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ABSTRACT

There is a pervasive need in the defense industry for conformal, low-profile,
efficient and broadband (HF-UHF) antennas. Broadband capabilities enable shared
aperture multi-function radiators, while conformal antenna profiles minimize physical
damage in army applications, reduce drag and weight penalties in airborne applications
and reduce the visual and RF signatures of the communication node. This dissertation is
concerned with a new class of antennas called Magneto-Dielectric wire antennas
(MDWA) that provide an ideal solution to this ever-present and growing need.

Magneto-dielectric ~ structures (i, > 1;€, > 1) can  partially guide
electromagnetic waves and radiate them by leaking off the structure or by scattering
from any discontinuities, much like a metal antenna of the same shape. They are
attractive alternatives to conventional whip and blade antennas because they can be
placed conformal to a metallic ground plane without any performance penalty.

A two pronged approach is taken to analyze MDWAs. In the first, antenna circuit
models are derived for the prototypical dipole and loop elements that include the effects
of realistic dispersive magneto-dielectric materials of construction. A material selection
law results, showing that: (a) The maximum attainable efficiency is determined by a
single magnetic material parameter that we term the hesitivity: Closely related to Snoek’s
product, it measures the maximum magnetic conductivity of the material. (b) The
maximum bandwidth is obtained by placing the highest amount of u" loss in the

frequency range of operation. As a result, high radiation efficiency antennas can be



obtained not only from the conventional low loss (low u") materials but also with highly
lossy materials (tan(6,,) > 1).

The second approach used to analyze MDWAs is through solving the Green
function problem of the infinite magneto-dielectric cylinder fed by a current loop. This
solution sheds light on the leaky and guided waves supported by the magneto-dielectric
structure and leads to useful design rules connecting the permeability of the material to
the cross sectional area of the antenna in relation to the desired frequency of operation.
The Green function problem of the permeable prolate spheroidal antenna is also solved as

a good approximation to a finite cylinder.
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Ring the bells that still can ring.
Forget your perfect offering.
There is a crack in everything.
That is how the light gets in.

- Leonard Cohen
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Chapter 1

INTRODUCTION

An antenna or an “aerial” (term deprecated in 1983 from IEEE Antenna Std.
Definitions) has traditionally been considered as a metallic object that radiates energy and
is used to send and receive radio signals over large distances. With the increasing use of
non-metals in antenna design, the traditional definition of an antenna has been changed
to: “that part” of a transmitting or receiving system that is designed to radiate or to
receive electromagnetic waves. In the transmitting mode, a conventional metal antenna
binds the electromagnetic wave and allows it to propagate close to the speed of light of
the external medium. The principal sources of radiation are then the discontinuities at the
ends of the antenna. In contrast, a dipole constructed from a penetrable material does not
necessarily bind the electromagnetic wave but instead partially guides it, letting it leak off
along the length of the structure. Whatever energy is carried to the ends of the antenna
radiates at these discontinuities just like a metal antenna. Thus, such antennas make use
of two distinct radiation mechanisms. In this report, we examine antennas made up of
dielectric (e, > 1, u,~1), permeable (u, > 1, €,~1) or magneto-dielectric (u, > 1 and
€, > 1 with u, > €,) materials.

The fundamental sources of radiation in antennas are the electric and magnetic
currents supported by the antenna structure. The ‘source’ of any problem in
electromagnetic theory or antenna theory is contained within Maxwell’s equations.

Maxwells’ original “Treatise on Electricity and Magnetism” contained 20 equations with



20 unknowns represented using quaternions. Twelve of the original twenty were reduced
to the set of the now conventional four by Oliver Heaviside. The two curl equations or
circuital current equations in its simplest form as stated by Heaviside are:

VxH=] (1-1)
VXE=-M (1-2)

where, ] is the electric current density and M is the magnetic current density. To maintain

the symmetry of the curl equations, Heaviside defined these current densities as:

_ x3)
_8 (1)
M= ot *+m

where dD/dt and dB/dt are the electric and magnetic displacement current densities
respectively and J, and J,, are the electric and magnetic conduction current densities
respectively. By introducing material properties, namely permittivity (e,) and
permeability (u,) through the constitutive relations, D = €,€,.E and B = uou,-H, the

current density equations can be further expanded as:

oD 9E 9E 9E aP, (1-5)
J=grtle=eog el —Dortle=g-+to-+]e
m=224 =u L L P i (1-6)

where, dP,/0t = gy(e, — 1)0E /0t is the electric polarization current density and
0P, /0t = uy,(u, —1)0H /0t is magnetic polarization current density. In the case of
metallic antennas, the antenna radiation source is the electric current due to /.. In the case
of the most general dielectric antenna, the source of radiation is the electric current due to

both J, and dP,/dt. In the case of magneto-dielectric antennas with u, > €, the source



of radiation is the the magnetic polarization current density dB,/dt, since magnetic
monopoles don’t exist (J,, = 0).

The motivation for the analysis of magneto-dielectric antennas comes from the
fact that magneto-dielectric materials can be used as wire elements to make efficient
conformal antennas over a metal ground plane. The IEEE Standard definition of terms for
antennas defines a conformal antenna as an antenna that conforms to a surface whose
shape is determined by considerations other than electromagnetic; for example
aerodynamic or hydrodynamic. The surface or platform in this case can be part of an
aircraft, truck, jeep or any other vehicle. Whip or Blade Antennas are commonly used as
VHF/UHF antennas in military vehicles. These off-the-shelf antennas operate over a
narrow band of frequency. Therefore, military vehicles often have many such antennas
protruding from the body for use in navigation, communication, radars, etc. (Fig. 1-1).

Blade , \

Antennas '

Q.'-m-

% N

Whip
Antennas

1>

Fig. 1-10ff- the-shelf Whip and Blade Antennas on Military platforms.

Such antennas are usually attached as an afterthought and routinely in locations and
orientations that can damage them and expose them to the enemy. In other words, they
are not low profile and are conspicuous. They cause considerable drag and increase fuel
consumption. The ideal solution would be to replace several such antennas on a military

platform with a “Single Conformal Wideband Antenna”. An antenna with wideband




capabilities enables shared aperture multi-function radiators, while conformal profiles
minimize physical damage of the antenna in Army applications, drag and weight
penalties in Airborne applications and reduce the visual and RF signatures associated
with the communication and RADAR systems.

The traditional approach in designing conformal antennas on a metallic ground
plane is to either place the antenna vertically on top of a metallic ground plane (the whip
and the blade antennas in Fig. 1-1) or place it horizontally at a height 4,/4 , 1, being the
operating wavelength, above the ground plane. According to image theory, the effect of
the ground plane can be mimicked by replacing the ground plane with the image current
pointing in the appropriate direction. In the case of a vertical metallic antenna, the
antenna current and the image current point in the same direction thus ensuring
constructive interference of the radiated waves from the two source currents (Fig. 1-2
(@)). A horizontal antenna placed at a height ‘h’ over ground, on the other hand, has an

image current that points in the opposite direction as the antenna current (Fig. 1-2 (b)).

