point is taken to be ka = n. Recalling that the maximum
directivity that can be achieved using spherical modes of order n < N is given by

equation 2.2, the “normal directivity” can now be defined as
Diorma = (ka)® + 2ka. (2.15)

by substituting N = ka into equation 2.2. It is noted that as ka becomes large,
the normal directivity reduces to the directivity obtained by a uniformly illuminated
circular aperture of radius a [3,23]. Additionally, equation 2.15 can be obtained
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without using the radiation @ to define a cutoff. Taylor [14] used the magnitude
of the field components near the surface of the radian sphere. He argued that for
n > ka, the field components of mode n would be excessively large and, therefore,
could not be used effectively.

Equation 2.15 is often considered as the maximum directivity that can be achieved
without incurring a “high” @ [25]. The reason for this is that as ka approaches zero,
the normal directivity also approaches zero implying that high () is unavoidable. Of
course, this behavior is really the result of the assumption that modes of order n > ka
do not contribute significantly to the antenna field. For ka < 1, this is clearly not the
case because even an infinitesimal dipole can achieve a directivity of 1.5. Therefore,
the normal directivity limit is more useful for electrically large apertures but not
electrically small apertures. The following two sections discuss directivity limits that

are more applicable to electrically small antennas.
2.4.2 Maximum Directivity for a Given Antenna ()

In deriving the normal directivity and minimum ), Chu [2] noted that both could
not be achieved simultaneously. That is, the spherical mode coefficients required
to maximize the directivity where not the same as those minimizing the (), which
implies that there is a fundamental limit to the product or ratio of the directivity
and (). Therefore, Chu proposed to maximize the ratio of the directivity to @) by
simultaneously maximizing the directivity while minimizing Q). From [2], this ratio
can be interpreted as the condition for a minimum () antenna to achieve a certain gain
or the condition for maximum directivity for an antenna with a given (). That is, the

ratio provides a fundamental link between () and directivity, and it can be argued that
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this is the most important result of Chu’s work. In maximizing this ratio, Chu only
considered the 7'M modes making his analysis only applicable to the omni-directional
linearly polarized antenna. Fante [25] extended his work to include both TE and T'M
modes. Later, the work was extended further by Geyi [26] who maximized the ratio
of directivity to () for an omni-directional and directional antenna. Here, the term
omni-directional refers to an antenna that radiates into both hemispheres whereas the
term directional refers to an antenna that radiates only into one hemisphere. Since
Geyi’s analysis [26] is the most general, only his results are presented here in.

The ratio D/Q is maximized by an optimization process subject to certain con-
straints which can be found in [26]. Basically, the optimization process involves
adjusting the amplitude and phase of the spherical expansion coefficients in equa-
tions 2.1 and 2.11 until the ratio is maximized. For the directional antenna, Geyi
showed that the T'F and T'M modes must be excited equally to maximize the ratio
of directivity to (). The resulting expression is

e}

D _ 9 2n—+1
Qlur &= 0QutQ,

where @), and @', are complicated functions of only ka involving spherical Bessel,

max

(2.16)

Neumann and Hankel functions as defined previously (below equation 2.11). For this

maximized D /@ ratio the corresponding minimized () and maximized directivity are

ZOO 2n+1
n=1 Qn+Q},

2 5 @y
[Zoo 2n+1 ]2
n=1 Qnp .
Dy = i (2.18)
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Similarly, for the omni-directional antenna, the TE and T'M modes must also be

excited equally to maximize the ratio of directivity to (). The resulting ratio is given
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where P! (0) is the Legendre polynomial of the first kind. For the omni-directional

case, the minimized () and maximized directivity are
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The importance of the above results is significant because they define the optimum
performance that can be achieved for an antenna of given size. To illustrate this,
consider a directional antenna having a () given by equation 2.17. For this @), the
maximum directivity is given by equation 2.18. If it is desired to have a lower @,
then the ratio D/Q (equation 2.16) requires the maximum achievable directivity to
be lower than equation 2.18. Similarly, if it is desired to have a higher directivity than
that given by equation 2.18, the minimum () that can be achieved must be higher than
the minimized ) given by equation 2.17. Therefore, equations 2.17 and 2.18 define
an optimal performance trade off between directivity and ) that can be achieved for
a give antenna size.

Some important observations can be made from equations 2.16-2.21. First, it is
useful to compare the minimized () of equations 2.17 and 2.20 to the lower bound
on ) which is provided in Fig. 2.3. From Fig. 2.3 it is apparent that for small ka

the difference between the curves is insignificant. To better illustrate the difference

between the curves, the percent difference between the () limit and Geyi’s minimized
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Q is provided in Fig. 2.4. From this figure, it is evident that the minimized @) for the
omni-directional case is nearly identical to the minimum @ limit for ka < 1. This
implies that for the omni-directional case, a minimum () antenna achieves optimal

performance as defined by the ratio D/Q)| For the directional case the minimized

@ begins to noticeably deviate from the lower bound around ka = 0.6. Therefore, a

minimum () directional antenna will only achieve optimum performance when ka <

0.6. The reason for this is apparent upon examination of the maximized directivity.
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Figure 2.3: Comparison of the antenna () limit with Geyi’s minimized () for the
directional and omni-directional antenna.

A comparison of the maximized directivity and the normal directivity is shown
in Fig. 2.5. Note that for the omni-directional case, the maximized directivity ap-

proaches 1.5 (= 1.76dB) as ka approaches zero which agrees with Chu’s result [2]. For
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Figure 2.4: Percent difference between the antenna @) limit and Geyi’s minimized @)
for the directional and omni-directional antenna.

the directional case, the maximized directivity approaches 3 as ka approaches zero,
agreeing with Harrington’s result [17]. As ka increases, the maximized directivity be-
gins to steadily increase from 3. However, for a directional minimum () antenna, the
maximum possible directivity is 3 (see following section for more details). Therefore,
a minimum (@) directional antenna cannot achieve optimal performance as defined by
equation 2.16 if ka > 0.5 because a higher () is required to achieve the maximized di-
rectivity D7}*. This result is interesting because it shows that a minimum () antenna
does not necessarily provide the best performance, as defined by the D/Q ratio for
a directional antenna. However, for ka < 1, a minimum () omni-directional antenna

does achieve the best performance defined by the D/Q ratio.
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Figure 2.5: Comparison of the normal directivity limit with Geyi’s maximized direc-
tivity for the directional and omni-directional antenna.

2.4.3 Minimum () Antenna or Electrically Small

In order to achieve minimum () only the spherical modes of order n = 1 can be
excited because the excitation of higher order modes will only increase @ [2]. Since
only the n = 1 modes are present there is a limit to the directivity than can be
achieved. For the most part, this limit can also be applied to electrically small anten-
nas if ka << 1. Chu [2] was the first to show that the maximum directivity obtained
using either the 7'My, or T'Ey mode is 1.5 (omni-directional antenna). Harrington
later showed that the maximum directivity for a directional antenna (excitation of
both T' My, and T'Ey) is 3 [17,23]. It is important to note that in [22,27] it has been

stated that an only a linearly polarized antenna can achieve maximum directivity.
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However, Pozar has recently shown that this assertion is incorrect [28]. That is, a

circularly polarized antenna can achieve maximum directivity.
2.5 Impedance Bandwidth Limitations

In addition to limiting the directivity of an antenna, the @) also impacts the
impedance bandwidth of an antenna. To illustrate what limits the impedance band-
width of an antenna, it is necessary to discuss its impedance behavior as a function
of frequency. For an antenna, the impedance rotates clockwise around a Smith chart
with increasing frequency [29]. However, over a small range of frequencies it is possi-
ble for the rotation to be counter clockwise if there is sufficient loss due to radiation or
dissipation. If the loss is constant over a range of frequencies, then from the Hilbert
transform it follows that the magnitude and derivative of the reactance is zero. That
is, the impedance stops rotating around the Smith chart, as is the case for a spiral
antenna when it becomes electrically large (ka > 1).

When the load impedance behaves in this manner (purely real), matching it to a
resistive generator is trivial and a broadband match can easily be obtained using a
matching network with a purely real impedance. However, as the antenna becomes
electrically small or as one moves away from a resonance the real part of the an-
tenna impedance becomes smaller and the imaginary part begins to dominate (high
@ region). In this case, it is difficult to obtain a broadband match to the resistive
generator because of the large reactance. To obtain a broadband match, the reac-
tance of the matching network X, (w) needs to compensate the imaginary part of

the load impedance Z;, (w). Ideally, it is desired to have X, (w) = Im{Z; (w)} where
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the % denotes complex conjugation. However, such an X, (w) would rotate counter-
clockwise around the Smith chart (X, is a decreasing function of frequency). This
of course, leads to the question: Is it possible to realize such a reactance?

To answer this question, let us first consider a typical one port passive loss-less
network. Here, passive is taken to mean that the energy absorbed by the network
must never be negative [30]. In addition to being passive, the matching network is
also a linear and time invariant (LTI). making it a causal system [31]. For such a

system, the average stored energy is given by

1dX . 1dB
Wav =5——lil", or Wiy =o——|of" (2.22)

where B is the susceptance, X is the reactance whereas ¢ and v refer to the current
and voltage at the network terminals [30,32]. From equation 2.22, it is apparent that
the average stored energy is proportional to the frequency derivative of the reactance
(or susceptance). For the energy stored in the network to be positive, the frequency
derivative of the reactance must also be positive. This relation is a direct result of
Foster’s reactance theorem which states that the reactance (or susceptance) of a loss-
less passive network is an increasing function of frequency [33]. Note that Fosters
Theorem is a direct consequence of causality for a reactive system as proved in [32].
Therefore, it is not possible to realize the ideal X with the typical loss-less passive
matching network because it is a decreasing function of frequency. In fact, the band-
width of a loss-less passive matching network is limited by its ability to approximate
the ideal X, behavior over a given frequency range. Below, the bandwidth limitations
of passive networks which have a band-pass response are discussed. Section 2.5.2 then

discusses two approaches that can be used to realize a reactance that is a decreasing
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function of frequency. The two approaches include the active matching network and,

the less practical, lossy matching network.
2.5.1 Passive Lossless Networks

The classic problem of designing a passive reactive network to match an arbitrary
load to a resistive generator was initiated by Bode [34]. In Bode’s analysis, he consid-
ered a two element RC or RL load and determined the maximum possible bandwidth
for a given maximum tolerable reflection coefficient within the pass-band as illus-
trated in Fig. 2.6. It is important to note that Bode only considered the case where
the matching network had an infinite number of stages. Later, Fano® generalized
Bode’s work by extending it to include arbitrary loads and an arbitrary number of
stages [35]. In both Bode’s and Fano’s work, the response of the system is arbitrary.
However, in the literature (especially in antenna theory) their work is presented for
the band-pass response [36,37]. Therefore, it is convenient to use the band-pass re-
sponse to illustrate the Bode-Fano matching limit for passive lossless networks. In
addition, it is also convenient to demonstrate the Bode-Fano matching limit for an
RLC load because it can be used to accurately model the impedance of an electrically
small antenna below its first resonance.

To begin, the fractional bandwidth for the band-pass response is defined as follows

u)pg — wp1

v/ Wp2pl

where w,e and wy; are the high and low edge-band frequencies for which |I'| < [T (see

B, = (2.23)

Fig. 2.6). Additionally, the center frequency of the band-pass response is defined to be

3Fano also showed how to synthesize Tschebyscheff (equal-ripple) matching networks for certain
types of RLC loads.
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VWp2wpt. Applying Fano’s theory to an RLC load [24,36,38], a relation between the
@ of the load (antenna), fractional bandwidth B,, and maximum tolerable reflection

coefficient I" is obtained and is given by the following set of equations:

2sin (1)

2n

sinh (a) — sinh (b)’

QB, = (2.24)

tanh (na)  tanh (nb)
cosh(a) — cosh(b)’

(2.25)

cosh (nb)

D= o\
cosh (na)

(2.26)

where n is the number of stages (tuned circuits) and the coefficients a and b are to
be determined. It is important to note that n = 1 corresponds to the antenna or load

alone.

r
1
1 E—
()
wpl a)pz

Figure 2.6: A possible band pass response for the reflection coefficient that illustrates
Bode-Fano criterion.
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Matthaei, Young and Jones were the first to publish solutions to Fano’s equations
in the form of tables for the coefficients a and b [38]. Their coefficients were dependent
upon the choice of |T',..|. Later, Lopez [1,36], using a methodology developed by
Wheeler [39], provided a closed form solution in which his coefficients were not a
function of |T',,4.|. The obtained expression is given by

1
QBn =
b,sinh (%}P) — Lbalp (1)

Qn

(2.27)

with the (ay,,b,) coefficients provided in table 2.1.

Number of Tuned Circuits (n) | a, by,
1 1 1
2 2 1
3 2.413 | 0.678
4 2.628 | 0.474
) 2.755 | 0.347
6 2.838 | 0.264
7 2.896 | 0.209
8 2.937 | 0.160
00 s 0

Table 2.1: Lopez’s coefficients a,, and b,, [1].

From Lopez’s solution, it is apparent that the fractional bandwidth is a function
of @, the complexity of the matching network (number of stages) and the maximum
tolerable pass-band reflection coefficient. Since the fractional bandwidth is inversely

proportional to the @) regardless of the number of matching stages, it increases with
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decreasing (). The fractional bandwidth also increases as the number of matching
network stages (complexity) increases. In fact, for any given @ and I', maximum
bandwidth is obtained by using an infinite number of stages. This is because an in-
finite number of stages is required to realize the ideal rectangular passband response
(see Fig. 2.6). The rectangular passband response is ideal because all of the energy
is contained inside the passband (no energy is wasted outside the passband) or, to
put it another way, it maximizes the matching area [40]. However, the bandwidth
improvement diminishes as the number of stages increase. As noted by Lopez [1], the
diminishing return becomes noticeable when the number of tuning circuits is greater
than two (n = 3 case). This can be demonstrated by considering the percent band-
width improvement ([(B,,/B,) — 1] * 100, m > n) obtained by increasing the number
of stages for a given (). A comparison of the bandwidth improvement is provided in
Fig. 2.7 for the n = 1,2, 3 and oo cases. From this figure, the increase in bandwidth
obtained by using an additional stage (m = 2,n = 1) is significant. For instance, the
-10 return loss bandwidth (I' ~ 0.3162) increased by about 135%. However, including
another stage (m = 3,n = 2) only improves the -10 return loss bandwidth by about
24%. Furthermore, using an infinite number of stages (m = oo,n = 3) will only
lead to a 33% improvement compared to the three stage case. Whether or not the
improvement in bandwidth obtained by using more stages outweighs the additional
complexitity of the matching network is a decision left to the designer.

The results presented so far are for edge-band type matching as opposed to the
more traditional mid-band matching. Mid-band matching refers to tuning the match-
ing network reactance to achieve a perfect or near perfect match at the center fre-

quency (mid-band). This is the approach commonly illustrated in electromagnetic
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Figure 2.7: Percent bandwidth improvement for a given @) as a function of I'.

textbooks for the single and double stub matching problems [41]. Edge-band match-
ing sacrifices a perfect or near perfect match at mid-band by introducing some mis-
match in order to achieve an overall larger bandwidth. Wheeler [39] demonstrated
this for the n = 1 case by using simple geometrical arguments to obtain the B,

limit for each case. For mid-band matching, the @) B limit is given by

1 2T
B, = = 2.28
@B = G (-In(I)) 1-—TI? (2.28)
whereas for edge-band matching it is given by
2T
QB = (2.29)

V1-T?
By simply taking the ratio of equations 2.28 and 2.29 it is easily demonstrated that
edge-band case has a greater bandwidth. Wheeler also states, but does not prove,

that the bandwidth improvement increases with increasing number of stages [39]. It
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is remarked that Wheeler’s result for the n = 1 edge-band case is in exact agreement
with Fano [36]. In fact, according to Lopez [36], Wheeler derived the @B, limit for
the n = 1 and n = 2 cases in the early 1940’s before Fano completed his Ph.D.
thesis in 1947. While Fano’s approach was more comprehensive and mathematically
rigorous, one could argue that Wheeler’s approach was more elegant because of its
simplicity. Regardless, both made significant contributions to the field of impedance
matching.

It is important to note that in the theoretical limitations of passive lossless match-
ing networks presented here the frequency behavior of the load impedance is not ex-
plicitly included. Instead, it is implicitly included through the use of (). Therefore,
equation 2.27 can be somewhat misleading if one does not take into account that
it only applies for an RLC load. That is, over the frequency range of interest, the
antenna impedance must behave like an RLC circuit otherwise, the ) cannot be used

in equation 2.27 to determine the fractional bandwidth.
2.5.2 Active and Lossy Networks: Non-Foster Matching

Active devices such as transistors, diodes and op-amps can be used to overcome
the bandwidth limitations of passive lossless networks. This is because Foster’s reac-
tance theorem does not apply to networks that include active devices. Therefore, it
is possible to create negative resistance, inductance and capacitance using active de-
vices. This is accomplished by using positive feedback which inherently has stability
issues. Circuits which exhibit this type of behavior are usually referred to as negative
impedance converters (NIC). To my knowledge, a theoretical limit for the maximum

possible bandwidth given a maximum tolerable reflection coefficient does not exist for
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active matching networks. Therefore, the use of non-Foster matching circuits may be
promising and worth further investigation. For more information on this topic, the
reader is referred to [24] which contains a historical review of the work in this area.
Another way to overcome the bandwidth limitations of passive lossless networks is
to make the network lossy. With sufficient loss it is possible to make the impedance of
a network rotate counterclockwise around a Smith chart. Apparently, this approach
has been considered in the past [42,43]. However, this approach is highly impractical
because the resulting matching network would have a very low efficiency. For electri-
cally small antennas, which naturally have low efficiency due to their low radiation
resistance, using a matching network with a low efficiency is extremely impractical.

2.6 Extending Fundamental Limitations to Broadband An-
tennas

In the previous sections, the limitations on the directivity and impedance band-
width as a function of ) were discussed. The relation between the directivity and @)
was established in section 2.4.2 and applies in general to any type of antenna. How-
ever, the relation between () and impedance bandwidth established in section 2.5.1 is
only applicable for a band-pass response and RLC load. Therefore, it is only useful
for narrow band antennas such as a dipole below resonance. For antennas that nat-
urally have a continuous high-pass response, such as a spiral or any other frequency
independent antenna, the result in section 2.5.1 is not applicable. That is, for a spi-
ral antenna or any frequency independent antenna, there is only a lower limit fj,,
to its frequency response because of its finite size. An upper limit does not exist

because turns can always be added to the center of the spiral to increase the upper
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frequency limit fp;,*. Therefore, the lowest operational or cut-off frequency is of
utmost importance for a high-pass response.

To my knowledge, there is no previous work defining a limit for the cutoff frequency
of a broadband electrically small antenna. In this section, Fano’s work is adapted
to the high-pass matching case, making it applicable to broadband antennas. By
doing so, a limit is obtained for the case when the antenna is connected directly to
the generator and for an infinite stage matching network. The resulting limit is a
relationship between the cutoff frequency (cut-off size) and the maximum tolerable

pass-band reflection coefficient.
2.6.1 Fano-Bode Limit for High-Pass Response

In this section, the broadband impedance matching theory of Fano [4,35] is applied
to broadband antennas which have a high-pass response. The purpose is to define a
theoretical limit for the cutoff frequency (cutoff size) subject to an in-band reflection
coefficient. It is also of particular interest to consider the cutoff frequency when
the broadband antenna is electrically small. For the derived result to be a limit,
the load must represent an the ideal or optimum radiator (minimum () antenna).
Additionally, if this limit is to be valid for all broadband antennas, the load must be
able to characterize the energy radiated and stored by any broadband antenna when
it is electrically small. The constraint of optimum performance can be satisfied by
using the equivalent circuit(s) for the 7'My, and/or T'Ey modes that have the lowest
possible radiation ). However, these equivalent circuits are only second order RLC

4Taking into account practical limitations such as fabrication tolerances, there is a practical upper
frequency limit.
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circuits which may or may not adequately describe a broadband antenna in general.
Therefore, it is necessary to justify their use in characterizing a broadband antenna.

First of all, a second order RLC circuit has a high pass response just like a broad-
band antenna. However, this is relatively unimportant because the goal is to describe
the broadband antenna’s behavior at the lower band edge where it is electrically small
and not its entire frequency response. To do this, the load must be able to represent
the sub-resonance behavior of the first "resonance” of a broadband antenna. This
is something that a second order RLC circuit is perfectly capable of modeling for
any type of antenna. That is to say, as any antenna becomes electrically small, its
radiation resistance begins to decrease and the time averaged stored energy becomes
predominately inductive or capacitive depending upon the type of antenna. As this
behavior is characteristic of any second order RLC circuit below the first resonance,
the second order RLC circuit is suited for this analysis. However, if one is familiar with
the input impedance behavior of electrically small broadband antennas, they might
find it objectionable to using a second order circuit because the input impedance looks
like open or short circuited transmission line (see Fig. 2.8). However, the impedance
seen from the input terminals of a broadband antenna is not indicative of its true
behavior. To illustrate this, it is necessary to discuss the concept of modeling the
antenna impedance using a terminated transmission line.

The input impedance of any antenna can be modeled as a uniform section of trans-
mission line terminated by a frequency dependent impedance Z; [44]. Such a model
is especially useful in describing the input impedance for broadband antennas [45].
In this model, the characteristic impedance of the transmission line is equal to the

characteristic impedance of the antenna structure when it is infinite in extent. For
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Figure 2.8: Typical spiral antenna input impedance.

some antenna structures, such as the spiral, this characteristic impedance is frequency
independent. For other antennas, such as thin wire antennas, it will be a function of
frequency [44]. For any antenna, the length of the transmission line is proportional
to the length of conductor that forms the antenna. For example, the transmission
line length could be equal to one half the total length of a bowtie antenna or the
arm length for a spiral antenna. Therefore, in this model the terminating impedance
represents the “end effect” caused by the truncation of the antenna structure. That
is, as the wave emerges from the generator and is guided along the antenna, it will
eventually reach the end of the antenna structure. Upon reaching the end, some of
the energy is transfered to the region beyond the antenna (radiated) and some of
it is reflected back resulting in stored energy. So, the terminating impedance rep-

resents the impedance of free space seen by the wave from the ends of the antenna.
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Consequently, the real part of Z; represents the radiation resistance and the imagi-
nary part is related to the time averaged stored energy. Since Z; directly represents
the energy radiated and stored by the antenna in this model, its behavior when the
antenna is electrically small can be described using a second order RLC circuit for
reasons mentioned previously. Now the question is: The only remaining issue relates
to whether the presence of the transmission line prevents Z; from being used as the
load impedance in Fano’s matching theory. In this regard, it is important to note that
Fano’s matching theory is only dependent upon the zeros and poles of the magnitude
of the reflection coefficient [4]. Therefore, if the transmission line does not affect the
magnitude of the reflection coefficient then Z; can be used as the load impedance. To
demonstrate the impact of the transmission line, let I'; be the reflection coefficient,
with respect to the characteristic impedance of the transmission line, looking into the
load impedance Z;. In addition, let I';, be the reflection coefficient, with respect to
the characteristic impedance of the transmission line, looking into the transmission
line at a distance [ from the load Z;. The magnitudes of I'; and I';, are equal be-
cause moving the observation point a distance [ from Z; only effects the phase of the
reflection. Therefore, the presence of the transmission line is irrelevant in regards to
the magnitude of the reflection coefficient® which justifies the use of a second order
RLC circuit to characterize an electrically small broadband antenna.

Now that the load impedance has been chosen, the next step is to apply Fano’s
theory for the high-pass matching case. Once again, the goal is to determine the
cutoff frequency w, for which the magnitude of the reflection coefficient is less than
or equal to a specified |T'g| for all frequencies greater than w.. In what follows, two

5The presence of the transmission line is not irrelevant in regards to the impedance.
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cases are considered for the matching network: 1) The matching network has an
infinite number of stages (n = c0); 2) The load is connected directly to the resistive
generator (n =1). Since an infinite stage matching network only exists in theory,
this case defines an absolute limit for high-pass matching. On the other hand, case
2 provides a limit that is more practical and useful. Note that it is not necessary or
advised to use Fano’s analysis for the simplistic case 2. In the discussion that follows,
Fano’s solution for the low-pass case is adapted for the high-pass case using an RLC
load. It is beyond the scope of this discussion to comment on the mathematics of
Fano’s solution. Instead, the discussion attempts to provide a physical interpretation

of the equations and Fano’s method in general.
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Figure 2.9: The ideal high-pass reflection coefficient response.

Consider the problem of designing an optimum lossless passive network to match

an arbitrary load impedance to a resistive generator as illustrated in Fig. 2.10. Fano
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solved this problem in general and developed a method for synthesizing the matching
network [35]. The basic idea of Fano’s approach was to tolerate a certain amount
of mismatch between the load and generator such that the bandwidth (or matching
area) is maximized. The characteristics of the load impedance and the complexity
of the matching network determine the theoretical limitations on the tolerance of

match and bandwidth. That is, the frequency response of the reflection coefficient

Lossless
R Passive 7 (a))
+ Matching L
v Network

Figure 2.10: Matching network for an arbitrary load impedance [4].

for the matching network terminated with a given load impedance is limited by some
conditions of physical realizability®. Therefore, the solution to the arbitrary match-
ing problem must satisfy these conditions. To determine the conditions of physical
realizability, Fano simplified the problem by replacing the load impedance by its Dar-
lington equivalent” as shown in Fig. 2.11 and normalized the impedance making the

6The term ”conditions of physical realizability” refers to physical conditions which force the
response functions to be analytic in certain regions of the complex plane. These physical conditions
can involve linearity, time invariance, causality, passivity, conservation of energy, etc..

7Any physically realizable impedance function can be considered as the input impedance to a
reactive two-port network terminated in a pure resistance which is otherwise known as a Darlington
equivalent circuit
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resistances equal to unity. The resulting network consists of two reactive networks
connected in cascade to form a single two-port reactive network N terminated at each

port with a 12 resistor. By transforming the problem in this manner, the problem has

Network N
P e - 1
1 1
] Network N” Network N’ ,
R, =1Q | Lossless Reactive !
: Passive Network : R, =1Q
| Matching Determined |
VG 1 Network by Z, |
1 1
' T,
“ J

Darlington Equivalent
of Load Impedance

Figure 2.11: Matching network and Darlington equivalent of load impedance in cas-
cade [4].

been simplified to finding the conditions of physical realizability for a purely reactive
network NNV instead of the original arbitrary network [35]. The two port reactive net-
work is defined in general as shown in Fig. 2.12. In general, the reflection coefficient
(and transmission coefficient) can be written as the ratio of two real polynomials in

terms of the complex frequency variable s = o + jw as follows

(s — so1) (s — S02) -+ (5 — Son)

R PR ¥ PR S P

(2.30)

where K is a real number. For the network shown in Fig. 2.12, the reflection and

transmission coefficients are defined as follows

Zi—1 [2
=== {ﬁ - 1} (2.31)
Zi+1 Bt



Zy—1 2V5 }
= |—=-1 2.32
Zy+1 [ Es E1=0 ( )
T = {%} (2.33)
E, E>=0

where Z; and Z5 are the impedances measured at the terminals when the voltage

sources are short circuited. Since the reactive network is non-dissipative, the reflection

and transmission coefficients must satisfy the following relations

and

ITi] =[] < 1

R=1Q

Dy ° = Do) =1 - |Th)?

(2.34)

71| < 1. (2.35)
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Figure 2.12: Two terminal pair reactive network [4].

For the network N to be physically realizable its transmission coefficient 7" and

reflection coefficient T’y (or T'y) must satisfy conditions imposed on it by the load

(network N’) and the matching network (network N”). For instance, the transmission

zeros of network N’ must also be transmission zeros of network N [35]. Therefore,
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to determine the conditions on network N, Fano expressed I'; and 7" in terms of the

reflection and transmission coefficients of the individual networks N’ and N” (see

Fig. 2.13):
(7")°
T/T//
T=—-—. 2.37
1 -5 ( )

Using equation 2.30 and 2.36, Fano could determine the constraints on the zeros and
poles of the overall network N in terms of the known zeros and poles of the individual
networks N’ and N”. To satisfy all of the constraints imposed by physical realizability,
Fano developed a set of integral equations involving the logarithm of the magnitude

of the reflection coefficient. For a high-pass response the equations involve an integral

Oo 1
/ w2y (—) dw (2.38)
0 T

for k = 0,1,..., N — 1, where N is the multiplicity of the transmission zeros of |T'|

of the form

(the number of transmission zeros associated with the load). Each integral is over the
frequency spectrum of the return loss function In (1/|T'|) multiplied by a weighting
function w21 Note that the function In (1/|I'|) is used instead of |I'| for purely
mathematical reasons. The integral is evaluated in the complex frequency domain
(s = 0 + jw) over the imaginary axis (real frequency) using a contour integral over
the entire right-half plane. Fano performed the contour integration using Cauchy’s
integral formula which results in integral relations of the form

o 1 s 2 _
~2(k+1)] dw = (—1)FZ (40 = (2k+1) 2.39
/0 ? ”(rm) 0= (1" 5 | — gy 2% (239

)
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The general result of the contour integration is given by the right-hand side of equa-
tion 2.39 which involves the zeros and poles of the load and matching network. The
A3, coefficients come from the Taylor series expansion of the return loss function
In(1/]'|) and depend only on the load [35]. The AY, ., coefficients are given by
Adsr = %—11 (Z s - Z sm(z’“*l)) (2.40)
where s,; and s, are the zeros and poles of the load respectively. The last term on
the right hand side of equation 2.39 are the unknown zeros of the matching network
that lie in the right half plane®. Note that the poles of the matching network are
absent from equation 2.39 because Fano eliminated them by mapping them into the
left-half plane without changing the magnitude of I'; (the mapping only effects the

phase of T'y) [4].

Network N
] \
| Network N’ Network N” ,
! I
I
10 | T I Iy I 10
! |
! I
! "
I 7 T A r I
R ey e ek
Determined from load impedance T Matching network

Figure 2.13: Two reactive networks in cascade [4].

8The real part of s,; must be positive and, if complex, it must come in complex conjugate pairs [4].
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It is interesting to consider the physical meaning of equation 2.39. First of all, it
is important to emphasize that for the frequency response of the system to be phys-
ically realizable, it must be band limited just like any other transfer function. That
is, there is a finite amount of energy that can be distributed across the frequency
spectrum to form the pass-band of the frequency response. Essentially, the integral
in equation 2.39 enforces this condition which becomes evident upon examining the
integrand. The term In (1/|I'|) in the integrand represents the arbitrary frequency
response of the system. The purpose of the weighting functions is to confine the
response to a certain portion of the frequency spectrum, depending on the type of
response being considered. The extent to which the response is confined (its band-
width) is determined by three conditions: 1) the specified magnitude of the reflection
coefficient |['g| in the pass-band; 2) the nature or behavior of the load which is de-
scribed by its zeros and poles (A coefficients); 3) the complexity or number of zeros
of the matching network (s,;’s). Since the behavior of the load is known, the integral
relations are solved simultaneously by choosing the appropriate zeros of the matching
network (s,;’s) that maximize the area given by each integral. The solution takes the
form of a n'"-order polynomial which relates the bandwidth to |I'g|. The theoretical
limitations of matching the given load can then be found by solving the polynomial
(only one of the roots is positive real). Therefore, the solution of equation 2.39 can
be interpreted as defining a limit for a ”matching area” [40] of the network N that is
dependent upon the bandwidth and some function of |T'y|. For instance, the match-
ing area of an ideal band-pass response is the product of the fractional bandwidth B
and (n (1/|Tg|) (see section 2.5.1). For an RLC load, the band-pass matching area is

limited by the @ of the load (7/Q, see equation 2.27).
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Now that equation 2.39 has been introduced, its solution for the equivalent circuit
of the T'My, or T'Ey; mode can commence for the case where the system has the ideal
high-pass response shown in Fig. 2.9 (matching network consists of an infinite number
of stages). To begin, the equivalent circuits illustrated in Fig. 2.1 are first normalized
to the free space impedance 1 to be consistent with Fano’s approach. The impedance
seen looking into the circuits is given by

1 1 Jw2
= = 4 L c 2.41
Zrpy (W) jw§  jwi+1 (2:41)

ZTMOI <w>

Rewriting equation 2.41 in terms of the complex frequency s = jw, equation 2.41

becomes
1 s*a® + sac + c*
Z = = : 2.42
T Mo (8) ZTE01 (S) s2a2 + sac ( )
The reflection coefficient normalized with respect to 7 is then given by
Z—1 2
T (s) ‘ (2.43)

- Z+1 B s2a? 4 sac + c2
where the plus sign refers to the T'My; mode and the minus sign to the T Ey;. Re-

—cEjc

5.~ and no zeros. Therefore,

gardless of the mode, equation 2.43 has two poles s =
there are two transmission zeros for this load impedance (N = 2). Recalling that

k=0,1,...,N — 1, equation 2.39 produces two equations which are

& 1 T
2In | — =— A% -2 —1 2.44
/0 w ln(m)dw 5 1 ;87%] ( )

* 1 - 2
—4 0 -3
/0 wln (| |> dw = 5 A 5 EZ 5. ] (2.45)

for k = 1. The A, coefficients are calculated from the poles of the RLC circuit as

for k =0 and

follows

2

2

A=Y st= 7‘1 (2.46)
i=1
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for £k =0 and

2 3 3
1 1 (2a Al
A= > sl = -5 (-) _ ! é) (2.47)

: c
=1
for k = 1. Since the matching network consists of an infinite number of stages, it is
possible to realize the ideal high-pass response shown in Fig. 2.9. The ideal high-pass
1 1

response is given by a rectangular function for which In (W) =In <W) when w > w,

and In (ﬁ) = 0 when w < w,.. Assuming an ideal high-pass response, the integrals

on the left hand side of equations 2.44 and 2.45 can be evaluated analytically. The

results are given by the following

> 1 1 & 1 1
w2In (—) dw =In (—) / w2dw = —In (—) dw 2.48
[ ) o) )., =TT 248
& 1 1 & 1 1
wn (—> dw = In <—) / wdw = —In (—) dw. 2.49
/ o ) L. 32" (T (249)

Substituting equations 2.48 and 2.49 into equations 2.44 and 2.45 respectively, the

following system of equations is obtained

A)—2)" A;}] (2.50)

345 — QZA;ﬁ] (2.51)
As Fano noted, to simultaneously maximize the matching area defined by each in-
tegral, the matching network must be selected so that >_ \? is as large as possible
while keeping "\, as small as possible. This is accomplished by using a single
real zero, A\, = o, [4]. Solving equation 2.50 for o, and substituting the result into
equation 2.51 eliminates o,. The resulting equation is a cubic polynomial which takes

the form

W, —W,—5 — We +
AV AT (A’

(2.52)
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where K = %ln <‘F—10|> The cubic equation was solved using Matlab to find the roots
of w, for a given K. It turns out, that for any given K, only one of the roots of w, is
real. The solution is shown graphically in Fig. 2.14 as the n = oo case (dashed line).
Here, w. has been multiplied by a/c to convert it to the more useful parameter ka.
The curve in Fig. 2.14 for the n = oo case should be interpreted as follows: For a
given |['g|, there is a corresponding k.a which defines the smallest electrical size for
which the pass-band reflection coefficient can equal |Tg|. To achieve this cutoff size,
the frequency response must be rectangular. That is, below k.a the magnitude of the
reflection coefficient must be one and for all frequencies above k.a it is exactly equal
to |Tg|. Therefore, the curve in its entirety cannot be realized. Only a single point
on the curve can be realized using the ideal rectangular high-pass response. Even
though such a response can be considered impractical for a variety of reasons, this
curve is still useful because it provides an absolute lower limit for the cutoff size or
frequency as function of the reflection coefficient.

A more practical and useful case occurs when the load is connected directly to
the generator (n = 1). In this case the reactive matching network doesn’t exist,
which allows the problem to be solved easily because the behavior of the reflection

coefficient is known. Since the generator is purely resistive, the magnitude of the

reflection coefficient is given by

| = Zr — Ry
| Zr+ Ro

. (2.53)

where Z;, is the impedance of the equivalent circuit for the T'My; or T Ey; mode and
Ry is the generator resistance. As in the previous case (n = o0), the resistances
are set equal to unity by letting Ry = 1y and then normalizing the load impedance
and Ry by 1. The relation between |[I'g| and the cutoff frequency (cutoff size) can
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Figure 2.14: In-band reflection coefficient I'y vs the cutoff size (ka = “<%) or cutoff
frequency. The cutoff size is the smallest antenna size for which |I'| < |Tg|.

now be found by evaluating equation 2.53. The resulting curve is shown in Fig. 2.14
(solid line). Another useful case to consider is when the T'My and T Ey modes
are both excited equally and connected to the generator. The equivalent circuit for
this case was obtained by combining the circuits in Fig. 2.1 as in [46] (see Figure 5
in [46]). From [46], the equal excitation of both modes results in a series combination
of the circuits in Fig. 2.1. Therefore, the resistances are set equal to unity by letting
Ry = 21y and then normalizing the load impedance and Ry by 2n. The resulting
relation between |I'g| and the cutoff frequency is shown in Fig. 2.14 (dash-dot line).
The results in Fig. 2.14 can be used in conjunction with the directivity limits
from section 2.4.3 to define a limit for the realized gain. For the previous case which

used the equivalent circuit for only one of the lowest order spherical modes, the
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directivity is limited to 1.5 for all ka. Assuming antenna is loss-less, the realized gain
is calculated for these two cases using the results from Fig. 2.14 and a directivity of
1.5. The resulting realized gain curves are shown in Fig. 2.15 in addition to a third
curve. The third curve is the realized gain limit for the case where both 7'M, and
T Ey modes were excited equally. For this case, the maximum directivity that can

be achieved is 3.
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Figure 2.15: The lowest achievable cutoff frequency for a minimum () antenna in
terms of the realized gain.

In closing, some final comments about the curves shown in Fig. 2.14 and 2.15
should be made. First of all, the limits derived in this section are for a minimum @
antenna which is matched such that its response is high-pass. Therefore, these limits

are not applicable if the antenna has a band-pass response. Specifically, by using a

48



band-pass response, it is possible to achieve a higher realized gain at a given ka than
the limit shown in Fig. 2.15 because the fractional bandwidth can always be reduced
to achieve a lower reflection coefficient than the high-pass response. This is the
advantage of using a band-pass response instead of a high-pass response. Secondly,
one should be cautious about the validity of the realized gain limit as ka approaches
and exceeds unity. That is, as ka increases, higher order modes (n > 2) can be excited
without significantly increasing the @). Since the limit presented here only considers
the lowest modes (n = 1), the limit does not apply in regions where higher order
modes can be excited with minimal impact on the (). Finally, it is reemphasized
that the limits in this section are based upon a minimum () antenna. Therefore, to

approach these limits, it is necessary to minimize the antenna Q).

2.7 Summary

In this chapter, the fundamental limits on radiation @), directivity and impedance
matching of electrically small antennas were discussed. Specifically, the relation be-
tween directivity and radiation ) was reviewed in section 2.4.2. This often overlooked
relation is important because it provides a lower bound on the radiation () for a given
directivity subject to the antenna size. In section 2.5.1, the relation between @)
and impedance bandwidth was reviewed for electrically small antennas which have a
band-pass response. This relation describes a fundamental relation between electrical
size, fractional bandwidth and maximum tolerable reflection coefficient. While this
relation is very useful for quantifying the limitations of narrow band antennas, it is
unsuitable for electrically small UWB antennas (high-pass response). To quantify

the limitations of electrically small UWB antennas, the fundamental limit on the
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radiation ) was used in conjunction with the Fano-Bode matching theory in sec-
tion 2.6 to establish a limit for the cut-off frequency (cut-off electrical size) subject
to a maximum tolerable reflection coefficient. This relation was then combined with
the directivity limitations to define a limit on the maximum achievable realized gain
as a function of electrical size (cut-off size). The next chapter discusses how antenna
miniaturization can be used to approach this limit by minimizing the antenna (). In
Chapters 4 and 5, antenna miniaturization techniques are applied to a spiral antenna

for exploring methods to approach this limit.
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CHAPTER 3

ANTENNA MINIATURIZATION

In the previous chapter, the fundamental limits on radiation @), directivity and
impedance matching of electrically small antennas were discussed. To quantify the
performance limitations of electrically small UWB antennas, these fundamental limi-
tations were used to establish a limit for the cut-off frequency (cut-off electrical size)
subject to a maximum tolerable reflection coefficient. The purpose of this chapter is
to discuss how this theoretical limit can be approached by miniaturizing preexisting
antenna designs. The following section discusses the concept of miniaturization using
a dipole antenna as an example. This example is used to illustrate the key aspect of
miniaturization which is phase velocity reduction. By reducing the phase velocity, the
antenna appears to be electrically larger which improves its performance. Section 3.2
discusses the basic concept of reducing the phase velocity using reactive and/or mate-
rial loading whereas Section 3.3 demonstrates the performance improvement achieved
by miniaturizing a dipole antenna. Following this general discussion of miniaturiza-
tion, the miniaturization of broadband antennas is discussed in Section 3.4, with

particular emphasis on the spiral antenna.
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3.1 Importance of Electrical Size and Phase Velocity

In this section, a qualitative explanation of how miniaturization can improve the
performance of an electrically small antenna is presented. The goal is to develop an
intuitive understanding of antenna miniaturization. Fundamentally, antenna minia-
turization can be understood by considering two important concepts which are elec-
trical size and phase velocity. Here, electrical size is defined in terms of the free-space
(vacuum) wavelength and the phase velocity is associated with the wave guided (not
radiated) by the antenna structure.

To illustrate how miniaturization can improve the performance of an electrically
small antenna, a dipole antenna is used to demonstrate the affect of electrical size and
phase velocity on the radiated field. Instead of using the traditional time harmonic
analysis, this example is analyzed from a time-domain perspective to provide a better
physical understanding. The following discussion summarizes the time-domain anal-
ysis provided in [47] for a dipole antenna. Using the result of this analysis, the effect
of electrical size and phase velocity can be intuitively and clearly demonstrated.

To begin, consider a dipole antenna of length 2h located along the z-axis as shown
in Fig. 3.1. The radiated field can be viewed as a combination of the field radiated
from the feed point and the two end points of the dipole at different instances in
time [47,48]. To easily distinguish the radiation from these points in time, the current

of the source is a Gaussian pulse given by
I, (t) = e /)", (3.1)

where 7 is the characteristic time of the pulse. In this discussion, 7 is taken to be a

fraction of the time required for the pulse, traveling at the speed of light, to travel the

52



Figure 3.1: Schematic diagram of a dipole antenna and coordinate system.

length of the dipole (7 = 0.01h/c). As in [47], it is initially assumed that the source
produces a traveling wave of current (pulse of charge) propagating at the speed of light
in the 4z direction. At the same time, another traveling wave of current propagates at
the speed of light in the —z direction. Upon reaching the end points, both waves are
totally reflected at time t = h/c. Subsequently, the reflected traveling waves return
to the source where it is assumed that they are totally absorbed at time ¢ = 2h/c.
In reality, the traveling waves are not totally absorbed at the source. Instead, they
repeatedly travel back and forth between the feed point and end points until all of
the energy is radiated. However, to simplify the discussion, only the radiation which
is produced at the following instances in time is considered: 1) At time ¢ = 0, when
the charge is accelerated as the pulse leaves the source. 2) At time ¢t = h/c, when
the charge is decelerated as the pulses are reflected from the end points. 3) At time

t = 2h/c, when the charge is decelerated as the reflected pulses are absorbed at the
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feed point. It is also assumed that as the waves travel along the element they do so
at a constant velocity so that no radiation is produced. For each of these instances in
time, a spherical wave front centered at either z = 0, h or —h is created. Therefore,
the far-zone radiated electric field is a superposition of the wave fronts which can be

written as [47]

E (r,{) = % (I, (t—r/c)+ I, (t — r/c — 2h/c)
—I;(t—r/c—(h/c) (1 — cosh))

—I(t—r/c—(h/c)(1+ cosh))}. (3.2)

It is relatively straight forward to identify that the first term is associated with the
initial radiation from the feed point. The second term is associated with the wavefront
produced by the absorption of the reflected pulses at time t = 2h/c. The last two
terms are associated with the radiation from the end points which occurs at time
t = h/c. Since the spherical wave front associated with the end points is centered
at z = =h, their contribution to the total radiated field is dependent upon the
observation angle 6. With the observation point fixed at some angle # and a distance
rp in the far-field, the arrival of the radiated waves are recorded with respect to
time. To establish a baseline, consider the case where the dipole is a half-wavelength
(h = A/4) in length and the observation angle 6 equals 7/2. Fig. 3.2 shows the
arrival of the Gaussian pulses as a function of time which has been normalized to
characteristic time 7 and the propagation delay from the origin to rp has also been
removed. The first pulse is from the initial radiation at the feed point and the second
pulse with negative amplitude is due to radiation from the end points which arrives

simultaneously because # = 7/2. The last pulse is of course from the absorption of
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the reflected pulses at the feed point. It is evident that there is little overlap between
the pulses leading to predominately constructive interference and it is the reason for

the pattern peak at broadside.
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Figure 3.2: Gaussian pulse radiation from a A\/2 dipole for § = 7/2.

Let us now consider the case where the dipole is electrically small (h = A\/10) as
shown in Fig. 3.3. As expected, the arrival of the pulses overlap in time because the
length h is shorter but the phase velocity v, has remained the same. It is apparent
that the shorter delay results in predominately destructive interference and becomes
more destructive as the delay becomes shorter. Hence, antenna radiation begins to
deteriorate with respect to the A/2 dipole. However, if the phase velocity is reduced,
the pulses can be made to interfere constructively once again. That is, if the dipole
is miniaturized by a factor m = v,/c = 2h/\ the radiation becomes coherent and
the performance improves. Therefore, the essence of antenna miniaturization is the
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establishment of a coherent radiation condition or resonance when an antenna is
electrically too small to achieve it otherwise. It is important to emphasize that the
performance improvement achieve through miniaturization is limited by the electrical
size of the antenna. This fact is demonstrated in section 3.3. Before proceeding to

this demonstration, it is worthwhile to discuss how the phase velocity can be reduced.
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Figure 3.3: Gaussian pulse radiation from an electrically small dipole (h = A/10) for
0 =m/2.

3.2 Antenna Miniaturization Concept

As illustrated in the previous section, the basic concept of miniaturization involves
reducing the phase velocity of the wave guided by the antenna structure. To illustrate
how this can be done, the analogy between an antenna and transmission line is used

again (see section 2.6.1). Consider a center-fed infinite biconical antenna which is a
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type of a spherically radial waveguide guiding a purely spherical wave [3]. This is
analogous to an infinitely uniform transmission line acting like a guide for a travel-
ing plane wave [45]. It is well known that the phase velocity v, and characteristic

impedance Z; seen by the guided wave are given by

1 1 L 7
w=me v 2T 9e G\fe (33)

where L is the series inductance per unit length, C' is the shunt capacitance per

unit length and G is a geometrical factor. Using the analogy between antenna and
transmission line, these same equations apply to an antenna’. Therefore, the phase
velocity can be controlled using the series inductance and shunt capacitance per unit
length. For the biconical antenna, this means controlling the self-inductance of the
cone and the capacitance between the two cone halves. Below, some techniques are
discussed for modifying the inductance and capacitance of the antenna structure.
Techniques that can be used to modify the inductance and capacitance of an an-
tenna structure involve either material or reactive loading. Material loading refers
to the application of materials which have ¢, > 1 and/or u, > 1. This approach is
the most generic making it applicable to any antenna design. However, the material
density can make this approach prohibitive for applications that require lightweight
antenna designs. Additionally, material losses can play a significant role in their
applicability. Thus, frequency dependent loss for currently available magnetic or
magneto-dielectric materials prevents their use above VHF. On the other hand, reac-
tive loading refers to any method which enhances the self-inductance and/or shunt-
capacitance within the antenna structure. A classic example of inductive loading is

9In general, the characteristic impedance of an antenna is frequency dependent unless the geom-
etry naturally scales with frequency (constant geometrical factor).
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the meandering of the conductor forming the antenna [11,49]. Not only is this ap-
proach lightweight but it is also applicable for any frequency range. However, for
some antennas, it can be difficult, if not impossible, to implement capacitive and/or

inductive loading.

3.3 Performance Enhancement caused by Antenna Miniatur-
ization

Before proceeding with the examination and implementation of miniaturization
techniques, it is important to assess the improvements that can be achieved through
miniaturization. To begin, consider a wire dipole and loop antenna both of which fit
inside a sphere of radius a. That is, they both have a maximum linear dimension
equal to 2a. Under these constraints, the dipole will have its first resonance at
ka ~ m/2 and the loop will have an antiresonance ' at ka ~ 1/2 and its first
resonance at ka = 1. These values are approximate because they also depend on the
wire radius as well. The dipole and loop can be miniaturized by increasing the self
inductance of the wire segments that form them. This is readily accomplished using
NEC [50] which allows the user to assign a distributed or lumped impedance (parallel
or series circuit) to each wire segment. In this case, each segment was assigned
the same distributed inductance L (uniform loading). In doing so, the resonant
frequency is shifted to a lower frequency as the self-inductance is increased. The ratio
of the resonant frequency for the unloaded case (L = 0) to the loaded case (L > 0)
is defined here in as the miniaturization factor m (m = fI*/f;°*). Fig. 3.4 shows
the miniaturization factor obtained for a given inductance per unit length and it is

10 Antiresonance is defined by the condition where the reactance is zero and its derivative is negative
(parallel RLC circuit). Similarly, a resonance occurs when the reactance is zero and the derivative
is positive (series RLC circuit).
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remarked that the relation between m and L for the loop and dipole antennas is
identical. In fact, in the discussion that follows, the results are nearly identical for
the dipole and loop. Therefore, to avoid being redundant, most of the subsequent
results are shown only for the dipole antenna.

The following two sections discuss the impact antenna miniaturization has on the
radiation efficiency and (). These sections illustrate the importance of phase velocity
in improving antenna performance. Section 3.3.3 then illustrates how the electrical
size in terms of the free space wavelength limits the improvement that can be obtained

by miniaturization.
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Figure 3.4: Miniaturization factor as a function of the inductance per unit length for
a dipole or loop antenna.
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3.3.1 Radiation Resistance

The radiation resistance is an important antenna parameter, especially in trans-
mitting systems, because it plays a significant role in determining the fraction of the
accepted power that is radiated and dissipated. Therefore, it is of interest to examine
how antenna miniaturization affects radiation resistance. The radiation resistance

1 The radiation resistance of a unloaded

is typically referred to current maximum
dipole is plotted in Fig. 3.5 in addition to several cases where the dipole has been
miniaturized by a factor of m (the reactance is shown in Fig. 3.6). As seen, the ra-
diation resistance for the unloaded dipole decreases with decreasing ka as expected.
However, if the behavior of the radiation resistance is observed at a fixed ka, it can
have larger values depending upon the miniaturization factor m. This is demonstrated
in Fig. 3.7 which shows the radiation resistance at ka = 0.5 as a function of m. As the
resonant frequency of the miniaturized dipole approaches ka = 0.5 (as m increases),
the radiation resistance increases and eventually peaks. As m continues to increase,
the radiation resistance begins to decrease because the resonant frequency has moved
past ka = 0.5. This behavior illustrates the importance of phase velocity. By choos-
ing the appropriate miniaturization factor, the phase velocity can be reduced making
the dipole resonate. Therefore, even though the dipole is physically small, the dipole
current distribution can be made sinusoidal as shown in Fig. 3.8 (red dash-dot line).
When the dipole is resonant, radiation from the feed point and ends interferes con-

structively allowing maximum energy transfer into propagating spherical wave modes.

In terms of antenna parameters, this manifests itself as a larger radiation resistance.

2
UThe radiation resistance relative to current maximum is: R, (wo) = Rin (wo) (il((:}g)) ) where

I, is the maximum current, I;,, is the current the terminals and R;, is the resistance seen looking
into the terminals.

60



Assuming the ohmic-loss remains constant, the increased radiation resistance leads
to a higher radiation efficiency and more power radiated.