(@)  Vertical \+‘ % (b) Horizontal \-l- -
\_& ~ n . s
K o W Height N \\ iV
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Surface | Image Metallic Image
Suifdce N SN .-

Fig. 1-2 Image effects of (a) Horizontal metallic antenna placed on a metallic ground-
plane at height ‘h < 1,/4 ’(b) Vertical metallic antenna on a metallic ground plane.

Thus, only if it is placed at a height h = 1,/4 will there be constructive interference of
the radiated waves from the antenna and its image. Neither a vertical monopole nor a
horizontal dipole a quarter wave above ground can be considered to be conformal at

VHF and UHF frequencies.



In order to circumvent the image problem faced by horizontal metallic antennas,
high impedance metamaterials have been proposed to cover the surface of the metallic
ground plane in order to ‘flip’ the direction of the image current (Fig. 1-3(a)). But, such
an approach requires the entire ground plane to be covered by this material. This adds
weight and increases the cost of the system. Thus, this approach eventually runs into a
problem of diminishing returns. The idea explored in this dissertation is to use the high
impedance materials as the antenna itself.

When a “high impedance” magneto-dielectric material is used as an antenna, it
can be thought of as a magnetic conductor carrying magnetic currents. Therefore these
antennas can be placed right on top of the ground plane (h ~ 0) since the image of a

magnetic current on a conducting surface is always collinear with it (Fig. 1-3(b)).

(a) T N (b) Magneto-Dielectric
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i ——
Surface _InTage_ > Metallic Image
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Fig. 1-3 Image effects of a (a) metallic antenna on a metallic ground plane covered with a
high impedance material (b) Magneto-dielectric antenna on a metallic ground plane.

It follows that the efficiency of a magneto-dielectric antenna is always enhanced by a
nearby electrically conducting surface. As antenna elements, magneto-dielectric wires
can replace blade/whip antennas 18 and taller with antennas that are no thicker than 1”
over ground and consume a minimum amount of “real estate” on the surface of the

vehicle.



The lowest order modes that a magneto-dielectric wire can carry are the HE11
mode and the TEO1 mode. The field structure of these modes along with that of a PMC

(perfect magnetic conductor) wire are shown in Fig. 1-4.

(@  PMC wire (b) HE11 mode

r=-jinfinity L ) .
wire line

Single
PMC wire

Hfield

Fig. 1-4 (a) E and H field structure around a PMC wire (b)HE11 mode in a magneto-
dielectric material (c) TEO1 mode in a magneto-dielectric material.

The HE11 mode shown in Fig. 1-4(b) has no cut-off or onset frequency. That is,
the HE11 mode is well guided by the magneto-dielectric wire from dc to daylight.
Although it is well supported by the structure, the HE11 mode looks like a two-wire PMC
transmission line which we know is a poor radiator. The TEO1 mode has a cut-off or
onset frequency (feutors) given by:

2.4049 ¢, (1-7)

fcutoff = 27.[p ’#TEr —_1

where ¢, is the speed of light in free space and ‘p’ is the radius of the wire. Below the
TEO1 onset frequency, the wave is loosely guided by the magneto-dielectric wire. The
field shape of the TEO1 wave outside the wire in this case looks like that of a PMC wire

and hence is will radiate off of any discontinuities in the structure. This favorable TEO1
6



mode can be injected into the magneto-dielectric material using an electric current loop
with the material place along its axis. This is the feeding mechanism utilized throughout
this dissertation.

The outline of the dissertation is shown as flow- chart in Fig. 1-5. Each section in

the flow chart is covered in subsequent chapters as labeled.

Magneto-Dielectric (u,€,) Antennas
I. Introduction: What? Why? How?

A. Antenna Theory B. Exact Wave Equation Solution

Alternate
route

\

II. Dielectric Dipole | VI. Magnetic Dipole
* Capacitor Antenna * ESCircuit model using v/, Infinite Magneto-Dielectric VIIL. Finite

* Dipole currents & Q Polarizability(a) Cylinder Magneto-Dielectric
‘ * Role of leaky waves and Prolate Spheroid
duality I — Dead End trapped/guided waves * Using Prolate
‘ ‘ * Surface wave poles Spheroidal
L. . * Radiated Power Coordinate System
lll. Magnetic Dipole IV. Magnetic Loop + Calculation of antenna length « Radiated power

* ES Circuit model * ES Circuit model
* Radiation Efficiency ¢ Radiation Efficiency

V. Material Selection Law

* EBWP, Snoek’s law & Kramer’s
Kronig limit.

* Maximum Magnetic
Conductivity: Hesitivity

Fig. 1-5 Outline of the dissertation

In Chapter 2, the dielectric capacitor/condenser antenna is re-examined and we
point out the efficacy of putting the dielectric material outside the capacitor plates instead
of within them as in a condenser. This structure is referred to as a dielectric dipole and its
comparison with conventional metallic antennas of the same size is shown. It is

demonstrated through simulations that the performance of an electrically small dielectric



dipole can approach but never surpass a metallic dipole of the same dimension. A closed
form expression of the radiation efficiency of this dielectric dipole using realistic
materials is also derived which includes the often omitted loss tangent (tan (8)) or
imaginary part of permittivity i.e. €” loss. The accuracy of this equation is tested through
rigorous full-wave simulations. The results show that high radiation efficiency in
dielectric dipoles can be obtained with both low loss and high loss materials which is a
deviation from contemporary notion of requiring only low loss materials to achieve the
same.

In Chapter 3, the properties of an electrically small dipole antenna constructed
from magneto-dielectric media (i, > 1,&, = 1) are derived in closed form by following
Schelkunoff’s original development for electrically small metallic antennas and
exploiting duality. Such dipoles are attractive alternatives to vertical monopoles because
they can be placed conformal to a metallic ground plane without performance
degradation. The closed form expression of the radiation efficiency derived includes the
often neglected imaginary part of permeability i.e. u" loss. This analysis shows that it is
possible to construct high radiation efficiency antennas out of not only the traditional or
conventional low loss (low u") materials but also with highly lossy materials
(tan(6,,) » 1). This is a noteworthy conclusion given the fact that most magnetic
materials exhibit loss beyond VHF or sometimes even beyond the HF range. A magneto-
dielectric dipole using commercially available NiZn ferrite absorber tile material was
constructed and tested in an anechoic chamber demonstrating significant efficiency .
Finally, the duality between a magneto-dielectric dipole and the dielectric dipole of

Chapter 2 is explored analytically and numerically.
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In Chapter 4, the properties of a magneto-dielectric electrically small loop antenna
are derived in closed form using the same approach as that followed for the magneto-
dielectric dipole in Chapter 3. A magneto-dielectric loop is an ideal alternative to vertical
monopoles because they have same radiation pattern as the monopole and yet can be
placed conformal to a metallic ground plane without performance degradation. Similar to
Chapter 3, the results here also show that it is possible to construct high efficiency loops
using lossy materials. An application to the case of a body wearable antenna is also
discussed.

In Chapter 5, a material selection law for selecting the most appropriate
permeable material to design magneto-dielectric antennas is postulated. This selection
law is derived within the bounds of three fundamental physical limits, namely, 1) the
Gain-Bandwidth product limit, 2) Snoek’s product limit for magnetically permeable
materials and 3) the restrictions imposed on the permeability function by the Kramers-
Kronig relations. Within these constraints it is shown that one dominant parameter with
the units of magnetic conductivity characterizes the performance of the material. The
validity and applicability of the selection law is demonstrated by full-wave simulations of
conformal magneto-dielectric dipoles using both fictitious and realistic magneto-
dielectric materials.

In Chapter 6, a simpler three element RLC circuit model for a magneto-dielectric
dipole is postulated where the capacitance ‘C’ is proportional to the polarizabilty of the
object. The proportionality factor that relates the two accounts for the morphology of the
magnetic field structure and is found to be a single pole Debye function in the
morphology variable (u = 1/(u, — 1)). The inductance and the radiation resistance are

9



then derived by duality from the case of the electric dipole. Although this approach
extends the magneto-dielectric dipole model beyond the regime of the electrically small
circuit models of Chapter 3, it implicitly assumes that the magnetic current distribution
on the antenna is triangular. As is shown in Chapter 7 this is only true for a narrow range
of frequencies and values of permeability that result in operation close to the onset of
guided mode propagation.

In Chapter 7, the Green function problem of a cylindrical magneto-dielectric rod
of infinite length excited by an electric current loop current is solved. The magnetic
current wave excited in a magneto-dielectric infinite rod is shown to go through a
succession of fast wave-slow wave transitions as a function of frequency. Below the first
mode and in between modes the fast wave regions exhibit leaky wave behavior with
decaying amplitude and phase velocities faster than the speed of light. Every time we
approach the onset of guidance of a mode, there is a band of frequencies over which the
magneto-dielectric rod behaves very much like a PMC metal rod. Given the
predominantly leaky wave behavior exhibited by these antennas in their most common
application (low frequencies, electrically small elements) it is possible to calculate the
minimum length of material required to get the same amount of radiated power as that of
an infinite magneto-dielectric cylinder of the same cross-section.

In Chapter 8, the Green function problem of a finite prolate spheroidal magneto-
dielectric antenna fed by a current loop is solved. The electric and magnetic fields
calculated are shown to agree well with full-wave simulations. An expression for the

total radiated power from this finite dipole is also derived and compared to simulations.

10



At the end of every chapter, suggestions are given for follow-on work that could
extend the results presented. Three Appendices are included covering the impact to the
model of the skin effect in magneto-dielectric cylinders, an alternative derivation of the
efficiency of a permeable dipole, and details of the solution of the Helmholtz wave

equation in Prolate spheroidal coordinates.
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Chapter 2

DIELECTRIC DIPOLE ANTENNA

2.1 Introduction

Ever since the idea of accelerated charges radiating energy was first conceived,
scientists and engineers have extensively used conductors or metals as antenna elements
due to the abundance of free charges available in them. It was also known that dielectric
materials can guide waves in them. But, it was an accepted fact that since dielectric
materials guide waves, they have the tendency to trap these waves and hence do not
promote radiation. Nevertheless, one of the first variants from the conventional metallic
antennas was the capacitor/condenser antenna. Such a design employing dielectric
materials was implemented but was immediately disregarded by prominent engineers like

S. Schelkunoff [1] and H. A. Wheeler [2] [3] (Fig. 2-1(a) & Fig. 2-1(b)).

]

e>1 | |iwleg)EA €21

Fig. 2-1 a) Schelkunoff’s dielectrically loaded antenna [1] (b) Wheeler’s capacitor
antenna [2] [3] (c) Dielectric Dipole antenna
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They pointed out that such an electrically small antenna would actually result in a
decrease in net radiation compared to its bare metallic counterpart. Wheeler described its
ineffectiveness using his ‘radiation power factor (p)’ which happens to be the inverse of
antenna Q. The dielectric in the capacitor decreases the radiation power factor thereby
decreasing the bandwidth of the antenna from its unloaded metallic case. On the other
hand, Schelkunoff explained that the density of the polarization current (or displacement
current in the medium minus the displacement current in free space) in the dielectric is in
the direction opposite to that of the current in the dipole that feeds it. The polarization
current produces fields just as conduction currents do but in this case they weaken the
field of the conducting current. Thus, the effective radiating current is reduced as it is

inversely proportional to ‘€’.

But now along the same lines if the dielectric were to be placed outside the
capacitor as shown in Fig. 2-1(c), then the polarization current would be in the same
direction as the dipole feed current and hence aid radiation. We can immediately see that
the capacitor will setup or pump energy into the TM mode in the dielectric that will leak
out along the length of the antenna when operated below the cut-off frequency or onset
frequency of the mode. Thus, the material and the dimensions are chosen to encourage
leakage of the TM waves that are partially guided by it. Such an antenna can be truly
called a dielectric antenna since the dielectric material is the most significant part of the

radiating system.

The analysis and comparison of this dielectric antenna and the capacitor antenna

is shown in this chapter. Wheeler was quick to point out that the antenna with the
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dielectric outside will be considerable larger in size. Hence in order to evaluate the
performance of the “dielectric dipole”, comparison is done with a metallic dipole of the
same length and cross-section. We show that in the electrically small limit we can never
do better than a metallic small antenna with dielectric materials.

A comprehensive summary of theoretical analysis and experimental data on
electrically small and moderate dielectric loaded antennas done up to 1977 was presented
by Smith [4]. Three distinct cases were considered and it was shown that i) a
dielectrically loaded electrically small antenna always led to reduction in efficiency and
bandwidth. ii) Metal monopoles are superior to antennas of moderate lengths with a thin
dielectric coating and iii) dipole with thick dielectric coatings are intrinsically
narrowband.

Since the 1980s the focus of design of antennas that use dielectric materials
shifted to another class of such antennas called ‘dielectric resonator antennas’. The term
was first coined by Richtmyer [5] in 1939, however such antennas were first analyzed in
detail in the eighties starting with Long et al. [6]. A detailed summary of research on this
subject is given in [7]. These antennas have found widespread use in mobile phone
handsets. These can also be called dielectric antennas but because they operate at
frequencies past or around the resonance of the dielectric object, they are intrinsically
narrowband. Their usual operating frequency range is anywhere between 1GHz-40GHz
with the antenna length being greater than A/4. In this chapter, we shall concentrate on
dielectric antennas operated in the electrically small regime (length<«< 1/4).