In comparison, the unloaded dipole has a triangular current distribution (solid
line in Fig. 3.8) and the radiation from the feed point and ends interferes primarily
destructively. By complex conjugate matching the unloaded dipole using a lumped
load at the input terminals, the power radiated increases since the power accepted
by the antenna increases (current amplitude increases). However, the radiation re-
sistance remains unchanged as well as the radiation efficiency because the antenna
is still non-resonant. That is, complex conjugate matching does not effect the phase
velocity and cannot make the antenna resonate!? (the resonance exists between the
lumped load and the antenna). Therefore, in this regard, miniaturizing an antenna is
more beneficial than the complex conjugate matching of a non-resonant antenna. In
the following section, the impact of antenna miniaturization on the radiation ) and

impedance bandwidth is examined.
3.3.2 Antenna () and Bandwidth

After observing how antenna miniaturization affects radiation resistance, one
should also expect it to also affect the ). The impact of antenna miniaturization
on the @) is demonstrated in Fig. 3.9 where the antenna () was calculated from the

antenna impedance using the following expression [51]'3.

Wo

Q (wo) ~ —\/[R’ (wo)]” + {X’ (wo)

X (@o)l]?
2R (CUO) + ’

Wo

(3.4)

12Note that when the electrical size becomes very small (i.e. for HF antennas, ka << 0.1),
the tunning circuit and antenna are, for all practical purposes, indistinguishable from one another.
Therefore, miniaturization and tunning are basically one in the same

13The derivatives in equation 3.4 where evaluated numerically using the five point rule with a step
size h = 10kH z
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Figure 3.5: Comparison of the dipole radiation resistance for different miniaturization
factors.
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Figure 3.6: Comparison of the dipole reactance referred to current maximum for
different miniaturization factors.
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Figure 3.7: Dipole radiation resistance at ka = 0.5 as a function of the miniaturization
factor m.
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Figure 3.8: Comparison of the current distribution at ka ~ 0.5 for a 6 inch long un-
loaded dipole below resonance and real impedance match, below resonance and com-
plex conjugate matching and a resonant dipole via miniaturization (real impedance
match).
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In [51], it was shown that this expression was in close agreement with the exact @
calculated from the fields. To observe the impact of miniaturization on the @), the @)
of the dipole is observed at a fixed ka. In Fig. 3.9, the () is plotted as a function of
the miniaturization factor for various values of ka. For each ka, the dipole () has been
normalized using the @ of the unloaded dipole (m = 1 case). This normalization was
done only to make all of the curves viewable on the same plot. From Fig. 3.9 it is
evident that the () decreases as m increases until a minimum is reached. The value of
m for which the minimum @ occurs corresponds the miniaturization factor required
to make the dipole resonate at a given ka. This can be better depicted by re-plotting
the results using the effective electrical size k,,a. That is, the miniaturization factor
(x-axis) is multiplied by ka and the @ is re-plotted in Fig. 3.10 as a function of
mka (kna = mka). Recalling that the unloaded dipole resonates at ka = /2, it is
evident that the minimum normalized @) occurs at k,,a = 7/2, implying an effective
propagation constant k,,. This plot also demonstrates the importance of using phase
velocity to establish resonance or a coherent radiation condition at a given ka. More
importantly, this result shows that the optimal miniaturization factor with respect
to ) is simply the miniaturization factor required to make the dipole resonate at a
given ka.

Since the loaded has a lower () compared to the unloaded dipole for a given ka, it
will also have a larger impedance bandwidth. To demonstrate this, equation 2.27 is
used to determine the fractional bandwidth assuming an infinite stage matching net-
work (a = m,b = 0) and a reflection coefficient, ' = 107%° (-10 dB return loss band-
width). The fractional bandwidth was then computed for the unloaded and loaded

dipole as a function of ka. For each ka, the loaded dipole has been miniaturized using
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the appropriate m such that it is resonant. A comparison of the fractional bandwidth
is shown in Fig. 3.11. It is evident that miniaturization improves bandwidth because
the miniaturized dipole has a lower (). To better illustrate this, the percentage band-
width improvement obtained from miniaturization is shown in Fig. 3.12. As seen, up
to 40% improvement is possible if the dipole is resonant (miniaturized) at a given ka.
For the loop antenna, the percentage bandwidth improvement is provided in Fig. 3.13.
While its percentage improvement is not as large as the dipole, the two miniaturized

antennas have nearly the same fractional bandwidth for ka < 0.5.

T
—— non-miniaturized
—e— miniaturized

-10 dB Return Loss Bandwidth
=

1.5

Figure 3.11: Fractional bandwidth (based on -10 dB return loss) improvement for a
miniaturized dipole (resonant at each ka) using an infinite stage matching network.
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Figure 3.12: Percent improvement in the -10 dB return loss fractional bandwidth for
a miniaturized dipole using an infinite stage matching network.
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Figure 3.13: Percent improvement in the -10 dB return loss fractional bandwidth for
a miniaturized loop using an infinite stage matching network.
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3.3.3 Electrical Size

The two preceding sections have shown improvements that can be achieved using
antenna miniaturization. However, the improvement is limited by the electrical size
of the antenna. That is, an electrically small dipole (ka << 7/2) can be made to
resonate via miniaturization (k,,a = 7/2) but its performance will never be as good as
an electrically large resonant dipole (ka = 7/2). This is best illustrated by examining
what happens to the dipole impedance as it is miniaturized.

From Figures 3.5 and 3.6, it is apparent that the dipole’s impedance curves are
shifted in frequency as it is miniaturized. Furthermore, the impedance curves are also
scaled as the dipole is miniaturized. The resulting impedance curves for the miniatur-
ized appear to be shifted and scaled versions of the unloaded dipole impedance. This
shifting and scaling indicates that there this a relation between the dipole’s impedance
before and after miniaturization. To determine this relationship, the real and imag-
inary parts of the impedance are considered separately. It is also assumed that the
scaling functions that relate the dipole’s resistance and reactance before and after
miniaturization are frequency dependent. Therefore, in general, the relation between

the dipole’s resistance before and after miniaturization can be stated as follows

R (%) — sp (w) Ro (). (3.5)

where Ry denotes the resistance before miniaturization, R is the resistance after minia-
turization and sg is the unknown scaling function. Similarly, the relation between

the dipole’s reactance before and after miniaturization is given by

w

X <E) = sy (W) Xo (). (3.6)
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Figure 3.14: Comparison of the dipole radiation resistance for different miniaturiza-
tion factors as a function of the normalized frequency.
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Figure 3.15: Comparison of the dipole reactance referred to current maximum for
different miniaturization factors as a function of the normalized frequency.
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To determine the scaling functions sz and sy, the impedance curves of Fig. 3.5
and 3.6 are re-plotted in Fig. 3.14 and 3.15 respectively, as a function of the normalized
frequency fTL where f,.s denotes the resonate frequency of the dipole in each case. By
dividing the curve for the unloaded case (m = 1) by one of the curves for the loaded
case (m # 1), it can be shown that the scaling functions are almost constant functions
of frequency (see Figures 3.16 and 3.17). More specifically, the dipole resistance
after miniaturization by a factor of m has been scaled by a factor of 1/m? (see
Fig. 3.16). Also, as shown in Fig. 3.17, the reactance increases by a factor of m after
miniaturization. Therefore, the relation for the dipole resistance and reactance before

and after miniaturization is

R(2)= %RO () (3.7)
X (%) =mXy (w). (3.8)

In essence, these expressions demonstrate that, for a fixed physical size, the radiation
resistance and associated reactance (relative to current maximum) are not maintained
as the resonant frequency is shifted to lower frequencies. This is a result of the
antenna becoming electrically smaller which, in turn, results in a larger radiation Q.
From equations 2.8and 3.4, a larger ) implies that less energy is radiated (a smaller
radiation resistance) and more energy is stored (larger magnitude and derivative of
the reactance) which can be inferred from equations 3.7 and 3.8. Therefore, these
equations further illustrate the importance of electrical size (with respect to the free

space wavelength) in limiting the performance of an antenna.
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Figure 3.16: Scaling of the dipole resistance due to miniaturization (resistance is with
respect to current maximum).
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Figure 3.17: Scaling of the dipole reactance due to miniaturization (reactance is with
respect to current maximum).
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3.4 Approach to Broadband Antenna Miniaturization

Until now, antenna miniaturization was discussed and illustrated from the point
of view of narrow band antennas. This allowed important concepts to be easily
demonstrated using simplistic antennas. The purpose of this section is to discuss the
miniaturization of broadband antennas in general. The goal is to develop a methodol-
ogy for miniaturizing a broadband antenna such that the best overall performance is
achieved. As a first step, section 3.4.1 discusses the possibility of defining an optimal
miniaturization factor for a wire spiral antenna. Section 3.4.2 then examines how
the loading profile impacts the performance of a spiral antenna. Motivated partly by
the result in section 3.4.2, section 3.4.3 discusses the benefit of equal inductive and

capacitive loading for broadband antennas.
3.4.1 Optimum Miniaturization Factor

It was previously shown for a dipole and a loop that, in regards to the @, the
optimal miniaturization factor is the one required to make the antenna resonate at
a desired frequency. That is, the optimal miniaturization factor is equal to the res-
onant frequency of the unloaded antenna divided by the desired resonant frequency

(mopt = fTJ;?S = T;—f) Intuitively, this should apply to any antenna including the spi-

ral antenna. For the spiral antenna, radiation band theory [52,53] says that the first
radiation band will be formed at ka = 1 (D = A/m). This implies that optimal
miniaturization factor m for a spiral would be m = 1/ka. To verify this, the same
analysis procedure used in section 3.3 for the dipole and loop was repeated for a 6

inch diameter wire log spiral shown in Fig.3.18.
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Figure 3.18: A 6 inch diameter wire log spiral with an expansion ratio 7 = 0.525
(growth rate a ~ 0.1) and angle § = /2.

For each m, the @) of the spiral was calculated for a range of ka using equation
equation 3.4. To determine the optimal m for a given ka, the spiral () is plotted
as a function of m for fixed values of ka (see Fig. 3.19). In Fig. 3.19, the spiral @
was normalized to the theoretical limit at each ka so that all of the curves can be
displayed on the same plot. It is apparent that for each ka a minimum is obtained
for a different m as expected. The value of m for which the minimum occurs can be
found by re-plotting the results using the effective electrical size k,,a (k,, = mk) and
this is shown in Fig. 3.20. It is apparent that the minimum occurs at k,,a ~ 0.5,
implying an optimal miniaturization factor of me, ~ 0.57/ka. Note that this is
the same m,, obtained for the dipole antenna but it is larger than the predicted
m = 1/ka from radiation band theory. This is not unexpected as the performance
of an unloaded (m = 1) spiral is not optimal at ka = 1. That is, the frequency
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independent performance of the spiral does not begin exactly at ka = 1. To achieve
frequency independent behavior, the current must decay sufficiently before it reaches
the point where the spiral structure is truncated. For the spiral, the growth rate
or expansion ratio determines how rapidly the current decays through the radiation
band and beyond. Hence, depending upon the growth rate, the frequency independent
behavior occurs when the radiation bands are located a sufficient distance from the
truncation. Typically, the frequency independent performance is observed to begin
for 1 < ka < mw/2. Therefore, the optimal miniaturization factor m,, for a spiral
will most likely depend to some extent on the growth rate. Nevertheless, the optimal
miniaturization factor obtained using a growth rate a = 0.1 is still useful as long as it is
used as a guideline for determining the maximum miniaturization factor. That is, the
result provides a useful starting point in the design process for defining the maximum
miniaturization factor that needs to be achieved. It is importance to emphasize that
the optimal miniaturization factor, as defined here, is based on minimizing the spiral
(@ at a given ka. If it is defined in terms of maximizing the realized gain at a given

ka then mg, could be different depending upon how the antenna is matched.
3.4.2 Importance of Tapered Loading Profile

In designing a miniaturized broadband antenna it is important to consider the
manner in which the antenna is miniaturized. For instance, consider the miniaturiza-
tion of a spiral antenna by a factor m. This miniaturization factor could be achieved
by uniformly loading the spiral such that the phase velocity is reduced by a factor
m everywhere along the spiral. On the other hand, the same miniaturization factor

could be achieved by gradually decreasing the phase velocity along the spiral using
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Figure 3.19: Behavior of the spiral antenna () as a function of the miniaturization
factor m for fixed values of ka.
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Figure 3.20: Behavior of the spiral antenna () as a function of the effective electrical
size k,,a for fixed values of ka.
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a tapered loading profile. This leads to the question: How does the loading pro-
file impact the performance of a broadband antenna? To answer this question, let us

consider the uniform loading of the 6 inch diameter spiral antenna shown in Fig. 3.21.

f, radiation band before miniaturization

f, radiation band after uniform loading

Figure 3.21: Spiral antenna miniaturization using material loading.

For a frequency fy there is a radiation band whose location is shown in Fig. 3.21
before the spiral is miniaturized. It is obvious that the spiral is electrically large
enough to naturally establish a radiation band at f;. Therefore, its performance at
fo is sufficient and needs no further improvement. When the spiral is miniaturized by a
factor m using a uniform loading profile, the location of the radiation band associated
with fy shifts inward. In doing so, the size of the radiation band is also reduced by a
factor of m. Therefore, the spiral now radiates from an electrically smaller aperture at
the frequency fy. As a result, the antenna () increases and the directivity decreases.
Therefore, while uniform loading can improve performance below some ka where the

spiral was once too small to form a radiation band, it will concurrently deteriorate
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performance at those frequencies where the spiral could already form a radiation
band.

This is demonstrated by uniformly loading the spiral in Fig. 3.21 using an induc-
tance per unit length of 5uH (m = 2.21). As evident from Fig. 3.22, the @ of the
loaded spiral is lower than the unloaded spiral below approximately 600 MHz. Above
600 MHz, the loaded spiral @ is significantly higher because the radiation band has
become electrically smaller. The effect of the electrically smaller aperture on the
directivity is shown in Fig. 3.23 for the uniformly loaded and unloaded spiral. It is
apparent that the directivity for the uniformly loaded spiral is several dB lower that
the unloaded spiral. Also, the directivity for the uniformly loaded spiral exhibits an
oscillatory behavior. The oscillations could be a result of the growth rate being too
large for the given miniaturization factor or pattern distortion caused by radiation
from higher order modes. Note that the oscillations can be reduced to a certain ex-
tent by decreasing the growth rate a, as shown in Fig. 3.24. However, on average
the overall directivity will be lower than the unloaded spiral because of the smaller
effective aperture. Also, it is noted that decreasing the growth rate has almost no
impact on the antenna () as shown in Fig. 3.25.

The obvious solution to the problem illustrated by uniform loading is to only load
the low frequency portion of the spiral aperture or to use a tapered loading profile. In
doing so, there will be minimal size reduction of the high frequency radiation bands.
Note that it is impossible to miniaturize a broadband antenna without effecting some
of the higher frequency components. To demonstrate the improvement obtained by
tapering, the inductive loading was exponentially tapered along the length of the

spiral arm starting with an inductance of 0.001uH and increasing to 5uH. The effect
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Figure 3.22: Comparison of the radiation @) for a spiral antenna having uniform and
exponential inductive loading profile.
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Figure 3.23: Comparison of the directive gain for a spiral antenna having a uniform
and exponential inductive loading profile.
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on the spiral @) and directivity are shown in Fig. 3.22 and Fig. 3.23 respectively.
It is clear from Fig. 3.22 that the @) for the tapered loading is almost identical to
the unloaded spiral at high frequencies as desired. Similarly, the directivity for the
tapered loading is almost identical to the unloaded spiral. Note that the issue of

choosing or determining the optimal loading profile is address later in section 5.3.
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Figure 3.24: Comparison of the directive gain of a uniformly loaded spiral antenna
for different growth rates.

3.4.3 Importance of Equal LC Loading

Even though a tapered loading profile alleviates many high frequency issues, it
can cause additional issues if the loading is purely inductive or capacitive. Similar
to a tapered transmission line matching section, a tapered loading profile introduces

impedance discontinuities along the length of the spiral arm that, in turn, cause
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Figure 3.25: Comparison of the radiation () of a uniformly loaded spiral antenna for
different growth rates.

reflections. The magnitude of these reflections depends upon how large the impedance
discontinuity is from one section to the next. As long as the impedance difference is
small, the reflections due to the incremental change in impedance will also be small
and will have minimal impact on the antenna input impedance. However, in theory,
it is possible to eliminate any reflections that may occur from such loading if both
inductive and capacitive loading are used simultaneously. That is, concurrent use of
inductive and capacitive loading makes it possible to maintain the same impedance
throughout the entire spiral structure as implied by equation 3.3.

The ability to maintain the impedance using both inductive (magnetic) and capac-
itive (dielectric material) loading can be demonstrated by analyzing a spiral antenna
that is embedded in a fictitious material which has an arbitrary relative permeabil-

ity and permittivity. Figure 3.26 shows a 6 inch diameter log-spiral embedded in a
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1 cm thick disk of loss-less material. The spiral is a self-complementary structure
consisting of seven turns and has a growth rate of a = 0.06. This antenna was sim-
ulated using Ansoft’s HFSS for a disk with material properties of (¢, = 4, p, = 1)
and (¢, = 2, u, = 2). The relative permeability and permittivity of the second
material was chosen such that reduction in phase velocity was the same in both cases
(same miniaturization factor). The resulting input impedance curves are shown in
Figure 3.27. It is evident that the spiral loaded with only dielectric material has a
much lower impedance than the spiral in free space. On the other hand, when the spi-
ral is loaded with a material having equal €, and p,., the impedance is nearly identical
to the free standing spiral. This clearly demonstrates the benefit of equal inductive

and capacitive loading in regards to maintaining the original antenna impedance.

Figure 3.26: A 6 inch diameter log-spiral (self-complementary) embedded in the mid-
dle of a 1 cm thick disk of magneto-dielectric material.
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Figure 3.27: Input resistance for the spiral in Fig. 3.26 using different combinations
of ¢, and .

3.5 Summary

In this chapter antenna miniaturization was discussed in general. Specifically,
section 3.1 used a dipole antenna to illustrate the importance of phase velocity and
electrical size in regards to radiation. The basic concept of controlling the phase
velocity via antenna miniaturization was discussed in section 3.2. By controlling the
phase velocity, it was possible to achieve resonance or to establish coherent radiation
from an electrically small antenna. In doing so, the radiation (), radiation resis-
tance and impedance bandwidth could be enhanced to a certain degree as discussed
in section 3.3. The last section discussed the proper application of miniaturization
techniques to a broadband antenna. In doing so, a methodology was outlined for

miniaturizing a broadband antenna, particularly a spiral antenna. Specifically, in
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section 3.4.1, a guideline was established for determining the maximum miniaturiza-
tion factor (mg, =~ 0.57/ka) needed to achieve optimal performance at a given ka
with respect to the antenna (). That is, the optimal miniaturization factor mgy is
based on minimizing the ) of a wire spiral at a given ka. Once again, it is emphasized
that this result is only accurate when applied to a wire spiral antenna and it may not
apply in general to any arbitrary spiral antenna. Nonetheless, the result is very useful
for providing a starting point in the design process. Section 3.4.2 demonstrated the
importance of tapering the loading profile to minimize any negative effects at higher
frequencies. To eliminate possible issues introduced by tapering the loading profile,
section 3.4.3 discussed the use of equal inductive and capacitive loading.

Using this knowledge, the following two chapters discuss the miniaturization of a
spiral antenna using two different approaches which are material and reactive loading.
Specifically, chapter 4 discusses broadband antenna miniaturization using material
loading. Here, only dielectric material loading is considered because the currently
available magnetic materials are too lossy over the frequency range of interest. Chap-
ter 5 discusses the integration and implementation of reactive (inductive) loading for
a spiral antenna. Only inductive loading is considered because of inherent difficulties

in implementing capacitive loading for the spiral antenna.
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CHAPTER 4

BROADBAND ANTENNA MINIATURIZATION USING
MATERIAL LOADING

4.1 Introduction

Material loading is the most widely applicable approach for antenna miniaturiza-
tion because any antenna can be easily miniaturized by immersing it in a high-contrast
material. Therefore, the antenna does not need to be altered in any way as compared
to reactive loading which usually requires structural modifications. The applicability
of material loading is only limited by practical considerations (cost, size, weight, etc.)
and the amount of loss which depends upon the material type (dielectric, ferrite,
magneto-dielectric, etc.). The main practical issue is maintaining a low weight while
maximizing the amount of miniaturization. Ideally, the entire volume occupied by
the antenna (radian sphere) needs to be loaded to maximize the amount of miniatur-
ization. However, such an approach is impractical because of the inherent increase
in weight and large profile. Therefore, an inherent trade-off exists between material
volume and achievable miniaturization.

The applicability of material loading also depends significantly upon the losses

associated with the material. For this reason, the loss of currently available magnetic
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or magneto-dielectric materials prevents their use above VHF frequencies. Also, it is
noted that the real part of the permeability for magnetic materials which have cubic
anisotropy is bounded by Snoek’s limit [54,55]. That is, there is a limit to the max-
imum relative permeability that can be achieved at a given frequency. According to

Snoek’s limit [54,55], the relative permeability is bounded by the following expression

12y M,
w 3

(4.1)

fhr

where w is the frequency, ~ is the gyromagnetic ratio and M, is the saturation magne-
tization. In practice, the majority of available magnetic materials only exhibit large
relative permeabilities (u, > 20) at frequencies less than 100 MHz. Therefore, the
miniaturization that can be achieved using magnetic materials alone is limited by the
frequency range of interest. However, the main issue with currently available mag-
netic materials is the loss. For this reason, the application of magnetic materials for
the purpose of antenna miniaturization is limited to frequencies less than 200 MHz.

Unlike magnetic materials, the applicability of dielectric materials is not limited
by loss or the relative permittivity that can be achieved. Currently available dielec-
tric materials are low-loss (loss tangent, tand < 0.001) and have a wide range of
dielectric constants (1 < €. < 150). The available dielectric materials are usually
high-temperature ceramics, low-temperature cold fired ceramics or epoxy bonded ce-
ramics. In addition, there are even dielectric materials made from plastic stock which
exhibit low-loss (tand < 0.002). All of these materials are readily available from
a variety of companies such as Trans-Tech, Emerson and Cuming, picoFarad, and
Dielectric Laboratories. Therefore, currently available dielectric materials are well

suited for antenna miniaturization.
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The idea of miniaturizing an antenna using dielectric loading has existed for quite
some time and it has been employed frequently for narrow band. The dielectric mate-
rials used in these applications usually consisted of a low dielectric constant (e, < 10)
and a homogeneous layer due to fabrication limitations. Within the last ten years,
there has been a renewed interest in the use of dielectric materials because of the in-
terest in the design of novel materials for antenna applications (meta-materials) and
the availability of low-loss (loss tangent, tand < 0.001) and high-contrast dielectrics.
In this Chapter, material loading of the spiral antenna is examined using only dielec-
tric materials because of the previously mentioned issues with magnetic materials.
The purpose is to demonstrate the use of dielectric materials and to determine how
much the spiral can be miniaturized. The remainder of this chapter is organized as
follows. In section 4.2, the theory of operation is briefly reviewed for the spiral an-
tenna. The spiral antenna is then loaded using finite high-contrast dielectric layers
(substrates and superstrates). The effect of the dielectric layer thickness, width and
permittivity on the miniaturization of the spiral antenna is discussed. To facilitate
dielectric loading, a previously developed design [49,56,57] is used as a baseline. In
section 4.4, some of the issues that arise as a result of the high-contrast material

loading are discussed and addressed.

4.2 Spiral Antenna: Theory of Operation

Regardless of the aperture shape of the spiral (circular or square) or its type
(equiangular or archimedean), the theory of operation applies to all as long as they are
tightly wound (expansion ratio, 7 > 0.25) [8]. The operation of the spiral antenna is

based on "radiation band” theory which states that the spiral predominately radiates
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from annular bands whose circumference is an integer multiple of a wavelength [52,53].
For a circular spiral the radiation bands occur when the diameter D = n\/m whereas
for a square spiral they occur when the width W = nA/4 [52]. Radiation occurs from
these regions because the current flowing in adjacent arms is predominately in phase
leading to coherent/constructive radiation in the far-field. Outside these regions the
current is not in phase and, therefore, the radiated field interferes destructively. To
illustrate the radiation band theory consider the two arm archimedean spiral shown
in Fig 4.1 at some frequency fy,. Here, the two arms have been excited 180° out
of phase with respect to the other and the phase progresses along the spiral arm in
accordance with the free-space phase velocity. If the frequency is sufficiently large
such that Ay > 7D, the difference in phase between the current in adjacent arms
will be small in an annular band whose circumference is Ag. In Fig 4.1, the phase
at selected points is shown on the spiral. It is evident that in the radiation band
the phase difference is about 7° whereas outside the band the phase difference is
significantly larger. Note that the phase difference in the radiation band is dependent
upon the growth rate and decreases with decreasing growth rate (increasing expansion
ratio, 7). As the operational frequency varies, the physical size of the radiation band
varies accordingly. Therefore, the lowest operating frequency is determined by the
spiral diameter or outer circumference. Similarly, the highest operating frequency is
determined by the detail of the center region and can be increased by the addition of
more turns.