Another sub-class of antennas employing dielectric materials is the dielectric rod

antenna or polyrod antenna [8-10]. These are typically fed from a dielectric filled metallic
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waveguide that launches the lowest order surface wave into the dielectric rod several
wavelengths long. Such antennas also rely on leakage along the length of the structure.
As they are many wavelength’s long, these antennas also do not fall under the category
that we are interested in.

Although there are many variations of the dielectric dipole as listed above, we are
going to restrict our analysis to the most fundamental case: a monopole over a ground
plane. We start our analysis in Section 2.2 with the classic capacitor antenna and prove
via simulations, Wheeler and Schelkunoff’s heuristic reasoning as to why they are not
beneficial. This is followed by the dielectric dipole antenna analysis in Section 2.3 which
showing how a dielectric material can aid the radiation process. In Section 2.4, the
radiation efficiency of a realistic dielectric antenna with lossy material is derived based
on the electrically small antenna circuit model. The result shows that unlike the classical
notion that all materials ought to have very low loss for high radiation efficiency, an
extremely lossy dielectric can also give high radiation efficiency. Section 2.5 contains the
summary of the chapter, some notable conclusions and possible future work on this
subject.

The purpose of this chapter is to explain why and how small dielectric dipoles
work the way they do and derive some simple expressions and antenna models that agree
with simulations. It serves as an introduction to a much more useful and practical

antenna: the magneto-dielectric dipole antenna.

15



2.2 Capacitor/ Condenser Antenna

The HFSS simulation geometry for the capacitor antenna of Fig. 2-1(a) is shown
below in Fig. 2-2(a). It’s a 10cm tall and 2cm diameter monopole over ground terminated
in a top plate filled with a dielectric g, with the center conductor extending all the way to
the top plate. In order to prove Schelkunoff’s assessment, the conduction current ‘Ic’ in
the center conductor and the total radiation current ‘Itotal’ (sum of conduction current in
the center conductor and the displacement current in the dielectric) in the monopole are

measured using two Amperean loops shown in Fig. 2-2(b).

2cm
(a) = Cloach
e apacitor
= s Top Plate

Dielectric b
10 cm (e) (b)
Dielectric Conduction Current
e )4—- Ampere Loop
Center ¢
Conductor
A\ 4
Ground foak
Plane >

Current
Ampere Loop

Fig. 2-2 (a) Simulation geometry of the capacitor antenna. (b) Ampere’s loop in the
simulator to measure the conduction current in the center conductor and the total
radiation current of the monopole.

The dielectric constant g, of the material is swept from unity which is the basic

metallic monopole over ground to €=1000. The ratio of the total radiating current to the

conduction current at 100MHz is shown in Fig. 2-3.
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Fig. 2-3 The ratio of the total radiated current (Itotal) to the conduction current (Ic) in the
center conductor @ 100MHz plotted along the length of the loaded monopole for
different values of ¢,..

For the metallic monopole, this ratio should be unity. The slight drop seen around
the origin and around 10cm is due to the turbulence near the feed and the end
discontinuity respectively. Clearly, as Schelkunoff envisioned the net current that

accounts for radiation drops as the dielectric constant of the material increases. The input

impedance of the capacitor antenna is shown in Fig. 2-4.
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Fig. 2-4 (a) Real and (b) Imaginary part of input impedance of the capacitor antenna for
different values of &;.
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Loading the dipole with a dielectric material has resulted in a drop in the real part
of input impedance indicating a drop in radiation resistance due to the reduction in net
radiating current as seen in Fig. 2-3. The added dielectric has also clearly shifted the
dipole resonance to a much lower value. The resonance frequency decreases with
increasing € due to an increase in capacitance. The antenna Q can be now calculated
using the equation below given by Best et al. [11].

Antenna Q = ZwTO |Zy(wo)] (2-8)
0

The antenna Q calculated from the input impedance of the antenna is a convenient
approximation and can have errors in cases where there are closely spaced resonances.
For all the dielectrically loaded cases, the antenna Q is higher than that of the metal
monopole (as seen in Fig. 2-5. It is not that significant but it still is higher than the metal
for this particular geometry) and therefore the bandwidth is reduced. Also, the radiation
efficiency of a capacitor antenna will always be lower than that of a pure metallic dipole
assuming negligible conductor losses. Therefore the efficiency bandwidth product which
IS sometimes used as a figure of merit for antennas will always decrease when the
capacitor antenna is loaded with a dielectric. Hence we can see that dielectrically loading

a monopole is not useful in the electrically small regime.
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Fig. 2-5(a) Antenna Q calculated from input impedance using (1) and (b) Ratio of the
Antenna Q of the dielectric capacitor to the Q of the metallic monopole. The dielectric Q
is higher than the metallic monopole throughout the band.

2.3 Dielectric Monopole (Capacitive Feed)

Now, consider a dielectric monopole postulated before, with the dielectric placed

outside the capacitor similar to Fig. 2-1(c). The simulation geometry is shown below in

Fig. 2-6.
2cm :;
D —
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Dielectric
10 cm ()
Capacitor
(0.2cm tall) il Capacitor
\[ . Top Plate
Ground
Plane

Fig. 2-6 Simulation geometry of the dielectric monopole.

The dielectric constant €, of the material is swept from unity which is the

capacitive feed gap (a short monopole) by itself all the way to €, = 1000. In order to
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make a fair comparison with its metallic counterpart, a metallic monopole is also
simulated of the same dimensions (i.e. height =10cm and 2cm diameter). The capacitive
feed injects TM like modes (circulating Hy and longitudinal E,) into the dielectric
material supported by it which when below the onset of guidance (i.e. below the cutoff
frequency) will leak out of the material. The cutoff frequency of the TM modes depends
on the antenna cross-section and the dielectric constant. For this geometry and set of
dielectric constants the lowest order TMO1 mode onset/cutoff frequencies are given

below in Table 2-1.

Dielectric Constant TMO1 Onset
(gr) Frequency (MHZ)
20 2632.5
80 1291
300 663.6
1000 363

Table 2-1 TMO1 onset/cutoff frequency for a 1cm radius dielectric cylinder for
different ¢,..

The simulation frequency range is 30MHz-500MHz. Note that in this range,
€=1000 is the only case where the onset frequency is crossed. Figure 7 below gives the
shape of the mode inside the dielectric material for different dielectrics at two different
frequencies (100MHz and 500MHz). Figure 7(a) and (b) show the strength of the

circulating magnetic field Hy, at a height z = 4cm above the feed as a function of

tranverse position (‘x’ in cm). The black vertical lines at x = t+1cm indicate the
boundary of the rod. At 100MHz (Fig. 2-7(a)) the TM mode launched into the dielectric

is strongly cutoff. At 500MHz (Fig. 2-7(b)) we see evidence of the onset of guided waves
20



particularly in the case of €, = 1000 where we can clearly see more than one transverse
wavelength fit inside the dielectric. Outside the cylinder, the field drops exponentially as
expected. As the wave becomes more and more trapped due to guidance, its energy

migrates to the interior of the rod i.e Hy increases inside the cylinder and the next higher

order mode(TMO02) starts to appear.
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Fig. 2-7 (a) & (b) are plots of Hy along a line in the XY plane (@ z=4cm) indicating TM
Mode structure inside the dielectric material at 100MHz and 500MHz respectively (c)
Plot of displacement current density ‘D,” plotted along the axis of the dielectric cylinder.

In Fig. 2-8, the ratio of the total radiating current to the conduction current is
plotted. The conduction current in this case is the current at the coaxial feed. As expected
in a clear contrast with the capacitor antenna, the net radiating current in the dielectric

increases with increasing values of the dielectric constant ¢,..
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Fig. 2-8 The ratio of the total radiated current (Itotal) to the average conduction current

(Ic) in the center conductor of the feed capacitor@ 100MHz plotted along the length of
the dielectric monopole for different values of ¢,..

The input impedance and the antenna Q of this antenna is given in Fig. 2-9. The
input resistance (Fig. 2-9(a)) increases with &, since the wave is now partially guided
over a longer distance along the material dipole as &, rises. This apparent increase in the
length of the antenna increases the net leaky radiation and therefore also increases the
radiation resistance. The input reactance (Fig. 2-9(b)) drops as &, increases because the
external capacitance of the antenna increases with its apparent size.

The short monopole feed has the highest Q (or smallest bandwidth) and as the
dielectric constant increases the antenna Q improves as well (Fig. 2-9(c)). Note that no
matter how high the permittivity is, the Q of a dielectric monopole never drops lower
than that of a metallic monopole of the same dimension. The physical size of the antenna
is one of the fundamental factors that should be taken into consideration when comparing

two different small antennas. Therefore, as Wheeler pointed out [3] it is unfair to claim
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that the dielectric monopole is better than its metallic counterpart by referring to its
performance w.r.t the short monopole or the capacitive feed.

Also, the radiation efficiency of the tall monopole will always be higher than the
dielectric dipole assuming negligible conductor losses because on a metallic surface the
wave always uses the full length of the antenna (i.e. no leakage occurs). Therefore, the
efficiency bandwidth product of the metallic dipole will always be greater than the
dielectric dipole of same dimensions. Thus, the antenna performance of a dielectric

dipole can never surpass that of a metallic dipole of the same size.
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Fig. 2-9 (a) Real and (b) Imaginary part of input impedance of the dielectric monopole
for different values of &,. (¢) Antenna Q calculated from input impedance.
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2.4 Radiation Efficiency of a Lossy Dielectric Dipole

The goal of this section is to determine in closed form an equation for the
radiation efficiency of a dielectric dipole antenna. There are two definitions of efficiency
for antennas: the radiation efficiency and the antenna efficiency. The radiation efficiency
computes efficiency of radiation in the presence of antenna material losses (conductor
losses or dielectric losses). The antenna efficiency is the total efficiency of the system
which includes the feed mismatch loss. Since all realistic materials have some amount of
loss in them (i.e. € = €' —je" or € = €'(1 — jtan(d)) where €" or loss tangent tan(d)
signifies the loss), we will start our analysis with the radiation efficiency. The radiation

efficiency is defined as

£ B Prad B 1 (2-9)
fFraa = Prad + Plost 1+ Plost
Prad

where, ‘Prad’ is the power radiated by the antenna and ‘Plost’ is the power lost in the
antenna material.

Starting from Schelkunoff’s circuit model for electrically small metallic antennas
[2]; a dielectric dipole antenna can be modeled by including the material properties in
series with it i.e. with a series internal complex capacitance C,;,; (due to complex
permittivity e = €’ — je"). This term accounts for the internal energy in the material. The

circuit model is shown in Fig. 2-10.

24



Fig. 2-10 Dielectric dipole electrically small dipole model based on Schelkunoff’s model
of electrically small metallic antennas.

The elements from Schelkunoff’s model are defined as:

o~

T[SO ) _
In (—)
p
% l /2
_02 (4= (2-11)
Lan 3 ln( p )
N (2-12)
Rrad = 20m? (/—1) = 5(kl)?
Therefore, the input impedance of this dielectric dipole is:
2-13
SRS ST Ny 7 S .Y
ZiNgier = - +jw In + + 5(kl)
JwCaier 3m p e l
jw )
In (l/_2>
Jo,

The current distribution in the antenna is assumed to be triangular (just like a
small metallic dipole). The internal reactance due to the complex capacitance for a
triangular current distribution can be shown to be:

1 1 1 (2-14)

Ziat =7 = — > . T
JwCyier jw (3 g (&r ll)ﬂp ) jo (3 soelﬂp )+w<3£°€lﬂp )
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— 2
where, Cgio; = 3 (M) The factor of ‘3 shows up due the triangular distribution.

This factor is unity for uniform current distribution which would be a simple capacitor
equation. Cg;,; is derived by equating the electric energy integral to the circuital capacitor
energy equation Free space is subtracted from the internal capacitance (i.e. dielectric
constant (g, — 1)) since when &, = 1 we must be left with just the feed. This internal

reactance can be further expanded as,

n 2 r__ 2
w(soelnp )—jw (eo(s ll)np >

Zmat = 2 . 2
(a) (50(3' _l 1)7TP2)> + <w (_‘goglﬂpz»
oy 1 Lot g" (2-15)
- mat — 2 _ 2 2 _ 2
w3 8077) |l&r = 12 5 w€olﬂp ler — 1

The loss in the antenna comes from the frequency dependent “loss resistance” or the
terms with €". Therefore, the power lost in the antenna carrying a current ‘I’ can be

defined as,

( l € > (2-16)

Bwegmp? e — 112

1 2 1 2
PlOStZEI Rloss :El

Now the radiated power ‘Prad’ is defined as

1 1 2-17
Prad = Elerad = EIZS(kZ)2 (2-17)
From (2-16) and (2-17),
Plost _ ( l &' ) 1 gl (2-18)
Prad ~ \Bwegmp? |e, — 1|2/ 5(kD)? col

We know that k=w/c0 , ¢y = 1//UoEo aNd Ny = +/Uo/Eo = 1201 . AlSO, cyey =

1/m0 & cotto = 1o.
26



Therefore,

Plost  &" 8 (2-19)
Prad |e, — 1|2 (p)?
ra ey | (%) (kl)3

Or the radiation efficiency can be defined as:

1 2-20
Ef fdiel_Azar = 8 Pg ( )
1t 2% e, — 1]
(5) ey

According to (2-20) there are two ways to get low power loss or high radiation

efficiency: either by using a material with €" « €’ OR by using a material with €" > €'.
The second conclusion, that we need a material that’s highly lossy shouldn’t come as a
surprise since we know that a metal is a dielectric with €" > ¢'. Therefore as seen in (2-
20) when this condition is true, the radiation efficiency tends to unity which is the
radiation efficiency of a perfectly conducting metallic dipole. Figure 11 below gives the
contour plot of (2-20) with respect to €’ and €" and also with respect to €’ and tan(§) at a

single frequency of 100MHz. The dipole radius p = 1" = 2.54cm and the length

isl =2m.
Radiation Efficiency
(@) (b) Radiation Efficiency
6000 104
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>90% 8
40004 ©
: Reglonl Reglon 1 \g 6
= >90% Region Il
20004 >80% Regian Il 9
% Region W1
0 T T 1

0000 1000 6000 2000 = 4000 A000

!

Fig. 2-11 Efficiency equation (2-20) contour plot (a) versus €' and €" and (b) versus €
and tan(98). The three regions indicate region of high loss, moderate loss and low loss
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Fig. 2-11 is in greyscale with the efficiency going from highest to lowest as the
shade goes from light to dark. The contours are divided in tens i.e the lightest region has
efficiency greater than 90%, the next, greater than 80% and so on. Region I, 1l and Il
stands for regions of high loss (¢" > €') or metal-like materials, moderate loss (where €’
is comparable to €") and low loss (¢" « €') or what researchers call good dielectrics,
respectively. The figure reiterates the comment made before that there are different ways
to get low power loss-to-power radiated ratios. The figure also shows a third region of
high efficiency where both €" and €’ are sufficiently high and comparable to each other. It
is obvious that the ‘good dielectrics’ of Region I will have high radiation efficiency due
to low dielectric loss. In the metal-like Region | and Region Il, the material skin-depth is
very small compared to the antenna cross-section and hence all the fields are pushed out
to the surface of the antenna. Therefore, the dielectric dipole tends to act more like the

conventional metal dipole and therefore exhibit high radiation efficiency.
Now if the assumed current distribution is uniform then,

eole, — Drp? (2-21)
Cdiel - f

N (2-22)
Rrad = 80m? (i) = 20(kl)?
Therefore, the radiation efficiency assuming a uniform current distribution can be derived

the same way as before to be:

1 (2-23)
Effdiel_uniform = 6 P

- (&) @y ler =1
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In [3], Wheeler showed that the radiation power factor of a capacitor antenna (or

inductor antenna) is somewhat greater than a factor p,,,;,, given below:

1 (2-24)
Pmin = 5Abk3

where, ‘k’ is the wave number in free space and ‘Ab’ is the cylindrical volume “V’
occupied by the antenna with A=area of cross-section=mp? and b: length of the antenna

‘I’. Re-writing (2-23) in terms of this quantity we see that:

1 Pmin Pmin (2'25)
Ef faetuntsorm = — = -
diel_uniform L+ 1 < £ , Pmin T+ DPioss

Doin 167 — 112 Pmin T Tg 7]

The term in the denominator is the “loss power factor” [3] of this material antenna, i.e.

g" g" (2-26)

Poss Tle, 1P~ & - D7 + (€2

This quantity can be measured using a Wheeler cap/ Radiation shield [12]. For the
triangular current distribution, the radiation efficiency equation in terms of p,,;, will look
like:

Pmin (2-27)

Ef faier atar = 7
Pmin + § Pioss

The term in front of ‘p;,ss° can be construed as a current distribution shape factor “f,’.

Therefore in general we can define the efficiency of a cylindrical dielectric dipole as
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Pmin (2-28)

Ef fasetectric = =7 —
etectric Pmin + fcploss

1 :uniformdistribution

where, f. =1 4 )
fe 3 triangular distribution
Vk3 gH
and  Ppin = E and  Pioss = e, — 12

Simulations were run for the same set of dielectric constants ¢, as the lossless
case but now with a loss tangent of 0.05. The comparison between the simulation and the

analytical equation (2-20) is shown below in Fig. 2-12.

Radiation Efficiency (dB)

0.00 -
E.quatlo.n " s:;&f;
— Simulation et P
225 A
7
-12.50 F A 4
> oo 9
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P
’I pa /’
¢
A
-25.00 - R 4
(:’.0. ,, - esas £ =300_j15
) . e=80-j4
/ — = e=20-j1
-37.50 T
10.00 100.00 1000.00
Freq (MHz)

Fig. 2-12 Comparison of simulated results and analytical equation (2-20) of the Radiation
Efficiency (dB) of a lossy dielectric dipole.

The agreement between the simulated result and (2-20) is very good at the low
end (upto kyl/2 = 1) for all &,.. As in the lossless case, it is clear that increasing the
permittivity of a low loss dielectric dipole results in higher radiation efficiency. The
appropriateness of the assumption made regarding the current distribution is verified in
Fig. 2-13. The assumption has limited validity but the effects of it are not drastic in this

case.
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Fig. 2-13 Assumed and Simulated current distribution in the lossy dielectric monopole

Because of the leaky nature of these antennas, the shape of the current distribution
is a decaying exponential away from the TMO1 mode onset frequency and eventually
becomes more and more triangular as the onset is approached. Therefore, along with the
physical size of the antenna, the current distribution is a function of both frequency and
permittivity. To prove unequivocally the accuracy of the radiation efficiency equation (2-
23) (and therefore also (2-20)) a dielectric dipole antenna with multiple capacitive feeds

was simulated as shown in Fig. 2-14.

Capacitor feeds with
lumped ports

Symmetry |
plane XY

Fig. 2-14 Dielectric dipole antenna with multiple capacitive feeds simulated using
lumped ports
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The multiple capacitive feed forces the dipole current distribution to be more
uniform. The multiple feeds were implemented using lumped ports in the fullwave
simulator. The resulting current distribution and the radiation efficiency comparison with

(2-25) are shown in Fig. 2-15.
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Fig. 2-15 (a) Current distribution of the multiple feed 1m long dielectric dipoles using
dielectrics withtan(8) = 0.05. (b) Radiation Efficiency as compared to (2-23).

The ‘A’ notches in Fig. 2-15(a) for all the cases are due to the calculation of the
Amperean current at the lumped ports where there is no dielectric material. These notches
are therefore non-radiating and can be ignored. The current distribution is significantly
uniform and the comparison between simulated and calculated radiation efficiency shows
better agreement as expected. These simulations were repeated for highly lossy materials
i.e. with loss tangent tan(§) = 1. The radiation efficiency for this case is shown in Fig.