Typically, the two arm spiral is excited so that the current on each arm is 180° out
of phase with respect to the other at the feed point. For such an excitation the spiral

can only radiate from regions where the circumference is an odd integer multiple of
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difference

Figure 4.1: Phase of current flowing on a two-arm archimedean spiral antenna illus-
trating the concept of radiation band theory.

a wavelength (first mode). Specifically, radiation from the 1A-circumference region
will produce an omni-directional radiation pattern with the maximum at boresight.
Only the first mode has a maximum at boresight and it is the most commonly used
mode. However, if a two arm spiral is excited such that the currents on each arm
are in phase, the coherent condition occurs when the circumference is an even integer
multiple of a wavelength (second mode). The corresponding radiation pattern has a
null at boresight and a maximum at an elevation angle of 38° from boresight (which
can be predicted from array theory). All other radiation modes excited using spirals
having more than two arms are similar to the second mode and are not discussed
here. For further discussion of the radiation properties of these modes the reader is

referred to [8, 58].
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4.3 Spiral Antenna Miniaturization using High-Contrast Di-
electrics

From radiation band theory, it is apparent that the location and size of the radia-
tion band is dependent upon the phase velocity of the spiral structure. By manipulat-
ing the phase velocity the location and size of the radiation band can be controlled.
That is, for a spiral with a phase velocity different than free-space, the circumfer-
ence of the annular radiation band is equal to the guided or effective wavelength
Ae = Ao/\/Ie€e Where Ag is the free-space wavelength, . is the effective permeabil-
ity and e, is the effective permeability. Clearly, by using high-contrast material or
reactive loading, the effective wavelength can be made smaller than the free-space
wavelength thereby miniaturizing the spiral. If the spiral were loaded with an infinite

half-space or full-space, the effective dielectric constant is as follows

&+l for infinite half-
EeZ{ 5 or infinite half-space (4.2)

€r for infinite full-space

This leads to a maximum achievable miniaturization (M AM) for single-side or double-
side loading cases. In practice, the loading material has finite dimensions which
actually define the overall size of the antenna. In this case, only a fraction of M AM is
obtainable and the amount depends upon the thickness, width, shape of the material.
In the remainder of this section, the miniaturization of a spiral antenna using dielectric
materials is considered. The purpose is to observe how close one can come to achieving
the M AM using a given dielectric constant. Before proceeding with this discussion, it
is necessary to discuss the quantification of the miniaturization factor for a broadband

antenna.
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4.3.1 Quantifying Miniaturization for a Broadband Antenna

In light of the above discussion, a logical way to define the miniaturization factor is
to use the ratio of the free-space wavelength to the effective wavelength (m = Ag/\).
Since the resonant frequency of an antenna is dependent upon the effective wavelength
(or phase velocity), defining the miniaturization factor in this way is equivalent to
defining it using a ratio of the resonant frequencies for an unloaded and loaded an-
tenna as in Chapter 3. However, for a broadband antenna (high pass response),
defining the miniaturization factor based upon wavelength reduction is not the same
as defining it using a ratio of the cutoff frequencies for an unloaded and loaded an-
tenna (m = funloaded / fcl"“de‘j). That is, reducing the wavelength or phase velocity by
a factor of ten will not reduce the cutoff frequency by a factor of ten because there
are physical limitations on the cutoff frequency (see section 2.6.1) that cannot be
overcome'. Therefore, there are two miniaturization factors that can be defined for
a broadband antenna. The miniaturization factor can be defined based upon phase
velocity reduction and based on the shifting of the cutoff frequency. In evaluating the
performance improvement due to miniaturization, the latter definition is more useful
and will be used unless otherwise noted.

In order to calculate the miniaturization factor using the cutoff frequency, an
antenna parameter must be chosen to define the cutoff frequency. Here on, the cutoff
frequency is defined using a specific realized gain point. The realized gain is used
because it incorporates three of the most important antenna parameters which are the
directivity, radiation efficiency and the mismatch efficiency. The choice of the realized

“There are no such limitations for the resonant frequency (center frequency) of a band-pass
response. That is, it is possible to shift the resonance to any frequency.
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gain point can be chosen based upon a communication system requirement but, in
general, the choice is subjective. It is important to note that the miniaturization
factor can vary depending upon the matching condition. Throughout the remainder
of this thesis, the mismatch efficiency is always calculated with respect to an arbitrary
generator that has a purely real and constant impedance (Zy = Ry). The impedance

Zy is determined by minimizing the reflection coefficient over a given frequency range

min (/ﬁf \F|2df) . (4.3)

This is accomplished by using the Matlab function ” fminbnd” which finds the min-

as follows

imum of a single-variable function over a fixed interval using golden section search
and parabolic interpolation. In addition to varying with the matching condition, the
miniaturization factor may vary based on the selected realized gain point. This is
demonstrated in Fig. 4.2 for a spiral loaded by a dielectric layer of thickness ¢. Each
curve in Fig. 4.2 was generated by calculating the miniaturization factor as a func-
tion of the dielectric layer thickness using different realized gain points. It is evident
that the miniaturization factor is not the same for all realized gain points. However,
for a realized gain less than -5 dBi, the miniaturization factor is relatively similar.
Taking this into consideration, the -15 dBi realized gain point is used throughout the

remainder of this thesis to define the miniaturization factor.
4.3.2 Impact of Dielectric Layer Dimensions

To begin the examination of the impact of dielectric loading, only one side of a
planar spiral is loaded with dielectric material. Simulations (finite element-boundary

integral code) are used to examine the effect of dielectric loading by varying the
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Figure 4.2: Dependence of the miniaturization factor on the realized gain point for a
dielectric loaded spiral.

thickness t, dielectric constant €, and width L of the dielectric layer. The spiral used
throughout is an archimedean square spiral with a constant growth rate as shown in
Fig 4.3 (w = 0.0762cm, S = 0.2286¢m and L = 5.3c¢m).

The impact of the dielectric layer thickness on the miniaturization factor was
considered first for the case where the dielectric layer width is equal to the spiral
diameter. The thickness of the dielectric layer was varied for two cases where the
dielectric constant was 9 and 16 respectively. The results are shown in Fig. 4.4 where
the horizontal dashed lines represent the half-space loading M AM for a dielectric
constant of 9 and 16. To make these results applicable for an arbitrary spiral size,
the thickness has been normalized to the guided wavelength which is defined as A\, =

XNo/+/€ where Xg is four times the spiral diameter. Initially, it is observed that
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Figure 4.3: A two arm square Archimedean ”slot” type spiral and geometrical pa-
rameters.

(t < 0.02),) the miniaturization factor m increases rapidly with increasing thickness
for both cases. However, the rate at which m increases diminishes significantly as the
thickness increases (¢ > 0.1),) and begins to saturate before the M AM is reached in
each case. Since the M AM can only be achieved by loading the entire half-space, it
was expected that saturation would occur once the dielectric layer became sufficiently
thick. From these results, it is apparent that there is a diminishing increase in m once
the thickness is about 0.1\;. Therefore, a thickness of at least 0.1\, should be used
to take full advantage of the miniaturization provided by a given dielectric constant.
Obviously, a thicker layer is better in terms of miniaturization if the additional weight
and larger profile can be tolerated.

Before proceeding to the case where both sides of the spiral are loaded, it is inter-

esting to observe the impact that the dielectric layer width has on the miniaturization
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Figure 4.4: Miniaturization factor as a function of the dielectric layer thickness in
guided wavelengths A,.

factor. Figure 4.5 shows the results obtained by increasing the width of the dielectric
layer for a thickness of 0.212); and a fixed spiral diameter of 53mm. Here, the width
of the dielectric layer has been normalized to the spiral diameter. From this figure
it is evident that m increases as the width of the dielectric layer exceeds the spiral
diameter. Therefore, the width of the dielectric layer has a profound affect on the
miniaturization factor. This implies that the results obtained in Fig. 4.4 would be
significantly different if the analysis were carried out using a dielectric layer that was
infinite in extent. Also, it is important to note that if an antenna design is limited
by a maximum dimension d,,,, where d,,.. > D, better performance is obtained by
increasing the antenna diameter rather than using a smaller diameter antenna and

increasing the width of the dielectric layer. That is, increasing m by making the
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width of the dielectric layer larger than the antenna (L/D > 1) does not result in

better performance compared to making both of them larger (L/D = 1).

4 T T
—a—g = 9,t= 0212}‘9 =15mm
3.51 —o—¢,=16,1=0.212\ =11.5mm||
3, .

Miniaturization Factor, m
N
T
I

L/D

Figure 4.5: Impact of superstrate width on miniaturization.

Now that the loading of one side of the spiral has been considered, it is of interest
to examine the possible benefits of loading both sides. Since the M AM increases
when both sides of the antenna are loaded, double-sided loading should result in
larger m for a given dielectric constant compared to loading a single side. Of course,
which approach results in the larger m will depend upon the total thickness of the
dielectric material. Therefore, if the total thickness is limited to ¢, can a larger m be
achieved by loading only one side with a dielectric layer of thickness ¢ or by loading
both sides with a dielectric layer of thickness 0.5¢t7 To answer this question both sides

of the spiral antenna were loaded using dielectric layers of thickness 0.5¢ and width

95



L = D. The results were then compared to those obtained from loading only a single
side with a thickness t. Fig. 4.6 shows the m as a function of the total thickness for
single-sided loading and double-sided loading using a dielectric constant of 9. It is
observed that for the same total thickness a larger or equivalent m is achieved when
both sides of the antenna are loaded. Therefore, it can be concluded that loading
both sides of the antenna will always produce the same or more miniaturization for
the same total thickness which is an important result. The only potential drawback
of loading both sides is that the antenna will radiate equally in both directions. By
loading only one side, it is possible to make the antenna radiate more to the side
with the dielectric loading' [59]. Therefore, loading one side aids in making the
antenna uni-directional which is usually required in most applications. However, to
achieve sufficient uni-directional radiation, the dielectric layer must be electrically
thick [59,60]. Therefore, the excitation of surface waves or lateral waves becomes an
important issue. The excitation of these waves results in pattern distortion and, in
general, negatively effects the overall antenna performance. Even if the surface waves
can be utilized in a beneficial way, the thickness of the dielectric layer is prohibitive

for use in low-profile antenna applications.
4.3.3 Impact of Dielectric Constant

Having already established how the width and thickness of the dielectric layer
affect miniaturization, it is time to consider how much miniaturization can be achieved
by increasing the dielectric constant. As in the previous section, simulations were used
study the effect of the dielectric constant. For each dielectric constant considered, the

thickness of the layer was chosen to be 0.1\, and the width was equal to the spiral

15For magnetic material loading, the antenna will radiate more to the opposite side
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Figure 4.6: Comparison of the miniaturization factor for single-sided and double-sided
loading with the same overall antenna thickness.

diameter. The miniaturization factor was then obtained for dielectric constants of 1,
4,9, 16, 25 and 30. To predict the miniaturization for larger dielectric constants, the
simulation results where extended by curve fitting. This approach was used because
of the excessive amount of time required to simulate the spiral loaded with higher-
contrast layers (e, > 30).

Figure 4.7 shows the behavior of m as a function of ¢,. The solid curve is for the
infinite half-space loading case and the other two curves are for the loading of a single
side and both sides respectively. Note that for both loading cases the total thickness
t of the dielectric layer is 0.1),. From Fig. 4.7 it is evident that the rate at which m
increases with increasing €, begins to diminish for €, > 50. Also, if only a single side

is loaded, it takes an ¢, = 100 to achieve a size reduction of a factor of two. However,
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Figure 4.7: Achievable miniaturization for a spiral antenna as a function of dielectric

constant (thickness = 0.1),).
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a m of two can be achieved using an €, = 60 if both sides are loaded. In fact, loading
both sides usually results in a 7 — 8% increase in m. From these results, it appears
that the largest m one can achieve using dielectric loading is around 2.1. Of course,
a larger m is possible using thicker dielectric layers but the inevitable weight increase

and larger profile is not worth the small increase in m.

Figure 4.8: Two inch spiral loaded with high-contrast superstrate.

To verify these results, a two inch diameter spiral was loaded with 0.1, thick
dielectric superstrates having €, =9, 16, 30 and 85 respectively. The superstrates
with €, =9, 16 and 30 are epoxy bonded ceramics (tand < 0.002) obtained from
Emerson & Cuming Microwave. The ceramic superstrate with €, = 85 was obtained
from picoFarad and was made from rare earth titanate (tand < 0.001). The spi-
ral loaded with the ¢, = 85 superstrate is shown in Fig. 4.8. The spiral used for
the experimental verification has a slot width w = 0.0762cm (30 mils), conductor
width S = 0.2286¢m, aperture dimensions of 5.715x5.715c¢m (2.25"22.25”) and it
was printed on a 0.06096cm (24 mils) thick FR4 substrate (¢ = 4.25-j0.0595). The

measured circularly polarized gain is shown in Figure 4.9 and it is evident that the
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dielectric loading shifts the realized gain curve to lower frequencies as the dielec-
tric constant increases. Note that, in all cases, the realized gain was measured with

respect to an 100€2 source impedance.

o

1
a

—o—8r=1

g = 9, thickness = 7.3mm

Measured Realized Total Gain (dBic)
1
=

---g = 16, thickness = 6.1mm
--g= 30, thickness = 4.3mm
—e, = 85, thickness = 2mm

0.5 0.75 1 1.25 1.5 1.75 2
frequency (GHz)

Figure 4.9: Measured boresight gain (realized) for the dielectric loaded 2 spiral.

The measured miniaturization factor (square markers) is shown in Fig. 4.10 in
addition to the curve fitted simulation results. Since no attempt was made to im-
prove the matching for each measured case, the measured miniaturization factor was
obtained from the realized gain with respect to 100€). The simulations results shown
in Fig. 4.10 were recalculated with respect to 100€2 and, therefore, are not the same
as the results shown in Fig. 4.7. It is apparent from Fig. 4.10 that the agreement
between measurement and simulation is very good and validates the simulation re-

sults. Also, it is noted that if the impedance were adjusted for each measured case
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the resulting m would be larger. For instance, the measurement for the ¢, = 85 case
resulted in a m of 1.7 whereas the simulation result with optimal matching resulted

in a m of about 1.9.
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Figure 4.10: Experimental verification of the achievable miniaturization as a function
of dielectric constant for single-sided loading (thickness = 0.1\,).

4.4 Dielectric Loading Issues

In the previous section, very high-contrast materials (¢, = 100) were needed to
achieve large miniaturization factors (around 2). The use of high-contrast materials
can have unwanted effects on the antenna performance. The fluctuations in the
realized gain shown previously in Fig. 4.9 are an example of this. Furthermore, these
effects can become worse the more the antenna is miniaturized. These unwanted
effects can occur for two reasons. First of all, the gain fluctuations can be caused
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by uniform loading as discussed previously in section 3.4. Secondly, the excitation of
surface waves and dielectric resonance modes can produce the observed fluctuations.
The excitation of surface waves and resonant modes is dependent upon the electrical
thickness of the dielectric layer. As the electrical thickness approaches 0.25),, a
significant amount of energy can be lost to the excitation of surface waves. For the
frequency range shown in Fig. 4.9, the thickness of dielectric layer in each case is less
than 0.15),. Therefore, the observed gain fluctuations are most likely caused by the
uniform loading since the dielectric layers are quite thin.

As discussed previously in section 3.4, the effects caused by uniform loading can
be addressed by tapering the dielectric loading (either the dielectric constant or thick-
ness) and, to some extent, by reducing the spiral growth rate. Tapering can also be
used to minimize the reduction of the antenna input impedance which is caused by
dielectric loading (see section 3.4.3). The following section demonstrates this using a
simple linear tapering of the dielectric constant. The issue of exciting surface waves
and dielectric resonance modes can also be addressed by tapering. This is discussed

in section 4.4.2.

4.4.1 Impedance Reduction

A consequence of dielectric loading is a reduction in the input resistance of the
antenna. As shown in Figure 4.11, increasing the thickness of the dielectric slab leads
to further reduction in the input resistance. In fact, the input resistance asymptoti-
cally approaches a value which is equal to the unloaded value divided by the square
root of the effective dielectric constant. From this observation it should be expected

that loading both sides of the antenna will result in even more reduction because of

102



the larger effective dielectric constant. From Figure 4.11 it is evident that this does in

fact occur when both sides are loaded (e, = 9). The reduction in the input resistance

100 : ‘ :
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r

Ry ()
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Figure 4.11: Impact of superstrate thickness on input resistance reduction for single-
sided loading.

is a problem because it will reduce the mismatch efficiency unless the impedance of
the balun or the geometry of the spiral is adjusted accordingly. When the antenna
is loaded with a low-contrast material, such adjustments can easily be made. How-
ever, when high-contrast material is used, it is far more challenging to match the
antenna impedance to the system impedance. Instead of adjusting the impedance
of the balun or spiral geometry, the loading can be tapered to minimize impact on
the input impedance. This has the additional benefit of eliminating issues associated

with uniform loading and the excitation of surface waves.
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The dielectric loading can be tapered by using either the dielectric constant or
the thickness while the other parameter is fixed. The concept of tapering the loading
is to load the low frequency components to achieve the desired miniaturization while
minimizing the amount of loading at the higher frequencies where it is not needed.
Since the spiral radiates from different regions (radiation bands) depending upon the
frequency, the electrical thickness of the dielectric loading should be about 0.1, at
the edge of the spiral aperture (low frequency region) and, ideally, gradually reduce
to zero at the center of the spiral (high frequency region). An example of this type
of dielectric tapering is shown in Fig. 4.12. In this case, the dielectric constant of the
slab has been varied linearly starting with a dielectric constant of 3 at its center and

ending with a dielectric constant of 9 in the outer region.

Figure 4.12: Top view of a dielectric slab which has a linear tapering of its dielectric
constant.
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To illustrate the effect of tapering the dielectric material, the same square spiral
was simulated using a uniform dielectric layer with ¢, = 9 and the tapered dielectric
layer shown in Figure 4.12. For the uniform layer, the input resistance was reduced
from 72€) to 33Q2. However, the tapered dielectric layer was able to limit the reduction
to 532 which is a significant improvement. With further adjustment of the dielectric
constant of each region, it should be possible to maintain the free-space impedance
of the antenna. Of course, tapering the dielectric loading is only useful if the same
miniaturization can be achieved as in the uniform case. As shown in Fig. 4.13,
the realized gain curves for the uniform loading and the tapered loading are almost
identical assuming that both are equally well matched. Therefore, it is possible to

achieve the same miniaturization using a tapered loading.

10

Total Realized Gain (dBic)

——Free space: ¢ =1, Z0 = 92.94Q
... Linear Taper:,sr =3-9,t=1cm, Z0 =53.18Q ||
- - = Uniform: g = 9,t=1cm, Z0 =33.14Q

0.5 1 1.5 2 2.5 3
frequency (GHz)

Figure 4.13: Effect of dielectric tapering on the realized gain.
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The only issue with tapering the dielectric loading is fabricating it. For instance,
the graded dielectric in Fig. 4.12 can be fabricated using a combination of differ-
ent ceramics or by using polymer-ceramics. Each approach has its advantages and
disadvantages. The advantage of using pure ceramic materials is that high-contrast
materials (¢, = 100) are readily available and a wide range of dielectric constants
are available using different ceramics. The problem with using ceramics is in the
process of combining different ceramics to form a graded dielectric layer. The general

procedure of creating a ceramic object via sintering of powder is as follows:

e Mixing water, binder, deflocculant, and unfired ceramic powder to form a slurry.

Putting the dried slurry into a mold and pressing it to form a green body (an

unsintered ceramic item).

Heating the green body at low temperature to burn off the binder.

Sintering at a high temperature to fuse the ceramic particles together.

Since different ceramics have different thermal expansion coefficients, only ceramics
with similar thermal expansion coefficients can be used to make a graded dielectric
layer. If the difference between the thermal expansion coefficients of two ceramics was
too great, the ceramics after sintering would cool at different rates which, in turn,
would create internal stresses that could fracture the ceramic. Therefore, the number
of ceramics that can be combined to form a graded dielectric is limited which, in turn,
limits the tapering profile.

This issue can be overcome by using a polymer-ceramic. A polymer-ceramic is

made by mixing ceramic powder with a polymer base such as silicone in the proper
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proportion to obtain the desired dielectric constant (the mixture is "hardened” using
a curing agent). Since polymer-ceramics with different dielectric constants contain
the same components just in different proportions, they can easily be combined to
form a graded dielectric layer. The problem with using polymer-ceramics is that
the dielectric constant is limited to about 30 because the polymer based can only
contain so much ceramic powder before it becomes saturated. Therefore, the amount
of miniaturization that can be achieved is limited.

From a fabrication point of view, the best option is to taper the dielectric loading
by varying the thickness of the dielectric. Using this approach, a single high-contrast
ceramic can be used which eliminates the need to combine multiple ceramic materials.
The proper thickness profile can be obtained by machining the ceramic, preferably in
its green body form. If the dielectric constant of the ceramic is greater than 30, this
must be done before the ceramic is sintered. Regardless of how the dielectric loading

is tapered, fabrication is difficult and a challenging process.
4.4.2 Surface Wave and Resonant Mode Issues

Any reactive boundary or surface tends to guide a wave along that boundary [3].
For instance, a dielectric coated conductor can support guided modes with the lowest
mode 7'M, capable of propagating at all frequencies [3]. Which modes can be excited
and how much energy can be coupled into them depends upon the electrical thickness
of the dielectric layer. For a dielectric coated ground plane, the cutoff frequencies of

the modes are given by the following expression

nc

Je= At/ e py — 1

(4.4)
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where ¢ is the thickness of the layer, n is the mode number and c is the speed of light
In vacuum.

The situation is very similar for an antenna coated with a dielectric or high-
contrast material [61]. In this case, the antenna acts as a source of surface waves in
the material and the amount of energy lost to the excitation of surface wave depends
mainly on the electrical thickness of the material. As the thickness becomes compa-
rable or greater than a quarter wavelength (t > N/ (4\/67)), a significant amount of
energy is lost to surface waves [61] causing undesired pattern and polarization dis-
tortion due to radiation from the truncated dielectric. Since the dielectric body is
finite, surface waves can also excite resonant modes which can transform a broadband
antenna into a narrow band dielectric resonator antenna (DRA). The frequency for
which a resonant mode can exist is determined by the dielectric constant and the ge-
ometry of the dielectric body. However, the resonant mode strength is determined by
how much energy is contained in the surface wave. Therefore, by suppressing surface
waves, dielectric or material resonances can also be suppressed. As mentioned pre-
viously, this can be accomplished by tapering the electrical thickness of the material

and making sure that the maximum thickness is less than 0.25\,.

4.5 Summary

The miniaturization of a spiral antenna using high-contrast materials was exam-
ined in this chapter. Only dielectric materials were considered because of the dissipa-
tive nature of currently available magnetic materials. Using a previously developed

design [49,56,57] as a baseline, the spiral antenna was loaded with finite high-contrast
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dielectric layers (substrates and superstrates). The effect of the dielectric layer thick-
ness, width and permittivity on the miniaturization of the spiral antenna was then
examined using simulations and measurements. It was shown in section 4.3.2 that, for
a given dielectric constant, miniaturization increased with increasing thickness (see
Fig. 4.4) and that the point of diminishing return was reached for a thickness around
0.1\, where A\, = 4D/, /€,. Furthermore, for a given thickness, more miniaturization
(about 7-8%) could be achieved by loading both sides of the spiral instead of one (see
Fig. 4.6). It was also observed that increasing the width of the dielectric layer resulted
in more miniaturization. However, it was noted that increasing the spiral diameter
and dielectric width concurrently leads to better performance than only increasing
the width of the dielectric layer. In section 4.3.3, the maximum amount of miniatur-
ization that could be achieved using dielectric loading was considered by increasing
the permittivity of the dielectric layer. Using simulations, it was estimated that a
dielectric constant of 100 would result in a miniaturization factor of 2.1 (see Fig. 4.7)
which is close to the theoretical limit of three. As with all miniaturization techniques,
material loading has its drawbacks. The most notable being the high density of the
materials which significantly increase the antenna weight. This is a primary concern
for airborne applications which have a limited payload such as small aircraft like
unmanned aerial vehicles (UAV). This fact is one of the reasons for exploring the

technique of reactive loading in the following chapter.

109



CHAPTER 5

BROADBAND ANTENNA MINIATURIZATION VIA
INDUCTIVE LOADING

5.1 Introduction

Whether an antenna is miniaturized using materials or reactive loading, each ap-
proach has its own associated challenges and performance trade-offs. One of the chal-
lenges in using dielectric or magnetic materials is maintaining a reasonable antenna
weight while achieving the desired miniaturization. This becomes difficult when large
miniaturization factors are desired because of the density of high contrast materials
and the volume of material needed for miniaturization. As an alternative, reactive
loading can be used to achieve similar miniaturization factors while adding a minimal
amount of weight to the antenna. Furthermore, with reactive loading, it is possible
to inductively load an antenna without using lossy magnetic materials. Here, reac-
tive loading refers to the enhancement of the capacitance and/or inductance of the
antenna without resorting to dielectric or magnetic materials. A common example
of capacitive loading is the top loaded monopole [9] and the normal mode helix and
the meander line antenna are two common examples of inductive loading [10, 11].

The main issue with reactive loading is its implementation and integration into the
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antenna. For some antennas, it can be difficult if not impossible to implement capac-
itive and/or inductive loading. For the spiral antenna, capacitive loading is difficult
to realize without using dielectric materials. However, the spiral is well suited for
inductive loading.

In this chapter, the inductive loading of the spiral antenna is presented. As in the
previous chapter, the goal is to see how much the spiral can be miniaturized without
sacrificing its performance at higher frequencies. The following section discusses var-
ious ways to inductively load the spiral antenna. It is found that a novel volumetric
approach results in greater miniaturization than the more traditional two dimensional
approaches such as planar meandering. The volumetric approach involves coiling the
spiral arm such that it resembles a helix (see Figure 5.4). The design of coiled struc-
ture is the focus of section 5.3. In this section, the main topics of discussion are the
selection of the optimal taper profile and length. In section 5.4 and 5.5, the inductive
loading approach is validated through the design, fabrication and measurement of a
6” (UHF operation) and 18” (VHF and UHF operation) diameter spiral antennas.

5.2 Implementation of Inductive Loading for the Spiral An-
tenna

For the spiral antenna, increasing the self-inductance of the spiral arm via induc-
tive loading can be achieved in a variety of ways. One option is to use small surface
mount chip inductors to increase the inductance per unit length of the spiral arms [62].
This technique works in theory if the chip inductors are low-loss and the spacing be-
tween them is small with respect to the effective guided wavelength. Nevertheless,
in practice, the internal resistance of each chip and soldering introduces significant
ohmic loss which makes this approach unattractive. Another option is to modify the
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spiral arms using either a zigzag, sinuous or meander-line modulation. The following
section will discuss the commonly used technique of planar or two-dimensional (2D)
meandering and its limitations. Subsequently, section 5.2.2 presents a novel volumet-
ric approach that inductively loads the spiral arms by coiling each arm such that it
resembles a helical waveguide. It is shown that this approach can provide a significant

improvement over meandering.
5.2.1 2-D Inductive Loading: Planar Meandering

A common way to implement inductive loading is through the use of meandering.
Fig. 5.1 shows this approach applied to a 6 inch diameter log-spiral antenna. Here,
the wire spiral arm has been meandered using a constant spacing or pitch of 120
mils but variable width. The width is varied linearly from 22 to 275 mils to create
a smooth transition from the untreated (non-meandered) portion to the inductively
loaded section of the spiral arm. The width is bounded by the log-spiral curves which
define the edges of the spiral arm as illustrated in Fig. 5.2. The equations for the
curves are as follows

r=ree®® and 7= reed®t® (5.1)

~2mlal) and the angle &

where 7y is the initial radius, a is the growth rate (7 = e
controls the width of the arm (§ = 7/2 is self-complementary structure). Note that
all of the spirals in this section have the following parameters: rq = 0.5¢m, a = 0.602
(1 = 0.685) and 0 = 0.5.

Increasing the inductance of the spiral arm in this manner is quite effective in

miniaturizing the spiral as shown in Fig. 5.3. Here, the total realized gain of the

meandered spiral (pitch = 60 mils) is compared to a traditional wire spiral of the
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Figure 5.1: Inductive loading of a 6 inch diameter spiral antenna using planar mean-
dering (zig-zag).

same size. Note that the planar meandered spiral achieves a miniaturization factor
of about 1.5 (based on -15 dBi point). The results were obtained using the numerical
electromagnetic code (NEC-2) [50] which is based on the method of moments. While
implementing inductive loading in this manner is simple and easy to fabricate, its
ability to miniaturize the spiral is limited. To demonstrate this, the pitch of the
meandered spiral is reduce by half in an attempt to further increase the self-inductance
of the spiral arm and further miniaturize it. However, from Fig. 5.3 it is apparent
that decreasing the pitch by a factor of 2 had a negligible affect on the realized gain.

The limitation of meandering can be readily illustrated by considering a 2-D me-
andered dipole that occupies a fixed area. For a wire dipole, meandering is used to

reduce its resonant frequency by increasing the self-inductance of the wire [10, 63].
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Figure 5.2: Tllustration of planar meandered spiral (single arm) with log-spiral bound-
ing curves.

The self-inductance of the wire can be increased arbitrarily by increasing the number
of meander sections (smaller pitch). However, as more meander sections are used,
the self-capacitance of the wire also begins to increase and counteract the increase
in the self-inductance [10]. As the self-capacitance increases, the reduction in the
resonant frequency begins to diminish and, when the self-capacitance becomes large
enough, the resonant frequency will begin to increase. Therefore, for a fixed area, the
resonant frequency can only be reduced to a certain extent using meandering and it
is important to note that this is independent of the meander shape (rectangular, zig-
zag, etc.). Since planar meandering can not even achieve as much miniaturization as
dielectric loading, another approach for implementing inductive loading is needed if

one desires to miniaturize the antenna further via inductive loading. In the following
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section, it is shown that the volumetric approach can be used to further miniaturize

the spiral.
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Figure 5.3: Demonstration of the limitations of planar meandering for use in minia-
turizing a spiral antenna.

5.2.2 3-D Inductive Loading: Coiling

The concept of volumetric inductive loading is to use a volume of space instead of
a 2D surface to implement the inductive loading. By exploiting all three dimensions,
it should be possible to achieve a larger inductance than using planar meandering.
For the spiral, this approach involves coiling the spiral arm such that it resembles a
helix as shown in Figure 5.4. The coil for this spiral has a rectangular cross section
which allows control of the inductance using the pitch (separation between turns),

width and thickness of the coil as depicted in Figure 5.4. These parameters can be
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related to the inductance of the coil using the equivalent inductance per unit-length of
a lossless helical waveguide, derived previously in [64] for a circular helical waveguide.

From [64], the inductance per unit length is given by

9 2
L, = 5_0 (ﬂ) I (ya) K (ya) henrys/meter (5.2)
™\ P

where a is the coil radius, p is the pitch, I is the modified Bessel function of the first
kind and K is the modified Bessel function of the second kind. The variable ~ is

determined from the following dispersion equation

e (2 bl Ko 5.9

p ) Io(ya) Ko (va)
where k is the free space propagation constant. From equation 5.2, it is clear that
the inductance per unit length is linearly proportional to the cross sectional area
and inversely proportional to the pitch squared. This equation provides an impor-
tant physical insight into how the coil inductance can be controlled by modifying its

geometry which is discussed in later sections.
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Figure 5.4: A 6 inch spiral antenna with coiled arms.
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To demonstrate the advantage of the volumetric approach, the spiral arm is coiled
using the same points which define the previous meandered spiral (pitch=60mils).
That is, the coil pitch is a constant 60 mils and the width varies linearly from 22 to 275
mils. The thickness of the coil was chosen to be a constant 250 mils. Figure 5.5 shows
a comparison of the realized gain between the meandered spiral and the coiled spiral.
For each case, the impedance used to calculate the realized gain is different and was
chosen to minimize the mismatch loss. It is clear from Figure 5.5 that the volumetric
design has significantly higher gain below 300 MHz than the 2D meandered spiral. In
fact, the -15 dBi gain point was shifted from 320 MHz (untreated wire spiral) to 147
MHz which corresponds to a miniaturization factor of 2.18. This clearly demonstrates

the potential of the volumetric loading approach for miniaturizing the spiral.
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Figure 5.5: Comparison of the miniaturization potential for planar meandering and
volumetric coiling.
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One issue with the coiled spiral shown in Fig. 5.5 is the lower realized gain at
higher frequencies. For this case, the lower gain is a result of a poor design. That is,
the initial inductance of the coil is too large and the taper profile is not optimal. By
improving the coil design better performance can be achieved as shown in Fig. 5.6.
Here, the previous coil design (constant thickness) is compared to an improved coil
design referred to as the conical coil design. The conical coil design has the same coil
pitch and width as the previous design but its thickness has been linearly tapered
from 20 to 250 mils. The tapering of the thickness leads to a more gradual transition
from the unloaded region to the loaded region (coiled section). Consequently, the
realized gain has improved significantly at the higher frequencies. Therefore, proper
design of the coil structure is important for achieving the best overall performance.
The following section discusses the optimization of the coil design in regards to the

taper profile and taper length.

5.3 3-D Inductive Loading Taper Design

Just like a transmission line, increasing the self inductance (series) of the spi-
ral arm not only decreases the phase velocity but also increases the characteristic
impedance. Therefore, the impedance seen by the wave propagating along the coiled
spiral arm can be significantly larger than the impedance seen propagating along an
uncoiled section of the spiral arm. Consequently, it is necessary to taper the induc-
tive loading to avoid any substantial impedance discontinuities which might occur
and negatively affect the input impedance. Large impedance discontinuities can be
avoided as long as the change in impedance from one section of the spiral arm to

the next is small. Based on the theory of small reflections, reflections caused by an
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Figure 5.6: Comparison of the miniaturization potential for planar meandering and
volumetric coiling.

incremental change in impedance will also be small implying minimal impact on the
antenna input impedance.

In theory, it is possible to suppress reflections that may occur from the inductive
loading using capacitive (dielectric) loading to counter the impedance increase. That
is, by using both inductive and capacitive loading, it is possible to maintain the
same impedance throughout the entire spiral structure as discussed previously in
section 3.4.3. Therefore, the tapering of the inductive loading is not as crucial. A way
to achieve this is to embed the coiled section of the spiral arm in a dielectric material
which has an graded dielectric constant. Ideally, the dielectric constant would be
graded along the length of the coil to match the spatial variation in the inductance and

it would vary with frequency to match the frequency variation. Obviously, engineering
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such a dielectric substrate would be very challenging from both a theoretical and
practical point of view. While such a substrate has its benefits, it unnecessarily
complicates the overall design. Therefore, the inclusion of dielectric material for
the prototype discussed in this chapter is mainly for structural support only (see
section 5.4.2).

Designing the coil structure for loading the spiral antenna is, in many aspects,
similar to designing a continuously tapered transmission line matching section. Both
involve the design of a taper profile which provides a gradual transition from an initial
impedance Z; to a final impedance Z over a given length L. For the ideal tapered
transmission line problem, the transmission line is loss-less and the impedance is only
a function of position [37]. This is not the case for the coiled structure. First of
all, the coil inductance is frequency dependent (see equation 5.2) in addition to be
being a function of position. Secondly, radiation from the spiral introduces loss into
the problem that is both position dependent and frequency dependent. As a result,
designing the taper for the inductive loading of the spiral is a more complicated
problem. Therefore, design guidelines for tapered transmission lines are used only as
a starting point in designing the taper.

The remainder of this section discusses the design of the taper profile. The goal
is to establish some general guidelines for selecting the taper shape and taper length.
These guidelines can then be used as a starting point in the antenna design process.
The following section discusses the selection of the optimal taper profile using a
Genetic algorithm. It is found that an exponential profile provides the best overall

performance for the spiral. Using the exponential profile, section 5.3.2 examines the
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impact of the taper length. From these results it is observed that the taper should

be around one \q in length (A\g = 7D).
5.3.1 Optimal Taper Profile

In this section, a formal optimization using a genetic algorithm is used to deter-
mine the optimal inductive loading profile with respect to the realized gain. The goal
is to determine the taper profile that maximizes the realized gain over the frequency
spectrum where ka < 1. In other words, the goal is to miniaturize the spiral as much
as possible without sacrificing its realized gain at higher frequencies (close to ka = 1).

The first step in conducting a formal optimization is to determine what variables to
optimize. A logical choice would be to use the parameters that define the geometry of
the coil (thickness, width and pitch) since they are directly related to the inductance
of the coil. However, there are multiple parameter combinations that can produce
the same inductance. Therefore, there cannot be a unique solution if the actual
coil geometry is optimized. In addition, optimizing the physical coil geometry would
require a significant amount of simulation time due to the number of wires needed
to model the coil. This makes a formal optimization of the coil geometry highly
impractical. As an alternative, the optimization does not need to take into account
the actual physical geometry of the coil since only the inductance at each point on
the spiral arm is of interest. Using a Method of Moments simulation tool such as
the NEC, it is possible to assign a distributed series inductance to each wire segment
that forms the spiral arm. Therefore, the optimal inductive profile can be determined
by optimizing the inductance of each segment that forms a typical wire spiral (see

Fig. 5.7). The main advantage of this approach is that a unique solution is possible

121



and it significantly reduces simulation time making formal optimization both possible

and practical.

Figure 5.7: 6 inch diameter log-spiral used in the GA optimization of the optimal
taper profile (6 = 7/2, growth rate = 0.0923 or 7 = 0.56).

One potential problem with this approach is that the number of variables to be
optimized is equal to the number of wire segments that form the spiral arm. Since a
typical spiral arm requires at least several hundred segments, the number of variables
can be over whelming making the optimization time consuming. This problem can
be solved by using a function to present the inductance along the length of the spiral
arm. That is, an N* order polynomial could be used to represent the inductance
distribution along the spiral arm. The inductance for each wire segment can then be
found by sampling this function at the appropriate location. Using this approach, only
N+1 variables are needed (one for each coefficient) instead of hundreds. Therefore,
a polynomial was used to represent the inductance profile along the spiral arm. The

order of the polynomial was determined based upon how accurately it could represent
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the basic tapering profiles such as linear, exponential, triangular and Klopfenstein
(infinite stage Chebychev). A Matlab program was written to compute the before
mentioned tapering profiles for a given taper length (spiral arm length), starting and
ending value which were allowed to vary from 0 g H/m to 100 x H/m. These taper
profiles were then curve fitted using different order polynomials. It was found that
at least a 5" order polynomial was needed to accurately represent all of the tapering
profiles. It is noted that all of the following optimization results were obtained using
a 6™ order polynomial.

Since the goal of this optimization is to find the inductive loading profile that
maximizes the realized gain over a specific frequency range, the objective function

was defined as follows

g = mazx < " sz@-zeddf) = max ( / f (eD (1—1T%)) df) (5.4)

f1

where e is the antenna efficiency (assumed to be 1), D is the directivity and 1 — |T|”

is the mismatch efficiency. The mismatch efficiency is given by

Zy— 72

=L -0 5.5
7.7 7 (5.5)

1—|F|2:1—‘

where Z; is the impedance of the matching network and Z, is the antenna input
impedance. From equation 5.4 it appears that maximizing the realized gain involves
simultaneously maximizing the directivity and mismatch efficiency. However, since
the antenna is electrically small over the region of interest, the directivity does not
vary significantly. Therefore, the mismatch efficiency is the most important quantity.

In order to maximize the mismatch efficiency, the impedance of the matching

network needs to be chosen such that the following expression is maximized

maz (/f (1—TP) df) (5.6)
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To find the Z;, that maximizes 5.6, it is restricted to being purely real and constant.
Imposing this restriction on Z;, the Matlab function ”"fminbnd” was used to find Z,
over a fixed interval (Z; < Zy < Z,). This function is able to find the minimum (or
maximum) of single-variable function on fixed interval using golden section search
and parabolic interpolation [65, 66].

At this point, it is important to comment on the similarities between this opti-
mization problem and Fano’s solution to the impedance matching problem discussed
in chapter 2. Recall that Fano developed a method for determining the optimal
matching network that maximized the "matching area” for a given load impedance
and maximum tolerable pass-band reflection coefficient. That is, he determined the
matching network that could achieve the maximum tolerable pass-band reflection co-
efficient over the largest frequency range. He did this by maximizing a particular
function of the reflection coefficient over a frequency interval that depended upon
the desired frequency response (low-pass, high-pass or band-pass). This is very sim-
ilar to the optimization problem at hand in that the objective is to determine the
loading profile that maximizes the mismatch efficiency, which is a function of the
reflection coefficient, over a given frequency range. Consequently, the inductive load-
ing profile is analogous to the external matching network in Fano’s problem and the
unloaded spiral input impedance is analogous to the load impedance. However, the
load impedance in Fano’s problem is actually the input impedance of the inductively
loaded spiral. Furthermore, the reactive matching network does not exist because,
in the optimization, Z; is restricted to being purely real and constant. Therefore,
Fano’s method is directly applicable unless the input impedance of the inductively

loaded spiral can be decomposed into a component based on the inductive loading
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and a component based on the unloaded spiral input impedance. It is not known
whether such a decomposition is physically possible.

Before proceeding with the optimization, the parameters used to setup the Mat-
lab genetic algorithm are discussed. The first step in setting up the GA is to define
the various input parameters such as population type, population size, number of
generations, etc. For the optimization, the polynomial coefficients or genes were en-
coded using real variables not binary. In addition, the population size was 20, 100
generations were used, stall generations was set to 50 (stall time was disable) and the
crossover fraction was determined on a case by case basis in order to obtain the best
fitness value. To initialize the GA, half of the initial population was specified using
uniform, linear, triangular, exponential and Klopfenstein taper profiles (2 of each).
The other half was created using the Matlab function gacreationuniform. This func-
tion creates a random population with a uniform distribution using an initial range
provided by the user. Note that the initial range does not constrain the overall opti-
mization process although it can effect the diversity of the initial population [67]. Tt
only places constraints on the initial population and it is only used one time to gener-
ate members for the initial population. It is remarked that the only constraint placed
on the population members is that the polynomial created by them cannot produce
negative values for the inductance at any point along the length of the spiral arm.
After the initial population is defined they are scored based on the fitness function dis-
cussed in the previous section. The parents for the next generation are then selected
after the fitness scores were scaled to a range suitable for the selection function. Rank
scaling was used to scale the raw scores based on the rank of each individual instead of

its score which removes the spreading effect of the raw scores [67]. Parents are then
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selected using a stochastic uniform selection which helps keep the diversity of the
population large, preventing premature convergence on poor solutions [67]. The next
generation was formed using two elite children (individuals in the current generation
with the best fitness values) and a combination of crossover children (combining genes
of a pair of parents) and mutation children (random changes or mutation of single
parent). The number of crossover and mutation children depends on the crossover
fraction which was determined on a case by case basis in order to obtain the best
fitness value. Crossover children were obtained by creating a random binary vector
that was used to randomly select genes from the parents (scattered crossover). Mu-
tation children were obtained by adding a random number chosen from a Gaussian

distribution, to each entry of the parent vector.
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Figure 5.8: Inductive profile obtained by maximizing realized gain from 100 to 1200
MHz.
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To begin the optimization of the taper profile, consider the 6” diameter spiral
shown in Fig. 5.7 (growth rate = 0.0923, 6 = 7/2). The entire spiral was induc-
tively loaded by assigning each wire segment an distributed series inductance. The
inductance of each segment was then determined by maximizing the realized gain
from 100 to 1200 MHz using the GA. The profile of the inductance obtained from the
optimization is shown in Fig. 5.8 where the inductance is plotted as a function of the
distance s from the beginning of the arm. It is apparent that the inductive loading is
almost a constant 0.6 uH/m for s < 0.5m which corresponds to frequencies greater
than 900 MHz. For s > 0.5m, the inductance increases almost exponentially to load
the low frequency region. To demonstrate this, the section of the inductive profile
for s > 0.5m was curve fitted using a triangular, Klopfenstein and exponential profile
(see Fig. 5.9) [37]. It is evident from Fig. 5.9 that the optimal taper profile closely
resembles an exponential taper in this region.

The realized gain curve produced by this loading profile is shown in Fig. 5.10.
It is evident that the realized gain has been improved at low frequency without any
significant deterioration at higher frequencies. However, the improvement at lower
frequencies is not as impressive as what was previously shown for the coiled spiral.
This can be attributed to the fact that the inductance of the coil is frequency depen-
dent (see equation 5.2) whereas in the optimization the inductance is constant with
respect to frequency. For the coiled spiral, the inductance of the coil actually increases
as the frequency decreases. This occurs because, as the frequency decreases, the elec-
trical spacing between the turns becomes smaller which results in less flux leakage.
Naturally, this leads to a larger inductance and, in turn, more miniaturization. Be-

cause of this, the actual inductance values obtained from the GA optimization are
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Figure 5.9: Comparison of optimal taper profile to an exponential, triangular and
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not necessarily optimal but the shape of the taper profile is. Therefore, the taper
profile obtained by the GA optimization should be used as a guideline for designing

the coiled spiral.
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Figure 5.10: Impact of maximizing realized gain from 100 to 1200 MHz on high
frequency gain.

5.3.2 Optimal Taper Length

In the previous section, the entire spiral was inductively loaded to find the optimal
taper profile (see Fig. 5.8) which was exponential in shape over the outer portion of
the spiral. Over the remainder of the spiral the taper profile was a constant 0.6 pH/m
which, from Fig. 3.4, corresponds to a reduction in phase velocity by only a factor
of 1.15. Therefore, the inductive loading in this region (high frequency region) is

insignificant implying that the entire spiral does not need to be loaded. Thus, the
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purpose of this section is to establish a guideline that can be used to determine the
minimum taper length.

From Fig. 5.8, it is evident that the majority of the loading occurs over the outer
section of the spiral arm. The length of this region measured from the end of the arm
is denoted by the variable L;pe,. In general, Lyq,., can be defined in terms of three

parameters as follows

¢TTLG“’L' 7/, 1
Ligper = / roe™d¢ = ;O (e“‘bm‘” — e“¢5t“Tt) = (Tmaz — Tstart) - (5.7)
start

where a is the growth rate, r,,,, is the maximum radius and 74, is the radius where
the loading begins. Note that 7.+ also determines which frequency components will
be inductively loaded. That is, all frequency components whose radiation bands have
a radius larger than rg,,; will be inductively loaded. Since the size of the spiral is
fixed, the taper length can only be varied in one of two ways. First, for a fixed growth
rate, the taper length can be varied by adjusting its starting position 7. To make
the taper longer, r4q+ needs to be made smaller which, in turn, leads to the loading
of more high frequency components. From the discussion in section 3.4.2, loading
the high frequency components has a negative affect on the performance and should
be avoided as much as possible. Therefore, this needs to be taken into consideration
if the taper length is adjusted in this manner. The second way to adjust the taper
length for a fixed 74,+ is by varying the growth rate. In this case, the taper length can
be increased by decreasing the growth rate without loading additional high frequency
components. However, if the growth rate is too small there will not be sufficient space
to coil the spiral arm.

Both approaches for adjusting the taper length are considered in determining the
minimum taper length. In all cases, a 6” diameter spiral was inductively loaded using

130



AGR (dB)

4+ =
—e—1f =1000 MHz
-6 —=—f = 800 MHz ||
——f = 600 MHz
-8r ——1 =400 MHz ||
—k—f = 200 MHz
13.5 1 1.5 2 25

L /A
taper

Figure 5.11: Impact of taper length on the realized gain at specific frequency points
(taper length is varied by changing the starting radius).
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an exponential taper (0.001xH /m to 351 H/m) by assigning the proper wire segments
a corresponding distributed series inductance as before. The starting value for the
taper was chosen to be as small as possible to minimize the impedance discontinuity at
the junction of the unloaded and loaded region. The ending inductance was chosen
based on the calculation (see equations 5.2 and 5.3) of the maximum inductance
achieved by the conical coil design at 150 MHz (frequency of -15 dBi gain point).
Also, in each case the taper length was normalized to a reference wavelength Ao
which is defined as A\g = 27r,,... To evaluate the effectiveness of each taper length,
the difference in the realized gain AGgr between the unloaded and loaded spiral was
calculated at five distinct frequency points which are 200, 400, 600, 800 and 1000
MHz. The realized gain difference was then plotted as a function of the taper length
in wavelengths.

To begin, the taper length was varied by adjusting 7.+ for a fixed growth rate
a = 0.0595. The radius rgq+ was varied from 2.44 inches (fsqt = TTOMHz) to
0.2 inches (fsiort = 9.5GHz) to obtain taper lengths ranging from 0.5\ to 2.38)\.
The variation in the realized gain is shown in Fig. 5.12 as a function of the taper
length where each curve is for a different frequency point. From these results two
trends emerge. In general, for the low frequency points (f = 200 & 400 MHz), the
longer the taper the more the gain improves. However, for the higher frequencies
the realized gain decreases as much as 2 dB as the taper length increases. The best
compromise between the two trends occurs when the taper length is in the range of
1 to 1.5 wavelengths. Therefore, from these results, the taper length should be at
least one wavelength but no more than 1.5 wavelengths to achieve the best overall

performance.
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Figure 5.12: Impact of taper length on the realized gain at specific frequency points
(taper length is varied by changing the growth rate).
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For the other approach, the taper length was adjusted by varying the growth rate
from 0.03967 to 0.11899 with a fixed 744 of 1.8785in (fgare = 1GHz). The results
are shown in Fig. 5.11 and the trend for the low frequency components is the same as
before. However, for the higher frequencies the gain does not decrease as the taper
length increases because 7, is fixed. Therefore, the taper length can be as large as
desired as long as the growth rate does not become so small that there is not sufficient
space to coil the spiral arm. For instance, a taper length of 1.5\ corresponds to a
growth rate of 0.03967 which produces the spiral shown in Fig. 5.13. Obviously,
the space between adjacent arms in the outer portion is rather limited which makes
coiling the spiral arm problematic. Therefore, as a guideline, the growth rate should
be greater than 0.04 to provide adequate space for coiling the arm. Consequently, this
restricts the maximum length of the taper unless 7.+ is changed. In regards to the
minimum taper length, it should be about 1) to achieve the best overall performance

which agrees with the previous result (see Fig. 5.11).

Figure 5.13: A 6” diameter circular log-spiral with a growth rate of 0.03967 (6 = 0.57).

134



To summarize, the minimum taper length should be about 1\y where A\g = 277,42
The growth rate should be greater than 0.04 to provide enough space to coil the spiral
arm. Based on these constraints, rg..+ should be chosen to minimize the loading of
the high frequency components. In the following sections, these guidelines are used
to design a 6” diameter spiral for UHF operation and a 18" diameter spiral for VHF

and UHF operation.

5.4 6” Spiral Design for UHF Operation

In this section, the guideline established in the previous section are used to design
a 6”7 diameter spiral that covers the entire UHF band and as much of the VHF
band as possible. The first step in designing the spiral was deciding which of the
geometrical coil parameters to use in implementing the exponential taper profile.
This decision is important because the choice of parameters dictates the method of
fabrication which, in turn, limits the coil design for practical reasons. For instance,
standard printed circuit board (PCB) fabrication techniques can readily be used to
fabricate the antenna if the coil thickness is constant'¢. If PCB fabrication is used,
only the pitch and width can be varied to taper the coil inductance. However, this
is not a limitation because numerous taper profiles can be realized using only the
pitch and width. The main limitation of PCB fabrication is the antenna diameter is
limited to about 19 inches and the thickness to about 0.35 inches. These limitations
can be overcome using wire forming techniques. In theory, wire forming techniques
can be used to fabricate a coiled spiral design of any size and any taper profile.

16Technically, it is possible using multiple layers to fabricate a design with a variable coil thickness
using standard PCB techniques. However, to do so, many fabrication issues would have to be
overcome.
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However, in practice the type of taper profiles that can be realized are limited to
linear variations in the pitch, width and thickness. That is, creating an exponential
taper by exponentially varying the pitch is difficult using wire forming techniques.
In light of these facts, the 6” diameter spiral was design with PCB fabrication in
mind. However, for the 18” diameter spiral presented in section 5.5 wire forming tech-
niques were used to construct the coil for a variety of reasons discussed in section 5.5.
In the remainder of this section the design and fabrication of the 6” diameter spiral is
discussed. The following section discusses the selection and optimization of the coil
parameters to achieve the best overall performance in terms of the realized gain. The
analysis is carried out using simulations (NEC) to evaluate the performance of the
antenna in free space. The design is then validated in section 5.4.2 which discusses

fabrication and measurement results.
5.4.1 Selection and Optimization of Coil Parameters

In designing an inductively loaded spiral there are many parameters that need to
be selected and optimized. These parameters can be divided into two categories which
relate to the spiral geometry and the coil geometry or taper. Below, the specified
parameters are for the final optimized design. The selection of these parameters
is supported by various simulation results which are discussed in this section. It
is important to keep in mind that the parameters were chosen to achieve as much
miniaturization as possible with minimal impact on the high frequency performance.

The parameters were also selected based on manufacturability.
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Figure 5.14: Top view of the 6” diameter miniaturized spiral illustrating the pitch

taper design.