2-16.
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Fig. 2-16 Radiation Efficiency as compared to (2-23) of the multiple capacitive feed 1m
long dipole using dielectrics with tan(d)=1.

The current distribution is also uniform and the match between simulated
efficiency and the analytical equation is still excellent. Thus the equation for radiation

efficiency of (2-28) for a dielectric dipole is valid for all realistic materials.

2.5 Summary, Conclusions and Future Work

At the beginning of this chapter, the capacitor antenna conceived in the early part
of last century was re-examined. It was shown through full-wave simulations that it is
indeed true that adding a dielectric material is detrimental to radiation as envisioned by
Wheeler and Schelkunoff. It was also shown that if the same dielectric material is placed
outside the capacitor plates i.e. if the air capacitor is made to excite TM modes into a
dielectric placed outside it, then we see an improvement in antenna Q and efficiency with
increasing permittivity. But such a dipole can never surpass the performance of a metallic

dipole of the same dimension. A closed form expression for radiation efficiency of a
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dielectric dipole with complex permittivity was derived (2-20),(2-23) and shown to be
accurate using full-wave simulations. The equation shows that there are three possible
ways to get maximum radiation efficiency out of a material dipole: (a) use a material with
very low loss (b) use a material with very high loss but low real part of permittivity and
(c) using a dielectric with both high loss and high real part of permittivity. The efficiency
equation was also written in terms of the radiation power factor described by Wheeler
explicitly showing the radiation power factor and the loss power factor for the antenna.

Based on the analysis in this chapter, it is seen that the electrically small dielectric
dipole or monopole is an ineffectual antenna when compared to the metal alternative.
That is, for electrically small monopoles we have access to materials with extraordinarily
high &”, namely metals, and the high efficiency that it entails. This is true at microwave
frequencies but at optical frequencies, metals no longer have high €" [13]. They behave
more or less like a low loss dielectric material. Thus, the concepts learned in this chapter
can be directly applied in design of optical dielectric antennas.

However at microwave frequencies, when we consider low profile conformal
antennas tangent to a ground plane, metallic antennas are not the answer and neither
would be dielectric dipoles. In these antennas the primary radiating current is always
fighting the opposing image current. Thus for conformal applications we require
magnetic current radiators. Since magnetic conductors do not exist this leads us to the
pragmatic choice of the permeable dipole, the electromagnetic dual of the dielectric
dipole considered in this chapter. Such an antenna can be analyzed in the same way as the

dielectric dipole by invoking duality.
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Chapter 3

MAGNETO-DIELECTRIC DIPOLE ANTENNA: CIRCUIT MODEL & RADIATION

EFFICIENCY

3.1 Introduction

In Chapter 1, we developed an electrically small circuit model for a realistic
dielectric dipole antenna where the primary radiator is a pure dielectric material of
complex permittivity e, = & — je”. We concluded that as long as we have materials with
extraordinarily high ¢”, namely metals, the dielectric dipole will be inferior in
performance to a metallic dipole of the same size in the microwave regime. However,
when it comes to low profile conformal antennas, both metallic & dielectric dipoles are
not the answer. In this chapter we develop an electrically small circuit model for a
magneto-dielectric dipole that is suited for such conformal applications. Such an antenna
is analyzed the same way as the dielectric dipole in Chapter 1 by invoking duality.

Antennas made up of ideal magnetic conductors can be placed on a metallic
ground plane without any adverse effect on their impedance or radiation efficiency
because, unlike conventional metallic antennas, their primary radiating magnetic current
is aided by the image current due to the ground plane. Since magnetic conductors do not
exist, the more practical choice is to use permeable materials (with permeability: u, >
1). Given that both natural and engineered permeable materials are often accompanied

with a permittivity (e,.) greater than 1, realistic magnetic materials are magneto-
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dielectrics i.e. they are materials with u,, . > 1. In this chapter we analyze a dipole
antenna constructed from magneto- dielectric materials with u, > &, > 1. A unique
feature of these magneto-dielectric dipole antennas is that the main radiating current is
the displacement current in the material rather than the conduction current used in
conventional metallic antennas. Such an antenna is the ideal candidate for practical low
profile conformal antenna applications.

The permeable dipole antenna is the electromagnetic dual of the dielectric dipole
antenna described in Chapter 1 and hence radiates in the same two ways: end
discontinuity and wave leakage along the structure. The desired magnetic dipole mode,
the TE mode, is generated using an electric feed loop. In Section 3.2, we briefly review
the classic and recent work on permeable and permeable core augmented radiators. In
Section 3.3, starting with the electrically small circuit model of a dielectric dipole, we use
the principle of duality to develop the model for the magneto-dielectric dipole and obtain
a radiation efficiency equation that incorporates the material constitutive properties
(complex u, and &,). This analysis encompasses the classic work on ferrite rod antennas
and extends it to the development of efficient low frequency conformal radiators. In
Section 3.4, full-wave simulations are used to verify the correctness of the results. And in
Section 3.5, experimental results of a magneto-dielectric dipole constructed out of NiZn
ferrite tiles are shown that confirm the value of the closed-form formulation. In Section
3.6, the duality between the magnetic dielectric dipole is shown via simulation and
equations. Section 3.7 contains the summary of the chapter, some notable conclusions

and possible future work on this subject.
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3.2 Historical Development of Permeable Antennas

Throughout most of the 20™ century, the most common kind of permeable dipole
antenna that was investigated was the ferrite rod antenna [1-2], [14-16]. It is an
electrically small loop antenna (usually a multi-turn loop or solenoid) with a ferrite core.
They were generally used in AM broadcast receivers due to its high Signal to Noise Ratio
(SNR) and compact size as opposed to a metallic monopole. Schelkunoff [1] showed that
for a given current in the winding, the field, hence the radiated power and therefore the
radiation resistance, is increased by the ferrite core. Wheeler [2] also showed that the
radiation power factor ‘p’ (which is the inverse of Quality factor ‘Q’) of such an inductor
antenna is increased by the addition of the core thereby increasing the bandwidth of the
antenna as well. The radiation efficiency of an electrically small ferrite loaded multi-turn
loop antenna was first derived by Rumsey et al. [14] using the reaction concept [16].
Apart from ignoring permittivity they assumed that the ferrite had low loss i.e. u" > u".