To start, the spiral geometry parameters were chosen to be the same as those used
in section 5.2 which are 1y = 0.5¢m, a = 0.0602 (7 = 0.685) and § = 0.57. The pa-
rameters associated with the coil geometry were then determined using the guidelines
specified in the previous section. First of all, the taper length was chosen to be 1.05)
which conveniently corresponds to the last 1.5 turns of the spiral. Consequently, the
starting radius for the inductive loading was 1.5654 inches which implies a starting
frequency of 1200 MHz. Since PCB fabrication was used, the coil thickness ¢ is a
constant 0.25 inches. Therefore, the taper profile was controlled using the width and
pitch. From equation 5.2, it is observed that the inductance is inversely proportional
to the pitch squared and approximately proportional to the width. Thus, the in-

ductance is predominately determined by the pitch. To obtain an exponential taper
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profile, the pitch was varied exponentially according to the following expression:

2 (5) = pre® = pre* (T (%)), (5.8)

where s is the distance from the beginning of the taper (0 < s < L), p; is the
initial pitch and p. is the ending pitch. For the final design, the ending pitch p, is
45 mils and the initial pitch p; is twenty times larger than p.. To simplify the creation
of the coil, the coil width varies in accordance with the curves (see equation 5.1) that
define the edges of the spiral arm (see Fig. 5.14). It can be shown that the width of

the coil at a distance s from the beginning of the coil is given by the following
W (s) = (as + ryar) |1 — €] sing). (5.9)

where 1 = tan™' (1/a). Therefore, the width is a linear function of s. The linear
variation of the width has a minor impact on the taper shape as demonstrated in
Fig. 5.15 where the coil inductance is compared with an exponential curve. Note that
the coil inductance has been calculated at a frequency of 150 MHz using equation 5.2
and 5.3 and an effective radius!” a = \/W From Fig. 5.15, there is no observable
difference between inductance of the tapered coil and the exponential curve. In fact,
there is less than a 2% difference between the two curves.

Since the taper length and profile have already been optimized, the two remaining
parameters that need to be optimized are the maximum (ending) inductance and
the minimum (initial) inductance of the taper. The maximum inductance depends
on three variables which are p,, t and § (controls the width) whereas the minimum
inductance depends on p;, t and d. To begin the optimization of these variables, the

17The effective radius is based on a circle with the same area as the cross-sectional area of the
rectangular coil
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Figure 5.15: Comparison between the calculated inductance of the exponential pitch
taper design and an exponential curve.

effect of varying p. was considered first for the case where ¢ = 0.25 in, 6 = 0.57 and
p; = 0.91in. A comparison of the realized gain is shown in Fig. 5.16 for the cases where
pe equals 60, 45 and 30 mils. For each case, the realized gain was calculated using an
impedance Z; which provides the best overall mismatch efficiency (see equation 5.6).
The impedance used for calculating the realized gain was 3302 for the unloaded
spiral, 320€2 for p, = 60 mils, 3232 for p. = 45 mils and 32012 for p, = 30 mils.
It is evident that the three cases are rather similar except at lower frequencies. For
example, the -15 dBi realized gain point occurs at 170, 155 and 160 MHz for p. equal
to 60, 45 and 30 mils respectively. As expected, more miniaturization is achieved
using a smaller pitch because of the larger inductance. However, it is apparent that
Pe = 45 mils marks the onset of diminishing returns. Additionally, the realized gain

for p. = 30 mils is about 0.5 dB lower on average at higher frequencies than the
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pe = 45 mils case. Therefore, it was concluded that the case where p, = 45 mils

provides the best overall performance.
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Figure 5.16: Comparison of the realized gain for selected values of the ending pitch
Pe (t =0.25in, § = 0.5m, p; = 0.9 in).

The next parameter to be optimized was the coil thickness ¢. For each thickness,
the parameters p., 0 and p; are equal to 45 mils, 0.5 and 0.9 inches respectively.
A comparison of the realized gain is shown in Fig. 5.17 for the cases where t equals
0.125, 0.25 and 0.5 inches. Essentially, from one case to the next the final induc-
tance is approximately doubled. As before, the realized gain was calculated using an
impedance Z, which provides the best overall mismatch efficiency. The impedance
used for calculating the realized gain was 3382 for ¢t = 0.125 in, 323(2 for t = 0.25 in
and 3512 for t = 0.5 in. Comparing the cases where t = 0.125 in and t = 0.25 in, the
only observable difference between them is below 200 MHz where the quarter inch
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thick design has a higher realized gain. Below 140 MHz, the half inch thick design
has the highest realized gain but, elsewhere, its performance is worse especially above
600 MHz. This is likely the result of the initial inductance being larger than the
other two cases. The initial inductance can be lowered to improve the high frequency
performance by increasing the initial pitch p; but the real issue with the half inch
design is its manufacturability and large profile. That is, its thickness makes PCB
fabrication difficult and increases the overall profile of the antenna. For these reasons,

a quarter inch thickness was used for the final design.
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Figure 5.17: Comparison of the realized gain for different coil thicknesses ¢ (p. =
45mils, § = 0.5, p; = 0.9in).

In an attempt to further increase the low frequency realized gain, the width was
optimized by increasing the angle §. For each angle, the parameters p., p; and ¢ are
equal to 45 mils, 0.9 in and 0.25 in respectively. The realized gain is compared in
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Fig. 5.18 for the cases where § equals 0.57, 0.67 and 0.77. Note that in varying J from
0.57 to 0.77, the width increases by a factor of 1.43. From Fig. 5.18, it is apparent
that 0 has minimal impact on the realized gain. Therefore, for this design, the point

of diminishing return has already been reached for 6 = 0.57.
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Figure 5.18: Comparison of the realized gain for different § angles which controls the
width of the coil (p. = 45 mils, t = 0.25 in, p; = 0.9 in).

The last parameter to be optimized was the initial pitch p;. This parameter
is important because it mainly determines the impedance discontinuity seen at the
junction of the unloaded and loaded sections. To minimize the discontinuity, p; should
be as large as possible to make the initial inductance as small as possible. The effect
of p; on the realized gain is shown in Fig. 5.19 for the cases where p; is ten, twenty
and thirty times larger than p.. In each case, the parameters p., 6 and t are equal
to 45 mils, 0.57 and 0.25 in respectively. From Fig. 5.19, it is observed that p; only
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has an effect on the realized gain above 500 MHz. For this range of frequencies, it is
evident that a larger p; results in a higher realized gain. Furthermore, the point of
diminishing return is reached around p; = 20p.. Therefore, the final design has an

initial pitch p; equal to 20p, (0.9 in).
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Figure 5.19: Comparison of the realized gain for selected values of the initial pitch p;
(pe = 45mils, t = 0.25in, § = 0.57).

Before proceeding to the next section, it is important to comment on the perfor-
mance achieved by the inductive loading. First of all, defining the miniaturization
factor based on the -15 dBi gain point, the miniaturized spiral achieves a miniatur-
ization factor of about 2.1. This corresponds to a -15 dBi gain at about 150 MHz
which is within 40 MHz of the theoretical limit for a 6” diameter aperture (limit is 111
MHz, see Fig. 2.15). Recall that the theoretical limit is for an antenna that utilizes
the entire volume of the radian sphere. Since the miniaturized spiral only occupies
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about 6% of the volume of the radian sphere, its performance is rather remarkable.
Secondly, in comparison to a spiral loaded on both sides with dielectric material, the
same miniaturization can be achieved using a dielectric constant of about 100 (see
Fig. 4.7) and a thickness of 0.2”. However, the dielectrically loaded spiral would
weight significantly more than the inductively loaded spiral even if the thickness was

tapered.
5.4.2 Fabrication and Measurement

In the previous section, all of the NEC simulations were in free space and used a
wire diameter of 4 mils to ensure that each wire segment had a length-to-diameter
ratio sufficiently large that the filamentary current approximation was valid. As
a result, the impedance Z; needed to maximize the mismatch efficiency was 3232
which is significantly larger than the typical 50€) system impedance. One way of
matching a high impedance antenna to a given system impedance is to employ an
impedance transformer which also can act as the balun. In this case, if an impedance
transformer were used it would have to be a custom design because a commercially
available transformer with the required bandwidth and transformation ratio could not
be found. As an alternative, the impedance of the antenna could be reduced to match
the system impedance by increasing the wire diameter (arm width) and/or dielectric
loading. This approach was used to match the antenna to a 180° M/A-COM hybrid
balun (30-3000 MHz, part number H-183-4-N) which has a 10092 output impedance
and a 502 input impedance.

Typically, to reduce the input impedance of a spiral only the arm width needs to

be adjusted. However, in this case the wire diameter can not be increased arbitrarily
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if the antenna is analyzed using MOM because the accuracy of MOM relies on the
validity of the filamentary current approximation. That is, the length-to-diameter
ratio for each wire segment must be sufficiently large (usually greater than two). For
the coiled spiral, there are many short wire segments because of the spiral curvature
and structural detail of the coil. Additionally, the reduction in phase velocity caused
by the inductive loading requires the coil wire segments to be sufficiently small to
accurately model structure (\;/20 instead of \¢/20). Therefore, the wire diameter
was limited to about 20 mils. Using a 20 mil wire diameter, the required matching
impedance Z; was reduced from 323¢) to 138()2. As shown in Fig. 5.20, increasing
the wire diameter had a negligible effect on the overall performance of the antenna
as expected. To further reduce the antenna impedance from 1382 down to 10012, the
wire diameter could be increased further. To determine the proper wire diameter or
arm width, a more computationally intensive and time consuming FEM analysis or
an experimental approach would have to be used. However, since the antenna was
designed to be fabricated using PCB technology, it is easier to utilize the dielectric
constant of the substrate to reduce the impedance to 10052.

To determine the appropriate dielectric constant of the substrate simulations were
carried out using FEKO since NEC does not support dielectric bodies. The challenge
in these simulations was the modeling of the wire structure inside the 0.25 inch thick
dielectric substrate. To best handle this situation, method of moments was used
in conjunction with a multi-layered Green’s function to account for the dielectric
substrate. As can be expected, use of the Green’s function requires the dielectric
substrate to be infinite in extent. This approach was necessary because of numerical

issues that were encountered when a finite dielectric layer was used. To determine
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Figure 5.20: Impact of wire diameter on the total realized gain of the 6” diameter
inductively loaded spiral (free-space).

the optimal dielectric constant, several simulations were carried out using different
dielectric constants for the 0.25” thick layer. For each case, the impedance Z,,; that
maximized the mismatch efficiency over the frequency range from 100 to 1000 MHz
was determined as in section 5.3.1 (see equation 5.6). From the results shown in
Fig. 5.21, it is clear that the desired 1002 impedance is obtained for a dielectric
constant of ¢, = 4. Based on these results, Rogers TMM4 laminate was selected as
the substrate material because it has a dielectric constant of 4.5 and it is very low-loss
(tand = 0.002).

After adjusting the antenna impedance to match the 100€2 output impedance of
the balun, the antenna was fabricated on a 0.25 inch thick Roger’s TMM4 substrate

(e, = 4.5,tand = 0.002). The top of the spiral PCB is shown in Fig. 5.22 and the
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Figure 5.21: Selection of substrate dielectric constant based on its effect on the spiral
impedance at high frequency.

Figure 5.22: Picture of the fabricated 6 inch diameter spiral antenna (pitch taper
design) on a 0.25” thick Rogers TMM4 substrate.
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measured return loss and realized gain are shown in Fig. 5.23 and 5.24 respectively.
In Fig. 5.24, the measured realized gain is compared with FEKO simulations for
the spiral in free space and in the infinite dielectric layer. Compared to the other
cases, the FEKO simulation with an infinite dielectric layer has a higher realized gain
below 550 MHz especially between 250 and 500 MHz. This can be attributed to the
dielectric layer being larger than the antenna as discussed previously in section 4.3.2.
Also, it is possible that the lower measured realized gain between 250 and 500 MHz
could be due to a problem with the measurement setup. Outside this frequency range
the agreement between simulation and measurement is very reasonable. For instance,
taking the average of the measurement, the -15 dBi point occurs around 167 MHz
compared to 155 MHz for the simulated spiral in free space. This agreement is as
good as can be expected since the antenna in each simulation is different in some way
than what was measured. Unfortunately, this situation was unavoidable since FEKO
could not be used to simulate the exact antenna. Nevertheless, the agreement between
simulation and measurement is good enough to validate the inductively loaded spiral

design.

5.5 18” Spiral Design for VHF and UHF Operation

The purpose of this section is to discuss the extension of the operating range to
lower frequencies by scaling the spiral aperture. To do so, an 18” diameter aperture is
considered for VHF and UHF coverage. At first, the subject of this section appears to
be trivial because the operating range of the miniaturized 6” spiral from the previous
section can easily be shifted to lower frequencies by simply scaling the entire geometry.

That is, the 6” design can easily be scaled by a factor of three to produce an 18”
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Figure 5.23: Measured return loss for the 6” diameter inductively loaded spiral in
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Figure 5.24: Comparison between measurement and simulation for the free standing
6”7 diameter inductively loaded spiral.
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diameter spiral with a thickness of 0.75”. However, the resulting 18” design can
not be fabricated using standard PCB technology for a variety of reasons. First of
all, the dimensions of the antenna exceed the standard panel size of most available
materials especially in regards to the thickness. Therefore, the 18" design would
require a custom panel size for fabrication. Assuming this is possible, most PCB
manufacturers do not have the capability to make an 18” diameter PCB. Those that
are capable do not have the capability to fabricate PCBs with thicknesses greater
than three tenths of an inch. Unless the coil can be made thinner, the only viable
option for fabricating larger aperture sizes is wire forming techniques. Note that the
possibility of making the coil thinner is discussed in section 5.6.

In light of the facts above, wire forming techniques were employed to construct
the coiled section of the spiral arm for the 18" diameter antenna. In doing so, the
previous coil design had to be redesigned because the exponential variation of the
pitch made fabrication extremely difficult. To ease fabrication, the redesigned coil
was tapered by linearly varying the cross-sectional area of the coil while maintaining
a constant pitch. Essentially, the resulting coil is a conical compression spring that
is readily manufacturable by most commercial spring manufacturers. The design and
optimization of this coil is discussed in more detail in the following section whereas
section 5.5.2 focuses on the fabrication and measurement of the miniaturized 18”

spiral.
5.5.1 Design and Optimization

The coil geometry for the 18” spiral was designed and optimized based on a 6”

diameter spiral with the same geometrical parameters used in the previous 6”7 spiral
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design (rp = 0.5 cm, a = 0.0602, § = 0.57). Using the knowledge gained from
sections 5.3 and 5.4.1, the conical coil taper design reduces to the selection of the
following parameters which are the taper length Ly, initial inductance L; and final
inductance L.. In accordance with the findings in section 5.3.2, the taper length was
chosen to be 1.05\g which was the same as the previous 6” spiral design (exponential
pitch taper design). As before, the initial inductance depends upon the initial coil
width w;, thickness ¢; and pitch p;. Similarly, the final inductance depends upon the
final width w,, thickness t. and pitch p.. To simplify fabrication, the tapering of the
coil was restricted to a linear variation in the width and thickness. Thus, the same
pitch p was used for the initial and final pitch leaving five parameters to be determined.
Just like the exponential pitch taper design, the final coil width was determined by
the spiral arm width which depends upon the previously selected growth rate and
angle 0. Based on these parameters the final width w, was 275 mils. To make
the initial inductance of the coil as small as possible yet still manufacturable, the
initial width and thickness were chosen to be 22 and 20 mils respectively. Therefore,
only the final thickness ¢, and pitch p need to be determined or optimized. These
parameters were chosen based on how much miniaturization was achieve while taking
into consideration fabrication issues.

To begin, the pitch of the conical coil was optimized. Recall that in section 5.2.2 a
pitch of 60 mils was used to demonstrate the potential of the coiled spiral. Since the
performance was impressive, a pitch of 60 mils was used as a starting point for this
optimization where the final thickness was 0.25”. A comparison of the realized gain
is shown in Fig. 5.25 for the cases where the pitch is 60, 45 and 30 mils. As before,

the realized gain was calculated in each case using an impedance Z, which provides
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the best overall mismatch efficiency (see equation 5.6). In comparison to the 60 mil
case, it is evident that decreasing the pitch does not result in further miniaturization.
Overall, the realized gain actually deteriorates across the entire frequency range.
This behavior is indicative of the initial inductance being too large. The only way
to further reduce the initial inductance without reducing miniaturization is to use a
variable pitch as in the previous exponential pitch taper design. Since this is not a

viable option for this design, the pitch was chosen to be 60 mils.
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Figure 5.25: Impact of pitch on realized gain for the linear tapered conical coil design
(6 inch aperture).

Using a pitch of 60 mils, the impact of the final thickness was examined by simu-
lating the spiral with a final thickness of 0.9, 0.25 and 0.5 inches. From the realized
gain curves shown in Figure 5.26, it is clear that increasing the final thickness does
improve the gain at lower frequencies. Specifically, increasing the thickness from 250
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mils to 500 mils, the -15 dBic gain point has shifted from 147 MHz to 130 MHz where
the aperture size is only A/12. However, increasing the final thickness also reduced
the gain at the higher frequencies. More importantly, the improvement in the low
frequency gain does not necessarily justify doubling the antenna profile. That is,
when the antenna is used in conjunction with a ground plane, increasing the thick-
ness requires a concurrent increase in the spacing between the antenna and ground
plane which is undesirable for applications which require a low profile. Taking these
observations into account, a final thickness of 0.25 was chosen based on its overall

performance.
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Figure 5.26: Impact of increasing coil thickness on the realized gain of the conical
coil design.
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Before proceeding to discuss the fabrication and measurement of the 18” spiral, it
is useful to compare the performance of the conical coil design to the exponential pitch
taper design. A comparison between the realized gain of the two designs is shown in
Fig. 5.27. Tt is clear that both designs achieve a gain of -15 dBi at about 150 MHz.
Thus, the conical coil design was able to achieve the same miniaturization even with
the restrictions placed on the taper profile by fabrication limitations. However, the
effect of the restrictions is evident at higher frequencies where the exponential pitch
taper design has 2-3 dB higher gain. In spite of this, the overall performance of the

conical coil design is more than adequate given the circumstances.
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Figure 5.27: Comparison of the exponential pitch taper design and the conical coil
design.
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5.5.2 Fabrication and Measurement

The first step in fabricating the conical coil design was scaling the entire 6” antenna
geometry, including the coil itself, by a factor of 3. To demonstrate the scalability of
the design, the realized gain of the 18” and 6” spirals are compared in Fig. 5.28 as a
function of their electrical size (D/)). Clearly, their performance is nearly identical

as expected.
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Figure 5.28: A demonstration of the scalability of the inductively loaded spiral an-
tenna using the conical coil design.

To fabricate the 18” spiral prototype, the coiled section of the arm was fabricated
by a local spring manufacturer using beryllium copper wire (20 mil diameter). The
unloaded center section of the spiral was fabricated on a 19 inch diameter FR4 board

(90 mils thickness) which was used to support the free standing coil. The free standing
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coil was then attached to the FR4 board using epoxy. To ease fabrication of the coil,
the conical coil was formed using a circular cross-section instead of rectangular. This
required an adjustment to the coil geometry to maintain the inductance of the coil.
The adjustment was made based on maintaining an equivalent cross-sectional area.
That is, the radius of the circular coil was calculated from the cross-sectional area of

the rectangular using the relation
r=4/— (5.10)

where w and t are the coil width and thickness at a given location on the spiral arm.
Thus, the circular coil has an initial diameter of 70 mils and a final diameter of 890
mils. To verify the equivalence of the two designs, the realized gain is compared
in Fig. 5.29 and agrees quite well, especially the -15 dBi gain point. While the
agreement could be made better with further adjustment of the circular coil radius,
it was sufficient for testing purposes.

The fabricated 18" prototype is shown in Fig. 5.30 where the conical coiled has
been constructed using wire with a 20 mil diameter. As a result of using the same 20
mil wire diameter as the 6” conical coil design, the 250€2 impedance used to match
the 18” version was considerably higher. Ideally, the wire diameter of the 18" spiral
should also be scaled by a factor of 3 to maintain the impedance. However, it was
not possible to form the initial coil turns, which had a diameter of 70 mils, using wire
with a diameter of 60 mils. Therefore, a 4 : 1 impedance transformer (1-1000 MHz)
with an output impedance of 2002 was used instead of the 1002 hybrid balun (30-
3000 MHz). A comparison of the simulated and measured realized gain is provided
in Fig. 5.31 for the 18” spiral. The agreement between simulation and measurement
is very good and validates the performance of the conical coil design. In essence, the
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Figure 5.29: Comparison of the 18” conical coil design with a rectangular cross-section
and a circular cross-section.

Figure 5.30: Fabricated 18 inch diameter spiral antenna with conical coiled arms.
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antenna is able to achieve a gain of -15 dBic at 55 MHz where it has an aperture size

of A\/12. The oscillations in the gain curve are due to impedance matching issues.
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Figure 5.31: Comparison of measurement and simulation results for the 18 inch di-
ameter spiral with volumetric inductive loading.

That is, ideally the balun should have an 2502 output impedance instead of 200f2.
However, the M/A-COM impedance transformer (part number TP-103) was the best
commercially available balun that could provide an impedance close to 2502 over
the largest bandwidth (1-1000). To improve the impedance matching, the antenna
could be loaded with dielectric or a custom balun could be designed. In this case, an
attempt was made to lower the impedance of the antenna by embedding the coiled
section of the spiral arm in a polymer ceramic. However, this was not possible because
the viscosity of the polymer ceramic prevented it from freely flowing between the coil
turns. By using only the base material (silicone), the viscosity was low enough to

158



freely flow between the coil turns. The coiled section of the spiral arm embedded in

silicone is shown in Fig. 5.32. It is remarked that the dielectric constant of silicone is

Figure 5.32: Fabricated 18 inch diameter spiral antenna with conical coiled arms
embedded in silicone.

only 2.5 which is not large enough to have an appreciable effect. This is evident from
Fig. 5.33 where the measured realized gain is compared for the 18" spiral with and
without the silicone (see Fig. 5.34 for return loss comparison). Clearly, the peak-to-
peak variation of the oscillations is smaller when the coil is embedded in the silicone
but the difference is not significant. Therefore, a material with a larger dielectric
constant is needed to further improve the impedance match. In the future, this can
be achieved by mixing ceramic powder with a polymer base that has a sufficiently

lower viscosity.
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Figure 5.33: Comparison between the measured realized gain of the 18 inch diameter
spiral with and without dielectric (silicone) loading.
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Figure 5.34: Comparison between the measured return loss of the 18 inch diameter
spiral with and without dielectric (silicone) loading.
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5.6 Summary

This chapter focused on the use of inductive loading to miniaturize a spiral an-
tenna. The goal was to meet or exceed the miniaturization achieved by material load-
ing (dielectric) in the previous chapter without significantly increasing the antenna
weight. Various methods were considered for implementing the inductive loading such
as lumped inductors, planar meandering and a novel coiling approach. It was shown
that the coiling approach could achieve more miniaturization than the traditional
planar meandering at the expense of increased fabrication complexity. Using this
approach, a detailed computational study was conducted to miniaturize the spiral to
the fullest extent with negligible impact at higher frequencies. The knowledge gain
from this study was then employed in the design of a 6” and an 18" diameter spiral.
Because of fabrication issues, the 18" spiral was not a scaled version of the 6”7 spi-
ral. In regards to overall performance, the inductive loading design (coil) for the 18”
spiral was inferior to the 6” spiral design (exponential pitch taper design). However,
both were able to achieve a miniaturization factor of 2.1 which corresponds to a 53%
reduction in size. The miniaturization achieved by these designs compares well to the
theoretical limit of 2.9 which is approximately a 66% reduction in size.

In the future, the fabrication limitations which restrict the overall performance of
the 18” spiral design need to be overcome. This can be accomplished by reducing the
coil thickness or the physical size of the coil in general. There are two foreseeable ways
in which this can be accomplished. First of all, the exponential pitch taper design (see
section 5.4) can be made thinner by decreasing the pitch to compensate a reduction
in thickness. This is demonstrated in Fig. 5.35 for the 6” spiral which utilizes the

exponential pitch taper design. Here, the thickness has been reduced from 0.25” to
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0.125” while the final pitch p. has been adjusted to maintain the proper inductance
(in both cases p; = 20p, ). Clearly, the realized gain of the spiral has been maintained
even though it is half as thick as the original. The extent to which the thickness
can be reduced in this manner is not known but it is worth investigating in the
future. It is important to note that the 0.125” thick design is still not thin enough
to easily fabricate an 18” version of the antenna. Another approach is to replace
the dielectric substrate with a magneto-dielectric material or to fill only the coil
with a magneto-dielectric material. The larger permeability of the magneto-dielectric
material would permit a physically smaller coil to achieve the same inductance as
a larger coil. Therefore, a magnetic substrate could shrink the physical size of the
coil making it possible to significantly reduce the thickness of coil. Note that the
permeability does not necessarily need to be large to achieve a useful reduction in
thickness. For instance, a pu, of two would be quite useful assuming the magnetic
losses are small. Of course, magnetic loss is the key issue for exploiting this approach

especially at higher frequencies.
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Figure 5.35: A comparison of two exponential pitch taper designs with different
thicknesses (6”7 diameter spiral).
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CHAPTER 6

FERRITE COATED GROUND PLANE FOR
LOW-PROFILE BROADBAND ANTENNAS

6.1 Introduction

Most antennas have an omni-directional pattern, such as a dipole (L < \/2), or a
bi-directional pattern, such as a spiral antenna. When integrating these types of an-
tennas into a platform such as a ship or airplane, the interaction between the platform
and the antenna is unavoidable. Furthermore, the interaction with the platform can
have a significant affect on antenna performance depending upon how the antenna is
integrated into the platform. In most applications, the antenna is integrated in such
a way as to minimize its profile. This could involve mounting the antenna flush with
the platform surface, recessed or slightly protruding from the surface. Regardless of
how it is mounted, the antenna is usually backed by some kind of conductive surface.
In most cases, the antenna is backed by the metallic platform surface but it also could
be enclosed in a metallic cavity. In any case, the presence of a metallic surface affects
the performance of the antenna depending upon the electrical separation between
them. If the antenna is electrically too close to the conductive surface, the antenna is

effectively shorted out by the surface. This results in a small radiation resistance [68]
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which, in turn, leads to a poor radiation efficiency and a smaller impedance band-
width caused by matching difficulties (increased energy storage). Typically, this issue
is addressed by making the spacing between the radiating element and conductive
surface at least a quarter-wavelength at the lowest operating frequency. For low fre-
quency applications (i.e. HF, VHF, etc.), such a spacing results in profile or height
that is impractical. Therefore, for low frequency applications, there are basically two
approaches for reducing the profile: 1) Reduce the profile at the expense of perfor-
mance, 2) Replace the existing conducting surface with an alternative surface that
minimizes performance degradation for low-profile applications.

Clearly, the first approach is not ideal since the performance degrades. This is
illustrated in the following section in more detail for broadband antennas. In doing so,
issues faced specifically for the spiral antenna are discussed in addition to the issues
faced in general for any antenna. The remainder of this chapter focuses on alternative
surfaces such as electromagnetic band-gap structures (EBG), absorbers and ferrite
materials. The applicability of high impedance surfaces is discussed in section 6.3.1.
Since these surfaces are not well suited for backing the miniaturized spiral antenna, the
remaining sections discuss the use of ferrite materials. In particular, it is demonstrated
that by coating a PEC ground plane with a ferrite layer can recover the free-space

gain of the miniaturized antenna.

6.2 Issues with Metallic Ground Plane or Cavity

A metallic cavity or ground plane is commonly used to achieve unidirectional
radiation and shield electronics mounted behind an antenna. The presence of the

ground plane, especially when it is close to the radiating element, significantly alters
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the radiation characteristics of the antenna compared to its radiation characteristics
in free-space. For instance, the radiation resistance of the antenna decreases as the
separation between the ground plane and radiating element decreases'® [68]. Not only
does this result in poor radiation efficiency but it also makes broadband matching
difficult because the smaller radiation resistance implies a higher radiation (). This
phenomena can be readily understood from image theory.

Consider a dipole antenna located a height h above an infinite perfect electric
conductor whose orientation is parallel to the PEC surface. Since the current is
parallel to the PEC surface, its image has the opposite polarity and it is located a
distance h below the PEC surface. As the distance between the dipole and its image
decreases, the coupling between them increases and eventually they resemble an open-
ended two wire transmission line operating in differential mode. The radiation from
such a transmission line becomes negligible as the separation decreases because of the
destructive interference between the actual current source and its image. Therefore,
the radiation resistance of the dipole will decrease with decreasing separation as shown
in [68]. More importantly, this occurs for any planar antenna such as the spiral whose
current distribution is parallel to the PEC surface.

Another important effect, especially for broadband antennas, caused by the pres-
ence of the ground plane is an oscillatory behavior in the input impedance. This
occurs when the wave guided between the ground plane and antenna is completely
reflected at the truncation of the antenna structure (at the open end of the trans-
mission line). The reflected wave then returns to the input where it interferes with

8Note that the directivity for a horizontal dipole or loop increases as the ground plane is brought
closer [29,68].
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the next outgoing wave creating a standing wave current distribution. The result-
ing input impedance has an exceedingly oscillatory behavior which makes broadband
impedance matching more difficult. For the spiral, the reflected current also produces
undesired radiation of the opposite polarization sense because it passes through the

radiation band in the opposite direction of the outgoing current.

Figure 6.1: A 6 diameter circular log-spiral.

To demonstrate the affect of the ground plane on the spiral antenna, a self comple-
mentary log-spiral (shown in Fig 6.1) was simulated using Ansofts HFSS in free-space
and above an infinite PEC ground plane. The spiral has a diameter D of 6 inches and
an expansion ratio 7 = 0.685 (growth rate a =). For the infinite ground plane case,
the spiral is located a distance of \g/67 above the ground plane where Ay = D7. The

input impedance is shown in Fig. 6.2 and the effect of the ground plane can clearly
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be seen. Notice that the impedance for a free standing spiral is mainly a constant
real value for D > 0.4\ as expected. However, in the presence of a ground plane the
impedance exhibits an oscillatory behavior discussed previously. This makes match-
ing the antenna difficult especially at lower frequencies as demonstrated by the return
loss shown in Fig. 6.3. In each case, the return loss has been calculated with respect
to a different characteristic impedance in order to achieve the best match across the
entire frequency band. Clearly, the impedance bandwidth is reduced by the presence

of the ground plane and the amount of reduction will depend upon the spacing.
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Figure 6.2: A comparison of the input impedance for a circular log-spiral (diameter,
D = X\o/7) in free-space and placed approximately Ag/20 (\o/67) above an infinite
PEC ground plane.
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Figure 6.3: A comparison of the return loss for a circular log-spiral (diameter, D =
Ao/7) in free-space and placed approximately Ao/20 (Ao/67) above an infinite PEC
ground plane.

The impedance bandwidth reduction naturally translates into a reduction in the
realized gain as shown in Figure 6.4. Here, the total realized gain is compared for the
spiral in free-space and backed by an infinite ground plane. This result is a major
concern because it implies that the presence of a ground plane can potentially negate
the performance improvement obtained by miniaturizing the antenna. Therefore, it is
extremely important and necessary to consider alternatives to the PEC ground plane.

Since the spiral naturally radiates a circularly polarized wave, another concern is
the affect of the ground plane on polarization isolation or axial ratio. The axial ratio
is shown in Fig. 6.5 for the spiral in free-space and backed by an infinite ground plane.
It is evident that the presence of a ground plane results in a significant increase in

the axial ratio caused by the presence of a strong LHCP component. As mentioned
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Figure 6.4: A comparison of the total realized gain for a circular log-spiral (diameter,
D = X\o/7) in free-space and placed approximately Ag/20 (\o/67) above an infinite
PEC ground plane.

previously, this is attributable to the reflected current which radiates with the opposite
polarization sense (in this case it is LHCP). This is issue is commonly addressed by
attenuating the reflected current. Typically, the spiral is terminated using lumped
resistors, resistive film or by placing absorber around it. Another approach is to coat
the ground plane with absorber in an attempt to attenuate the wave guided between
the antenna and ground plane. In any case, these methods affect the efficiency to
varying degrees depending upon how they are applied. Whether these methods should
be used depends upon how much they degrade the efficiency of the antenna when it
is electrically small because the overall goal is to maintain the performance of the

miniaturized antenna at these frequencies.
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Figure 6.5: A comparison of the axial ratio for a circular log-spiral (diameter, D =
Ao/7) in free-space and placed approximately A\g/20 (Ao/67) above an infinite PEC
ground plane.
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6.3 PEC Ground Plane Alternatives: EBG Structures

PEC ground plane alternatives can be divided into two categories which are ab-
sorptive treatments and high-impedance surfaces. In the past, absorbing materials
were commonly used at the expense of radiation efficiency to address ground plane
and, in particular, cavity issues [8]. The idea was to absorb all of the energy di-
rected toward the ground plane since it was not possible to utilize it especially when
the spacing was electrically small. More recently, high impedance surfaces such as
EBG’s [5,6,69] have been employed. While these high-impedance surfaces provide
some improvement over the PEC ground plane, it is not sufficient in this case. The ad-
vantages and disadvantages of these surfaces are discussed in this section. Section 6.4
discusses the use of ferrite materials to overcome the disadvantages associated with
high-impedance surfaces. It is noted that the discussion on the use of ferrite mate-
rials is not comprehensive in scope or theory. That is, the use of ferrite materials
is presented as a proof of concept. A more comprehensive and rigorous analysis is
needed to determine the optimal material parameters and to better understand the
phenomena. Since this subject, in and of itself, could be a separate dissertation topic,

it is left as a topic for future research.
6.3.1 Artificial Magnetic Conductors

The purpose of high-impedance surfaces, such as an EBG, is to emulate the effect
of a perfect magnetic conductor'® (PMC) over a given frequency range. That is,

19The existence of a PMC surface is dependent upon the existence of magnetic charge or a magnetic
monopole. To date, grand unification theories (really hypotheses) have been developed by theoretical
physicists that predict the existence of magnetic monopoles and, in some cases, require their existence
for the theory to be valid. However, these theories have yet to be verified and magnetic monopoles
have yet to be observed. In fact, at the present time, grand unification theories have been abandoned
in favor of string theory which does not require the existence of magnetic monopoles.
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they try to achieve a reflection phase® of 0° (reflectivity of +1) as opposed to the
reflection phase of 180° (reflectivity of —1) obtained from a PEC surface. Recalling
the previous discussion of a dipole above a PEC ground plane, if the PEC surface is
replaced by a PMC surface then, from image theory, the dipole and its image form
a common mode transmission line instead of a differential mode. In this case, as the
separation between the actual current source and its image decreases, the interference
is constructive rather than destructive. Therefore, an antenna can be placed close to
a PMC surface without suffering the negative effects associated with a PEC ground
plane. However, it is important to note that antennas which utilize a PEC ground
plane will not benefit from a PMC ground plane. For instance, a monopole antenna

or a current sheet antenna composed of capacitive type elements [29, 70]2!.

Substrate Ground Plane
y Z
Periodic
Metallic
Pattern
FSS Unit Cell

Figure 6.6: Geometry of an AMC ground plane taken from [5].

A subclass of EBG structures known as artificial magnetic conductors (AMC)
are commonly used to emulate a PMC surface. The typical AMC consists of a 2-D

20The reflection phase is defined as the phase of the reflected electric field at the reflecting surface.

211f the elements are inductive then a PMC ground plane would be beneficial

173



frequency selective surface (FSS) etched on a dielectric substrate which is backed by a
PEC ground plane (see Fig. 6.6). At the present time, the most common type of EBG
or AMC is the mushroom like design illustrated in Fig. 6.7. Using these structures it
is possible to achieve the desired reflection phase of 0° over a given frequency range.
However, their applicability is dependent upon the bandwidth of this behavior and

the size of the structure.
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Figure 6.7: Geometry of a mushroom like EBG taken from [6].

For miniaturized broadband antennas, the limited bandwidth and size of the AMC
result in several issues. The first issue is that the desired reflection phase of 0° can only
be achieved over a narrow bandwidth [5]. Therefore, the bandwidth of a broadband

antenna element such as a spiral will exceed the bandwidth of the AMC. However,
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this issue is not as severe as it first appears. For a broadband antenna located a height
h above a PEC surface, there will always be a frequency for which the electrical height
is sufficient to minimize the negative effects of the PEC ground plane. Therefore, the
AMC surface only needs to work below this frequency over a bandwidth that is much
smaller than the bandwidth of the broadband antenna. Of course, the bandwidth is
dependent upon the height h. That is, the bandwidth becomes smaller as h increases.
Assuming that the AMC can achieve the bandwidth for a given h, the size of the AMC
must be sufficient to resonate at these frequencies to produce the desired reflection
phase. In the literature, the elements which make up the FSS are at least 0.1\
in length and the overall AMC size is 1\ at the resonant frequency [6,71]. Such
dimensions are problematic for a miniaturized broadband antenna because, at the
frequencies of interest, they would result in an AMC that is larger than the antenna.
In fact, the AMC surfaces in [6,71] are larger than the antenna elements which are
not miniaturized. To make matters worse, these AMC’s are still not large enough to
achieve a bandwidth which is comparable to the antenna in free-space [71]. Therefore,
it can be concluded that an AMC is unsuitable for use with a miniaturized broadband
antenna because of its size requirements and bandwidth limitations.

6.4 PEC Ground Plane Alternatives: Utilization of Ferrite
Materials

This section examines the use of magneto-dielectric materials such as ferrites as
an alternative to the PEC ground plane and EBG structure. There are three possi-
ble ways in which ferrite materials can be used with two of these approaches being
somewhat similar in many aspects. The first approach involves using a layer of fer-
rite material as a high impedance surface. This requires the relative permeability g,
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of the ferrite to be significantly larger than the relative permittivity €, over a given
bandwidth as illustrated in Figure 6.8a. Just like an AMC, the goal is to achieve
a reflection coefficient close to +1. The advantage of using ferrite material instead
of an AMC is that its ability to achieve reflection coefficient of +1 depends upon
its material parameters not its physical size (dimensions of F'SS structure). However,
this approach faces several problems. First of all, to achieve a +1 reflection coefficient
the permeability of the ferrite would have to be infinite. Such a material is commonly
referred to as a perfect magnetic material. In this case, the thickness of the ferrite
material and the boundary condition at the back interface have no affect on the reflec-
tion coefficient. However, a perfect magnetic material does not exist. Therefore, the
thickness and boundary condition at the back interface affect the reflection coefficient.
Of course, the extent of their effect depends upon how large the ratio of pu, to €, is.
Currently available magnetic materials can have a p, up to two orders of magnitude
larger than €,. However, this only occurs over a limited bandwidth and, usually, only
at frequencies less than 100 MHz. Despite this, the high-impedance approach is still
of interest because of significant interest in low-profile VHF antennas.

The second approach is a different take on the high impedance layer concept. For
the high-impedance surface approach, the idea is to use a thin layer of magnetic ma-
terial which has a p,. >> ¢,.. The second approach tries to take advantage of magnetic
materials which have a p, > €, by filling the region between the antenna and ground
plane with magnetic material. The idea is the presence of the magnetic material will
force the antenna to radiate away from the ground plane as discussed briefly in [8].
To explain this concept, consider a planar antenna such as a spiral which lies on the

interface between two material half-spaces. The impedance seen by the antenna is
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Figure 6.8: Desired ferrite material properties for use as a high impedance surface
and as a non-conductive absorber.

the parallel combination of the characteristic impedances of these two media. The
idea is the antenna acts like a generator that is driving two loads in parallel and the
power split between the loads is inversely proportional to the ratio of the character-
istic impedances [8]. Therefore, more power is delivered (power radiated) to the load
with the smaller impedance. To deliver more power to a certain load, the permittivity
of the half-space corresponding to the load can be increased or the permeability of the
half-space corresponding to the other load can be increased. For an antenna backed
by a cavity or ground plane, this implies that the cavity or space between the antenna
and ground plane should be filled with magnetic material. In doing so, the antenna
will radiate more energy away from the ground plane proportional to the difference in
impedance. The advantage of this approach is that it does not take a large difference
in impedance to affect the directivity of the antenna. As shown in [60] for an antenna
radiating into a dielectric half-space, a difference in impedance by a factor of two has

a pronounced effect on the directivity. However, this approach has several issues such
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as material loss (magnetic loss tangent), weight and excitation of surface waves or
resonant modes. Since the antenna is placed directly on the magnetic material, the
material loss will have a significant affect on the efficiency over the entire bandwidth
of the antenna. The weight of the antenna is also a major concern because of the ma-
terial density and volume of material used. Lastly, pattern distortion and impedance
matching issues due to the presence of surface waves or resonant modes supported by

the finite volume of material are of major concern.
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Figure 6.9: Relative permittivity and @) of some state-of-the-art magnetic materials
produced by Trans-Tech. (Data provided by Trans-Tech).

Instead of redirecting the radiation, the third option absorbs energy directed
toward the ground plane by filling the region with a lossy material. Ideally, the
impedance of the material should be matched to free space (u = €), as shown in

Figure 6.8b, so the majority of the wave can enter the material. This approach has
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been commonly used in the past especially for cavity backed spirals [8]. The obvious
drawback to this approach is its degradation of the radiation efficiency which depends
upon the loss and volume of material. For the VHF band or lower, the most common
materials that have sufficient loss are ferrites. Commonly used absorbers such as
honeycomb and carbon-impregnated foam must occupy a large volume of space to be
effective at these frequencies because they do not have sufficient loss. Therefore, they
are not usable for low-profile antenna applications.

In light of the options presented above, it is evident that third option is the least
attractive. The best option appears to be a compromise between the first and second
approaches. That is, the ferrite should have u, > €, over as large a frequency range
as possible and the volume of material should be kept to a minimum. Based on these
characteristics, a ferrite from Trans-Tech (composition number TT2-111) was found
to have suitable material properties for antenna apertures larger than 6 inches in
diameter. The magnetic material properties are shown in Fig. 6.9 courtesy of Trans-
Tech. The dielectric constant (¢, = 9.7) and loss tangent (tand. = 0.001) are not
shown but they are stable across this frequency range. For this ferrite, the frequency
for which u, = €, occurs at about 510 MHz. Below 510 MHz, u, is greater than e, as
desired and the magnetic loss tangent decreases with decreasing frequency. Above 510
MHz, the ferrite behaves like an absorber because of the larger magnetic loss tangent
(tand,, > 2). The transition at 510 MHz from a ”high-impedance” behavior to an
absorptive behavior is well suited for a 6in diameter spiral because this frequency also
defines the point where the spiral begins to be electrically large enough to exhibit its

frequency independent behavior.
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As a proof of concept, the use of this ferrite material as a high-impedance surface
and backed by a PEC ground plane is examined in the remainder of this section.
First, the ferrite alone is used as a high-impedance surface for an unminiaturized
spiral antenna. It is shown that the ferrite itself cannot provide sufficient shielding
for electronics mounted behind the ferrite. To achieve sufficient shielding, the ferrite
is used in conjunction with a PEC ground plane. It is shown that the performance
of the spiral antenna can be improved using a ferrite coated ground plane instead of

the traditional PEC ground plane.
6.4.1 High Impedance Surface using Ferrites

To demonstrate the benefit of using ferrite material in place of the traditional
PEC ground plane, a ferrite backing was constructed using seven 1 x 6.5 x 0.25 bars
to form a 6.5 x 7 ferrite tile. The realized gain of an unminiaturized spiral was
then measured in free-space, backed by a PEC ground plane (6.5 x 77) and by the
ferrite tile. Figure 6.10 shows a comparison of the measured realized gain for these
cases where the separation between the antenna and reflective surface is 1 (=~ A\/24
at 5)00MHz). It is clear that the gain of the spiral backed by the ferrite tile is the
same as the free-standing spiral at low frequencies whereas the PEC backed spiral
has considerably lower gain as expected. This clearly demonstrates the potential
benefit of using ferrite material. However, there are two main issues that need to
be addressed if the ferrite backing is to be a viable replacement for the PEC ground
plane. The first issue is the material loss above 500MHz results in an appreciably

lower gain than the free-space and PEC ground plane cases. More importantly, the
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ferrite needs to provide better or equivalent shielding for electronics mounted behind

it than the PEC ground plane which is the second issue.
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Figure 6.10: Comparison of the measured realized gain for a 6 spiral antenna with
ferrite and PEC backing (1 separation in all cases).

There are two approaches that can be used to improve the gain at higher frequen-
cies. First of all, moving the ferrite tile outside the near field of the antenna will
help to improve the radiation efficiency and, therefore, the gain at higher frequencies.
This is demonstrated in Fig. 6.11 where the measured realized gain is compared for
a number of different spacings. As expected, the high frequency gain increases as the
separation between the antenna and ferrite tile increases. Note that the free-space

gain is completely recovered above 1GHz for the case where D = 2" (D = \/6).
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However, improving the high frequency gain by increasing the profile of the antenna

is not the ideal solution.
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Figure 6.11: Measured realized gain of a 6 spiral antenna backed by a ferrite tile for
a number of different spacings D.

Therefore, the second approach involves improving the high frequency gain while
maintaining the profile. To do this, the fields of the high frequency components must
be prevented from penetrating the ferrite where they are absorbed. Since the higher
frequency components radiate from the center region of the spiral, the high frequency
fields are predominately concentrated near the center. The obvious way to keep the
fields from penetrating the ferrite is to coat the center of the ferrite with a electrically
conductive material. To estimate how much of the surface needs to be coated, the

measured realized gain of the spiral backed by the PEC ground plane was used. From
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this result it is apparent that the PEC ground plane begins to have the highest gain
at 800 MHz. Using radiation band theory, this corresponds to a four inch diameter
circle. Therefore, the conductive coating should not extend beyond a radius of 2
inches and should gradually transition to the non-conductive ferrite. To realize this
surface a conductive circular patch with a serrated-edge was used. The purpose of
the serrated edge is to provide a transition from the conductive center to the non-
conductive ferrite and to minimize diffraction from the edges. The inner and outer
radius, as well as the number of serrations, were determined using an optimization
process based on a Genetic algorithm coupled with a pattern search method. It is
noted that in this optimization process, a PMC surface was used in place of the actual
ferrite. The final patch design, shown in Figure 6.12, was made from copper tape and

has an inner radius of 1.5, an outer radius of 5.2 with 27 serrations.

Figure 6.12: Hybrid ferrite/PEC backing.

A comparison of the measured realized gain for the spiral backed by a PEC ground
plane and the hybrid ferrite/PEC backing is shown in Figure 6.13. It is apparent that
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the hybrid surface provides a good compromise between the ground plane and ferrite
tile alone. When compared to the ferrite alone, the hybrid surface is able to recover

the free space gain almost up to 0 dBi while it significantly improves the gain above

800 MHz by more than 2 dBi.
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Figure 6.13: Measured realized gain for the 6 spiral antenna with hybrid backing (1
separation in all cases).

As mentioned previously, for ferrite to be used alone as a high-impedance surface,
it must provide better or equivalent shielding than a PEC ground plane for electronics
mounted behind it. The reflectivity of the ferrite could be measured to test its
effectiveness but this would require an unreasonably large sample to measure the
reflectivity down to 100 MHz or lower. Since the ferrite is being used in conjunction

with an antenna, measuring the front-to-back ratio is more useful and practical option.
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A comparison of the measured front-to-back ratio is shown in Fig. 6.14 for the spiral
backed by a PEC ground plane and the ferrite tile without the metallic coating.
Overall, the PEC ground plane has a better front-to-back ratio especially at the
higher frequencies. Below 800 MHz, diffraction from the edge of the finite PEC
ground plane results in more radiation toward the back. Since there appears to be
little or no diffraction from the ferrite tile, it has a better front-to-back ratio at lower
frequencies. However, its front-to-back ratio is at most 5 dB below 800 MHz which
may not be sufficient for many applications.

One possible way to achieve a better front-to-back ratio is to combine the ferrite
tile with the PEC ground plane. Furthermore, when the antenna is mounted on any
platform, the presence of a ground plane around the antenna is almost unavoidable.
Therefore, the following section considers how a PEC ground plane coated with a

layer of ferrite would perform.

6.4.2 Ferrite Coated Metallic Ground Plane

When mounting an antenna on any platform, the presence of a conductive ground
plane is inevitable. Therefore, in this section, the effect of placing a PEC surface
behind the ferrite is investigated. Since the impact of the ground plane depends upon
its size and shape which is in turn dependent upon the platform, two limiting cases
for the ground plane size are considered. The first case considers a finite size PEC
ground plane that is the same size as the antenna. The second case examines the
effect of an infinite PEC ground plane with a ferrite layer that is the same size as

the antenna. If sufficient performance can be achieved in these two cases then it is
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Figure 6.14: Front to back ratio comparison of the ferrite backing and ground plane.

reasonable to assume that the ferrite coated ground plane should work for any size

ground plane.

Finite Ferrite Coated Ground Plane

For the finite PEC ground plane case, an unminiaturized circular 6 inch diameter
spiral (see Fig. 6.1) was simulated 17 (A/24 at 500 MHz) above a 6.25” diameter
ground plane and a ferrite (Trans-Tech TT2-111) coated ground plane. The thickness
of the ferrite layer is 0.25”. A comparison of the total realized gain is shown in
Fig. 6.15. It is evident that below 300 MHz, the ferrite coated ground plane does
not perform as well as the free standing spiral. This result can be attributed to the
presence of the PEC ground plane because the ferrite coated ground plane has the
same realized gain as the PEC ground plane below 300 MHz. However, from 300 to

800 MHz, the realized gain of the ferrite coated ground plane is 2 to 5 dBi higher
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than that obtained using the PEC ground plane. Furthermore, it is better than the
free-space case over a small frequency range (400-500 MHz). Based on the return loss
(see Fig. 6.16) and directivity (> 2 dBi on average), the overall performance of the
ferrite coated ground plane should be better than the free standing spiral over a larger
frequency range. However, its performance is limited by its poor radiation efficiency
(see Fig. 6.17) which also accounts for the lower realized gain above 800 MHz. Lastly,
a comparison of the front-to-back ratio is shown in Fig. 6.18. It is apparent that the
front-to-back ratio has improved with the addition of the PEC ground plane to the

extent that it is better than the PEC ground plane over the entire frequency range.

10

o
T

Total Realized Gain (dBic)
1
=

-15r
-20r
o5l , —— Free Space H
A - = = PEC Ground Plane
r - Ferrite Coated PEC Ground Plane
-30 ‘ ‘ ‘ ‘
0.2 0.4 0.6 0.8 1
frequency (GHz)

Figure 6.15: Comparison of the total realized gain (simulation result) of a spiral
antenna above a finite PEC ground plane and a finite ferrite coated PEC ground
plane.
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Overall, the presence of a finite PEC ground plane behind the ferrite layer did not
significantly depreciate the performance. Actually, the ferrite coated ground plane
was able to maintain or exceed the realized gain of the free-standing spiral down
to the -15 dBi gain point. For the unminiaturized spiral, this result is more than
satisfactory in regards to the realized gain. The only concern with ferrite coated
ground plane is the radiation efficiency. At higher frequencies the radiation efficiency
can be improved by coating the top surface of the ferrite with a conductive material
as shown previously. The same effect could possibly be achieved by removing some of
the ferrite to expose the PEC behind it. This approach has the additional benefit of
reducing the weight of the antenna. For lower frequencies, the only way to improve
the radiation efficiency is to use another material that has a similar p,. and €. but

with a lower magnetic loss tangent.

Infinite Ferrite Coated Ground Plane

Having seen that the presence of a finite PEC ground plane behind the ferrite layer
does not significantly affect the performance, the impact of an infinite PEC ground
plane is considered. Fig 6.19 shows the previously used 6in spiral above an infinite
ground plane that is partially coated with a ferrite material. The ferrite layer is 6.25
inches in diameter and 0.25 inches thick. A comparison of the realized total gain is
shown in Fig 6.20 with and without the ferrite layer. Below 500 MHz, the realized
gain obtained using the infinite PEC ground plane is more than 3 dBi lower than the
finite case (see Fig. 6.15). Conversely, the realized gain of the infinite ferrite coated
ground plane is very similar to the finite size case. Consequently, the realized gain of
the ferrite coated ground plane is between 5 to 10 dBi better than the PEC ground
plane. Furthermore, in comparison to the free-standing spiral, the difference in the

188



-5} AP 5
. —10r .
)
z
o
=15 1
-20| —— Free Space, Zo=1599 1
- - - Finite PEC Ground Plane, Z°=13552
.= - Ferrite Coated PEC Ground Plane, Zo=161£2
_25 I I I 1 -
0 0.2 0.4 0.6 0.8 1

frequency (GHz)

Figure 6.16: Comparison of the return loss (simulation result) of a spiral antenna
above a finite PEC ground plane and a finite ferrite coated PEC ground plane.
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Figure 6.17: Comparison of the radiation efficiency (simulation result) of a spiral
antenna above a finite PEC ground plane and a finite ferrite coated PEC ground
plane.
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Figure 6.18: Comparison of the front-to-back ratio (simulation result) of a spiral
antenna above a finite PEC ground plane and a finite ferrite coated PEC ground
plane.

realized gain is relatively the same as it was for the finite case. With regards to this
result, it appears that the ferrite coated ground plane is relatively unaffected by the

size of the PEC ground plane behind it.
6.4.3 Potential Future Improvements

Before proceeding with the integration of the ferrite coated ground plane with the
miniaturized spiral from chapter 5, it is worthwhile to consider how the thickness and
material properties of the ferrite affect the performance. In doing so, insight can be
gained into potential improvements that can be made for future designs. To start,
the effect of the ferrite layer thickness is examined using the previous infinite PEC

ground plane setup (see Fig. 6.19). The original or baseline design was a 0.25” thick

190



Figure 6.19: Spiral antenna above an infinite PEC ground plane partially coated with
a ferrite material.
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Figure 6.20: Comparison of the total realized gain for a spiral in free-space, backed
by an infinite PEC ground plane and backed by a ferrite coated ground plane.
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which corresponds to an electrical thickness of about \y/100 at 500 MHz. In terms
of the guided wavelength A, (/\g = )\O/m), the thickness is about A,/10 at 500
MHz. Therefore, the baseline thickness is relatively thin which helps to minimize the
weight of the antenna. To demonstrate the impact of the thickness, two additional
thicknesses were considered which are 0.125” and 0.5”. The effect of the ferrite layer
thickness on the total realized gain is shown in Fig 6.21. It is evident that increasing
the thickness improves the realized gain at lower frequencies (below 500 MHz) but
makes it worse at higher frequencies (above 500 MHz). Conversely, decreasing the
thickness improves the gain at higher frequencies but leads to a lower gain at lower
frequencies.

The trend at higher frequencies is a result of the radiation efficiency improving as
the thickness decreases. This trend makes sense because less material should lead to
less absorption. This is especially true at higher frequencies where the magnetic loss
tangent of the ferrite can be up to four times larger than it is at lower frequencies.
The trend observed at low frequencies by increasing the thickness is consistent with
the behavior alluded to in [8]. That is, if the region between the antenna and ground
plane is filled with a high impedance material, more radiation should be directed away
from the ground plane which in turn should improve the directivity in the forward
direction.

The observed trend implies the possibility of improving the design by tapering the
thickness of the ferrite. That is, instead of using a uniformly thick disk of ferrite, the
thickness should be tapered in the radial direction starting with zero thickness at the
center and finishing with a maximum thickness ¢,,,,. In doing so, the low frequency

realized gain can be further improved using a thickness greater than 0.25” while
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concurrently improving the radiation efficiency at higher frequencies. Furthermore,
it may be possible to accomplish this using the same volume of ferrite material as the
original design and, therefore, the weight of the antenna will remain unchanged. In

light of this, such a design needs to be considered in the future.
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Figure 6.21: Impact of ferrite layer thickness t on the total realized gain for a spiral
backed by a ferrite coated ground plane.

6.5 Integration of Ferrite Coated PEC Ground Plane with
Miniaturized Spiral

In the previous section an unminiaturized spiral was used to demonstrate the
potential benefits of using a ferrite coated ground plane in place of the traditional
metallic (PEC) ground plane. The focus of this section is the integration of the ferrite

coated ground plane with the miniaturized 6” (see Fig. 5.22 in section 5.4) and 18”
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(see Fig. 5.30 in section 5.5) spirals from the previous chapter. The following section
discusses the integration with the 6” spiral and the subject of last section is the 18”
design.

It is important to note that, for both spiral designs, the integration process was
predominately experimental because of difficulties in simulating the entire antenna
design. That is, method of moments (MOM) is efficient and extremely accurate
when simulating the miniaturized spiral in free-space. However, when finite material
volumes are included, it becomes difficult to get accurate results in an efficient manner
unless a Green’s function approach is used. However, the Green’s function approach
requires the material layers to be infinite in extent. Analyzing the problem using the
finite element method (FEM) also presents problems because it requires an incredibly
large number of unknowns to accurately model the fine details of wire spiral structure
in addition to the material volumes. In fact, the number of unknowns is so large that
it makes simulation on a current desktop PC (3 GHz dual-core processor with 2 GB
of RAM) impractical. Therefore, the simulation results presented in this section are

used to validate the experimental results.
6.5.1 6” Diameter Spiral for UHF Operation

Since the previous demonstration of the ferrite coated ground plane utilized a 6”
unminiaturized spiral, integration with the miniaturized 6” spiral was a relatively
straight forward process. To begin, the final configuration of the fabricated miniature
low-profile spiral is shown in Fig. 6.22b. The spiral element shown in Fig. 6.22a was
fabricated using a 0.25 inch thick Rogers TMM4 laminate (¢, = 4.5, tand = 0.002).

It was suspended 1 inch above the ferrite coated ground plane, resulting in a total
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thickness of 1.5 inches since the ferrite layer was 0.25 inch. The entire antenna is
enclosed by a PVC side wall. The antenna element and FCGP are secured to the
PVC side wall using epoxy. In addition to the epoxy, the FCGP was further secured
using a layer of fiber-glass. A top view of the PVC cavity showing the ferrite layer
and the 1.5”7 diameter copper patch is provided in Fig. 6.22c. The ground plane was
constructed using copper tape to coat the back surface of the ferrite and it is shown

Fig. 6.22d.

il
(a) Inductively loaded spiral (b) Complete antenna assembly

r

(¢) Inside PVC cavity (d) Bottom view of antenna

Figure 6.22: Photos of the fabricated 6” inductively loaded spiral antenna. (a) Bottom
side of the inductively loaded spiral PCB. (b) Top side of the complete antenna
assembly showing the PVC cavity. (¢) View of the PVC cavity showing the ferrite
material and copper patch on top of the ferrite. (d) Bottom view of the antenna
cavity showing the copper ground plane.
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Fig. 6.23 shows the measured total realized gain for the miniaturized spiral itself
and when placed above the FCGP. Also shown is the measured realized gain of an
unminiaturized 6” diameter spiral above a copper ground plane (6” diameter). The
measured return loss is shown in Fig. 6.24. It is evident that the realized gain for
spiral backed by the FCGP is almost identical to the free-standing spiral above 300
MHz. Below 300 MHz, the two curves begin to diverge. This trend is very similar
to what was observed for the unminiaturized antenna in section 6.4.2. In comparison
to the free-standing spiral, the miniaturized spiral above the FCGP achieves a gain
of -15dBi at about 190 MHz instead of 170 MHz for the free-standing spiral. Despite
this degradation, the unminiaturized spiral with a metallic ground plane (-15 dBi
gain at 340 MHz) would have to be about 1.82 times larger in diameter (11 inches)
to achieve the same performance. It is also remarked that at 190 MHz the aperture
size of the antenna is A\g/10 and the profile is only Ag/40.

The spacing between the antenna element and FCGP was determined experimen-
tally by measuring the realized gain for a variety of spacings that ranged from 0.5”
to 1.5”7. A comparison of some of the measurements is shown in Fig. 6.25. Each case
is delineated by its total height h or profile. Since the ferrite and antenna element
are both 0.25” thick, the separation between them is h minus 0.5”. From Fig. 6.25 it
is evident that, for the given heights, only the realized gain above 1 GHz is affected
by the height. Over this frequency range, a height of 1.5” provides the best trade-off
between recovering the free-space realized gain while maintaining a low-profile.

In an attempt to improve the high frequency gain, a copper patch was placed on
the top surface of the ferrite as in section 6.4.2. The optimum size of the reflective

copper patch was determined experimentally by measuring the realized gain for a
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Figure 6.23: Measured Realize gain of the inductively loaded (miniaturized) spiral
with and without the ferro-metallic ground plane as compared to unloaded (unminia-
turized) spiral backed by a copper ground plane.
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Figure 6.24: Measured return loss of the inductively loaded (miniaturized) spiral with
and without the ferro-metallic ground plane.
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Figure 6.25: Optimum spacing between the 6” miniaturized spiral and ferrite coated
ground plane based on measured realized gain.

variety of diameters ranging from 1.5” to 3”. Fig. 6.26 shows a comparison of the
measurements for a diameter of 1.5” and 3”. It is apparent that the 3”7 diameter
patch increases the gain at higher frequencies at the expense of reducing the gain
at lower frequencies. As the diameter is made smaller, the gain increases less at
higher frequencies and the gain at lower frequencies recovers to the case without a
patch as expected. The 1.5” diameter patch provides the best trade-off but it does
not significantly enhance the realized gain. Furthermore, it was found that adding a
serrated edge to the patch had a negligible effect. Therefore, the benefit of using the
copper patch is questionable. However, since the 1.5” copper patch has a negligible
effect, it maybe possible to remove some of the ferrite, exposing the ground plane

behind the ferrite, without impacting the realized gain. This would reduce the weight

198



of the antenna which is extremely beneficial especially for airborne applications where

payload is crucial.
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Figure 6.26: Optimum copper patch size for the 6” miniaturized spiral based on
measured realized gain.

To validate the experimental results, FEKO was used to simulate the 6” minia-
turized spiral with the FCGP using two different approaches. The first approach uses
the planar Green’s function to take into account the FCGP and the Rogers TMM4
substrate. As mentioned previously in section 5.4, the Green’s function approach is
used to overcome the difficulty in simulating the coiled spiral in a finite dielectric
medium. In this approach, the use of the planar Green’s function requires the ma-

terial layers to be infinite in extent. Therefore, this approach is mainly useful for
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providing a "first order” approximation to the actual finite antenna design. Regard-
less, this approach is extremely efficient and provides a practical way for optimizing
the material properties of the ferrite in the future. The total realized gain obtained
from FEKO using the planar Green’s function is shown in Fig. 6.27 for the miniatur-
ized spiral in free space, above an infinite PEC ground plane and above an infinite
FCGP (0.25 inch thick ferrite layer). As expected, below 500 MHz the realized gain
is significantly lower for the PEC ground plane case because of the lower mismatch
efficiency. However, the gain obtained using the FCGP is nearly identical to the free
space case. In fact it is slightly higher because of the infinite size of the FCGP. In

general, the result agrees reasonably well with the experimental result.
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Figure 6.27: FEKO simulation result for the total realized gain of the miniaturized 6
inch diameter spiral when placed above an infinite PEC ground plane and an infinite
ferrite (Trans-Tech TT2-111) coated ground plane.
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For the second approach, the Rogers TMM4 substrate is excluded from the sim-
ulation which allows the FCGP to be finite in extent. The exclusion of the Rogers
TMM4 substrate mainly affects impedance matching which can easily be accounted
for by properly adjusting the matching condition. A comparison of the simulated
and measured total realized gain for the finite size FCGP is shown in Fig. 6.28. For
the simulation, the mismatch efficiency was calculated using an impedance of about
142€) instead of 100€) to account for the absence of the TMM4 substrate. Clearly,
the simulated and measured results agree extremely well which validates the FEKO

simulation and the design.

1
[3,]
T

Total Realized Gain (dBic)
1
=5

-151
20l i —— Simulation - Free Space (Zo=1 42Q)
f, - - - Simulation - Ferrite Coated GP (ZO=144Q)
v, == Measurement - Ferrite Coated GP (Zo=100£2)
_25 1 L L T T T T T T
100 200 300 400 500 600 700 800 900 1000

frequency (MHz)

Figure 6.28: FEKO simulation result for total realized gain of the miniaturized 6 inch
diameter spiral when placed above a finite ferrite (Trans-Tech TT2-111) coated PEC
ground plane.
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6.5.2 18” Diameter Spiral for VHF and UHF Operation

In section 5.5 a baseline for the performance of the 18” antenna was established by
measuring it in free space. The purpose of this section is to discuss the integration of
this antenna with the FCGP and how it performs in comparison to the free-standing
antenna. The assembled antenna is shown in Fig. 6.29 which consists of the antenna
itself, a custom machined aluminum ground plane, a custom made plastic ABS side-
wall or radome (see Fig. 6.30) and a 0.25” thick layer of Trans-Tech TT2-111 ferrite.
The ground plane, ABS sidewall and ferrite layer are more clearly shown in Fig. 6.30
in addition to the the 5” diameter copper patch on the top surface of the ferrite. The
ferrite layer was constructed from 23 individual tiles (4” x 4” x 0.25”) which were cut
to form an 18 inch diameter circle using a diamond blade. Additionally, a hole was
made in the center of the disk to accommodate the feeding cable and the ferrite was
attached to the ground plane using epoxy. The ground plane was machined from a
piece of aluminum by a local machine shop (Kyron Tool and Machine Co.). It is 21
inches in diameter and the center section (19 inches in diameter) has been recessed
0.375 inches to accommodate the ferrite and provide additional support for the ABS
sidewall. the plastic sidewall was fabricated by bending and joining two strips of 0.5
inch thick ABS plastic to form a cylinder that has an inner diameter of 18 inches,
an outer diameter of 19 inches and is 3.375 inches in height. The ABS sidewall was
attached to the aluminum ground plane using a combination of screws and epoxy.

The measured realized gain of the 18 inch spiral with the FCGP is shown in
Fig. 6.31 in addition to the antenna in free space and above a PEC ground plane. It
can clearly be seen that the ferrite ground plane offers significant improvement over

the PEC ground plane below 300 MHz as expected. However, below 200 MHz, the
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Figure 6.29: Picture of the 18 inch diameter spiral showing the complete antenna.

Figure 6.30: Picture of the enclosure for the 18 inch diameter spiral showing the
ferrite coated (Trans-Tech TT2-111) aluminum ground plane, the black plastic (ABS)
sidewall and the 5”7 diameter copper patch.
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gain for the ferrite ground plane case is worse than the free standing spiral which
contradicts the result obtained for the six inch spiral in section 6.5.1. It is believed
that the reason for this discrepancy can be attributed to the electrical thickness of
the ferrite layer. That is, assuming that the initial operating frequency for the 6”
spiral is 150 MHz, the ferrite has a u, ~ 34 and ¢, = 9.6 at 150 MHz which results in
an electrical thickness of about A\;/20. Since scaling the aperture size by a factor of
three corresponds to a shift in the operating frequency by a factor of three, the initial
operating frequency for 18" spiral should be 50 MHz. At 50 MHz the ferrite has a
pr =~ 60 and €, ~ 9.6 which corresponds to an electrical thickness of about A,/40.
Therefore, compared to the 6”7 design, the electrical thickness of the ferrite layer at
the initial operating frequency is half as thick. There are two ways to increase the
electrical thickness. First, the thickness of the material could be increased at the
expense of increasing the weight. Since the current antenna already weights close to
25 1bs, this is not an attractive option because it is estimated that by doubling the
thickness of the ferrite the antenna would weight close to 40 lbs. A better option is
to find a more suitable material that has a larger u, € or both. If a more suitable
material can’t be found, then the next best option is to consider a tapered thickness
design using the current ferrite as mentioned in section 6.4.3.

The only other way to improve the low frequency gain using the current con-
figuration is to increase the separation between the antenna and the ferrite ground
plane. From Fig. 6.32 it is apparent that increasing the separation from 3 inches to 6
inches is sufficient to almost completely recover the free space gain below 200 MHz.
However, this approach is not as appealing as finding a more suitable ferrite material

or a tapered thickness design using the current ferrite.
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Figure 6.31: Comparison of the measured realized gain of the 18" inductively loaded
(miniaturized) spiral with the ferrite coated ground plane (3" separation), a tradi-
tional copper ground plane (3” separation) and free-standing.
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Figure 6.32: Comparison of the measured realized gain of the 18” inductively loaded
(miniaturized) spiral backed by the ferrite coated ground plane with a separation of
3 inches and 6 inches.
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Shifting the focus from the low frequency gain, an attempt was made to improve
the high frequency gain by introducing a metallic patch on top of the ferrite as
in section 6.4.1. To determine the new patch geometry, a series of measurements
were made using a circular patch and varying the diameter from 4 to 9 inches. The
separation between the antenna and ground plane was 3 inches in all cases. It was
observed that the gain above 500 MHz could be increased by increasing the size of the
patch but at the expense of decreasing the gain between 200 and 500 MHz. Based on
this trade-off, the optimal diameter was determined to be 5 inches. Also, it was found
that using a serrated edge, as in section 6.4.1, offered no improvement. Therefore,
the resulting patch geometry was a five inch diameter circle, as shown in Fig. 6.30,
and the improvement obtained from the addition of this patch is shown in Fig. 6.33.
It is apparent that the inclusion of the patch eliminated the gain drop around 800
MHz caused by the ferrite which is about a 3 dB improvement. However, this caused

a minor reduction (about 1 dB) in the gain between 200 and 300 MHz.

6.6 Summary

In this chapter, the performance degradation caused by an electrically small sepa-
ration between a metallic ground plane and antenna element was addressed. Alterna-
tives to the metallic ground plane were considered such as EBG structures and ferrite
materials. For the miniaturized spiral, EBG structures were deemed to be unsuitable
because of bandwidth limitations and size requirements. It was found that a ferrite
coated ground plane (FCGP) provided a more suitable solution to the problem. Us-
ing a commercially available ferrite from Trans-Tech (T'T2-111), it was demonstrated

using simulations and measurements that the FCGP could almost completely recover
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Figure 6.33: Comparison of the measured realized gain of the 18” inductively loaded
(miniaturized) spiral backed by the ferrite coated ground plane with and without a
5”7 diameter copper patch.

the free-space realized gain of the miniaturized 6” spiral. For the larger 18” spiral, it
was observed that the performance obtained using the FCGP was not as good as the
free standing spiral because of the frequency dependent material properties of the fer-
rite. However, the performance was still better than the spiral backed by a traditional
metallic ground. It is believed that with proper selection of the material properties

and thickness of the ferrite layer this issue can be overcome in future designs.
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CHAPTER 7

CONCLUSION

7.1 Summary and Conclusions

In this thesis, the size reduction of an UWB antenna was examined. The objective
was two fold. The primary goal was to reduce the aperture size of an antenna using
miniaturization techniques such as material loading and reactive loading. The sec-
ondary objective was to minimize the antenna profile without sacrificing performance.
The primary objective was the focus of Chapters 2 through 5 and the secondary ob-
jective was the subject of Chapter 6.

Specifically, in Chapter 2 the fundamental limitations on antennas were used to
determine the extent to which the size of an UWB antenna could be reduced and
still achieve a specified level of performance. This was accomplished using the mini-
mum ) antenna concept (Chu-Wheeler @ limit) and Fano-Bode matching theory. By
combining these concepts, a relation was derived for a high-pass system response to
determine the minimum electrical size (cut-off size or frequency) that could achieve
a given realized gain or in-band reflection coefficient. Essentially, this relation es-
tablished a theoretical limit for how much size reduction or miniaturization could be

achieved.
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Taking the miniaturization limit into consideration, Chapters 3 through 5 focused
on the size reduction of preexisting UWB antenna designs through the application of
miniaturization techniques. In particular, Chapter 3 discussed the concept of antenna
miniaturization in general by using a dipole antenna to illustrate the importance of
phase velocity and electrical size with regards to radiation. It was shown that, by con-
trolling the phase velocity via miniaturization techniques, the dipole could resonate
at frequencies where it is electrically too small to do so naturally. By establishing
resonance at a given ka, it was shown that the radiation @), radiation resistance and
impedance bandwidth of the electrically small antenna were improved significantly.
However, the improvement was limited by the electrical size (Chu-Wheeler @) limit)
as expected and the antenna design itself. This observation illustrated a crucial point
about miniaturization which is, for a given ka, miniaturization techniques can im-
prove the performance of an antenna but they cannot overcome the limitations of the
antenna design itself. That is, reducing the phase velocity of an arbitrary antenna
design will not turn it into a minimum () antenna. Therefore, the ideal minimum
() antenna performance cannot be achieved using miniaturization alone. In addition
to discussing antenna miniaturization in general, the proper method of reducing the
phase velocity, using either material or reactive loading, for an UWB antenna was
also discussed. Using a spiral antenna, it was shown that the loading should be con-
centrated in the low frequency region since loading the high frequency region has
adverse effects. Furthermore, the loading should be introduced gradually (tapered)
to prevent possible discontinuities that may result in additional adverse effects. Using

this approach or methodology, the performance of the spiral could be improved at
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frequencies where it is electrically small (ka < 1) while minimizing degradation at
frequencies where it is electrically large (ka > 1).

Using the results from Chapter 3, Chapters 4 and 5 focused on the design, analysis,
fabrication and measurement of a miniaturized spiral antenna using material (dielec-
tric) loading and reactive (inductive) loading respectively. It was demonstrated that
both approaches alone could be used to achieve the same amount of miniaturization
(about 55% reduction in size). From this perspective, neither dielectric loading or
inductive loading can be considered superior to the other. However, based on prac-
tical considerations such as weight, ease of fabrication and surface waves, inductive
loading was found to be more advantageous. The implementation and optimization
of the inductive loading was discussed in depth in Chapter 5. The spiral antenna was
inductively loaded using a novel method that involved coiling the spiral arm such that
it resembled a helix. It was shown that this approach could achieve more miniatur-
ization than tradiational planar meandering at the expense of increasing fabrication
complexity. This inductive loading approach was applied to the design of a 67 and
18”7 diameter spiral. Both designs were extensively optimized and were able to achieve
a miniaturization factor of about 2.15 (based on -15 dBi realized gain point) which
corresponds to a size reduction of about 54%. This compares well to the theoretical
miniaturization limit of 2.9 (= 65%) which is for a minimum () antenna that utilizes
the entire volume of the radian sphere. Since the miniaturized spiral only occupies
about 6% of the volume of the radian sphere, its performance is rather remarkable.

Finally, in Chapter 6 a new ground plane concept was presented to overcome
adverse effects caused by an electrically small separation between an antenna and a

metallic ground plane. The proposed ground plane consisted of a traditional metallic
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ground plane coated with a layer of ferrite material (Trans-Tech TT2-111). It was
demonstrated, using simulations and measurements, that the reduction in realized
gain caused by the presence of a metallic ground plane could almost be eliminated
by using the ferrite coated ground plane (FCGP). Therefore, the realized gain of
the miniaturized 6” spiral above the FCGP (1 inch separation) was almost the same
the free-standing miniaturized spiral. Furthermore, this was achieved using a total
height or profile of 1.5 inches which corresponds to an electrical size of only \/40
at the lowest frequency of operation (about 170 MHz). However, it was observed
that for larger aperture sizes the performance obtained using the FCGP was not as
good as the free standing case because of the frequency dependent material properties
of the ferrite. However, the performance was still better than a spiral backed by a
traditional metallic ground and this issue can be overcome in future designs with

proper selection of the ferrite material properties and layer thickness.

7.2 Future Work

Opportunities for future work involve new low () antenna designs, further refine-
ment of the inductively loaded spiral design and developing a further understanding
of the ferrite coated ground plane concept. These subjects are discussed in more

detail in the following sections.
7.2.1 Low () Antenna Designs

This thesis focused on the application of antenna miniaturization techniques to
preexisting antenna designs to approach the limits discussed in Chapter 2. The
problem with this approach is that preexisting antenna designs such as the spiral

do not utilize the entire volume of the radian sphere which encloses it. In fact,
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the miniaturized spiral designs of chapter 5 only occupy around 6% of the available
volume. In order to approach the limit discussed in section 2.6, the () of the antenna
must approach the Chu-Wheeler @) limit. This can only be accomplished by utilizing
the entire volume of the radian sphere such that there is no stored energy inside the
sphere of radius a and only the lowest spherical modes exist outside it (T'Mpy; and
TEo ) [2]. Therefore, to come closer to the limit, future work should focus on creating
original antenna designs that can achieve a lower ) and better performance.

It is remarked that the subject of achieving the @) limit has already been examined
to some extent. Most notably, Harold Wheeler has proposed two antenna designs that
could come close to the () limit for a single mode but not reach it without the use of
high-contrast materials [16,72]. The antennas proposed by Wheeler are the spherical
inductor and spherical cap dipole which are illustrated in Fig. 7.1. Wheeler predicted
that the spherical inductor could achieve a ) three times the theoretical limit and the
spherical cap dipole could achieve a @ 1.5 times the limit [16,72]. To some extent,
this has been verified by Thal [46] and Lopez [72]. It is interesting to note that in
theory, only the spherical inductor with a perfect magnetic core (u, = 00) can achieve
the @ limit for ka << 1 [16,46]. In view of these findings, the work by these authors

should be examined in more detail to gain insight into the design of low () antennas.
7.2.2 Inductively Loaded Spiral Design

Based on the discussion in section 7.2.1, it is believed that the low frequency
performance of the exponential pitch taper spiral design can not be improved upon
in a significant way. However, there is room for improvement in other areas. The

most notable is overcoming the fabrication limitations which prohibit the use of the
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(a) Spherical Inductor (b) Spherical Cap Dipole

Figure 7.1: Wheeler’s proposed low ) antennas. a) Spherical inductor antenna for
excitation of T'Ey; mode. b) Spherical cap dipole antenna for excitation of 7'M,
mode.

exponential pitch taper design for aperture sizes greater than 14 inches. As mentioned
in section 5.6, this can be accomplished by reducing the thickness of the coil by either
using the pitch to compensate for a reduction in thickness or embedding the coil in
a magneto-dielectric material. A thinner coil design also has the additional benefit
of reducing the substrate thickness. The thinner substrate will help to alleviate
surface wave issues which will occur at higher frequencies and reduce the weight of

the antenna.
7.2.3 Optimization of Ferrite Coated Ground Plane

In this thesis, the discussion on the ferrite coated ground plane was not compre-

hensive in scope or theory. The idea was presented as a proof of concept to illustrate
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its potential. Therefore, a more comprehensive and rigorous analysis is needed to de-
termine the optimal material parameters and to better understand the phenomena.
By doing so, the proper ferrite material can be selected for use in a given frequency
band which, currently, limits the scalability of the entire antenna design. That is,
the spiral can easily be scaled to operate over any frequency range with the proper
performance but the ferrite coated ground plane cannot.

As mentioned in section 6.4.3, another opportunity for future work is in the shap-
ing or tapering of the ferrite material. The current design employs a ferrite layer with
a uniform thickness. It might be possible to achieve the same performance by taper-
ing the thickness of the ferrite layer. That is, the ferrite layer can be made thinner
near the center of the ground plane (high frequency region) where it is not necessarily
needed. By doing so,the weight of the antenna could be reduced significantly since
the ferrite layer constitutes more than half of the antennas weight. If this is possible,
such a design would considerably improve its applicability to airborne applications

especially UAVs which have a very limited payload.
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