The derived efficiency in [14] is:

1 3-1
EffRumsey = 1-D T (3-1)
1t 1B ") (Y
A

where, ‘I’ is the length of the ferrite rod, 'p’ is the radius of the rod/solenoid, u = u' — ju"
is the complex permeability of the ferrite, ‘A" is the wavelength in free space and ‘D’ is
the demagnetization factor. Using the same low loss ferrite assumption and ignoring
permittivity, DeVore et al. [15] derived the radiation resistance R,.,4; and loss resistance
R,,ss Of a multi-turn magnetically loaded loop antenna. Using R,.,4 and R;,the radiation

efficiency hence reads,

37



1 1
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where, ‘n" is the number of turns of the loop and 'k’ is the wave number. For large aspect
ratio (length/diameter) ferrite rods, the demagnetization factor is approximately zero. For
such a case, both (3-1) and

(3-2) reduce to:

1 3-3
EffRumsey = Ef fpevore = 6 0 (3-3)

U
1+ kD)’ (%)2 (u)?

Equation (3-3) leads us to two important conclusions:
(a) The radiation efficiency improves if the real part of the complex permeability (i)
is increased.
(b) High values of the imaginary part of the permeability (x”) reduce the antenna
efficiency.

Ever since these conclusions were reached, researchers appear to have believed
that the only way to get efficient ferrite rod antennas was to use low loss materials; and
since those were not readily available the interest in such antennas dwindled. The fact is
that both Rumsey [14] and DeVore [15] assumed in their derivation that all they had were
low loss materials i.e. u' > u". Therefore, it was and still is unfair to come to the
conclusion that lossy materials are detrimental to radiation efficiency solely based on (3-
3). We show in this chapter, using a circuit model of the antenna in the electrically small

regime, that it is possible to get high radiation efficiency using highly lossy materials.
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Lately there has been a renewed interest in antennas that utilize magneto-
dielectric materials, due to the availability of considerably lower loss materials than what
was available a decade or two ago. Stuart et al. [17] designed an electrically small electric
dipole antenna surrounded by a high permeability material that has very low antenna Q
(quality factor). Another example is the use of magneto-dielectric materials as the core in
a spherical TE mode wire antenna [18], to reduce its Q [19-21]. The high permeability
core excludes the magnetic field from within the spherical antenna thereby reducing the
stored internal magnetic energy and reducing Q. This fact is true only when there are no
internal resonances within the sphere since resonances would increase the internal stored
energy and therefore would reduce Q. Thus the onset of internal resonances imposes a
restriction on the size and value of permeability that can be used.

Since all materials have some loss, the case of a lossy magneto-dielectric core was
analyzed numerically in [22] and analytically in [23]. In [23], the authors showed that it
is possible to get high radiation efficiency in a spherical wire antenna with a highly lossy
magneto-dielectric core which goes against the conventional notion of requiring only low
loss materials to get high efficiency. The magnetically loaded spherical antenna although
attractive owing to its low Q is not a low-profile or conformal structure. In this chapter,
we restrict the analysis to linear magneto-dielectric dipoles that can be placed tangential
to a metallic ground plane. A purely numerical analysis of an array of lossy magneto-
dielectric dipoles was shown in [24] in which the radiation efficiency was seen to
increase as the loss tangent was increased beyond unity. We prove this observation

analytically for a single magneto-dielectric dipole.
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3.3 Radiation Efficiency of an Electrically Small Magneto-dielectric Dipole Antenna

The radiation efficiency of an antenna is defined as:

E B Prad B 1 (3-4)
ffraa = Prad + Plost 1+ Plost
Prad

where, ‘Prad’ is the power radiated by the antenna and ‘Plost’ is the power lost in the
antenna material.

In this section, the radiation efficiency of a magneto-dielectric dipole is derived
starting from Schelkunoff’s circuit model for electrically small antennas. The ultimate
goal is to estimate the material properties required to build a conformal magneto-
dielectric antenna that can meet a given target efficiency requirement. We will use the
concept of duality to derive the equations for the magnetic dipole antenna starting from
the circuit model of a dielectric antenna from Chapter 1.

In the dielectric dipole model, the material properties are represented by a series
internal impedance 'Z,,,,;" term which is composed of a complex internal capacitance
'Cie’ t0 represent permittivity 'e,.” and a complex internal inductance 'L;,;’ to represent
permeability ‘wu,.". This Z,,,,. term accounts for the internal energy in the material. For a
rod of radius, 'p’, the internal capacitance is defined by assuming a uniform E-field (TM
like fundamental mode) in the material thus yielding a simple capacitor of area A = mp?
and separation ‘I’ which is the length on the dipole. The internal inductance is the
inductance of a wire with uniform current 'I'. The current distribution is assumed

uniform. The circuit model is shown in Fig. 3-1.
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Fig. 3-1 Dielectric dipole model based on Schelkunoff’s model of electrically small
metallic antennas. The permeability of the dielectric material is also included.

where,
Z = - + jwlLy;
mat j0Cion JWLgier
i.e.
; 1 Jopo(ur — 1)1 (3-5)
mat — _ 2
i (eo(sr ll)np ) 8m

Free space is subtracted from the internal capacitance (i.e. dielectric constant
(s — 1)) and internal inductance (i.e. permeability (i, — 1)) since when &, = u,, = 1 we
must be left with just the source. In such a case, the internal inductance is shorted out and
the internal capacitance is open as expected.

The rest of the elements are components of Schelkunoff’s electrically small
metallic dipole model for uniform current distribution and are defined as:

l
TTEy 7

()
Lan = %m (”72) (37)
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N (3-8)
Rrad = 80m? (/—1) = 20(kl)?

In Chapter 1, we did not include the effect of skin depth ‘6’ since the majority of
dielectric materials have u,~1 (Lg;; Was ignored). This is not true about the relative
permittivity of realistic magnetic materials i.e. &, can be much greater than unity. For a
plane wave, the skin depth can be calculated as:

5= 1 (3-9)
B Im(kovure,)

where, 'k is the wave number in free space. For small ¢,, the calculated skin depth is
usually larger than the radius ‘p’ of the material i.e. a very significant amount of the field
pervades the entire material. For such cases ‘6’ is set equal to ‘p’. In magnetic materials
with large &, the electromagnetic skin depth of the material will force the magnetic flux
to flow closer to the surface and therefore has the effect of decreasing the internal
capacitance and internal inductance.

Since we are concerned with TM like modes in the dielectric dipole, the internal
complex capacitance as seen in the first term of (3-5) can be corrected to account for skin
depth (due to the permeability in this case) with an Area Factor (AF) in front of it. This
factor is given by

_np?—n(p—68)* 2ps—§? (3-10)
- Tp? - p2

AF

The correction to the inductance term is ambiguous since the shape of the ¢-
directed H-field in the transverse ’ direction is a function of frequency, size of the

cross-section and the material properties u, and &,.. A simple and good approximation to
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this rapidly changing field structure and the corresponding equation of the H,-field due to

a current ‘I’ in the electrically small regime is shown below in Fig. 3-2.

(@) Magneto-dielectric(p, ¢,) (b) ‘1—1 | 5
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Fig. 3-2 (a) Skin depth in a cylindrical dipole (b) The transverse field shape for 0<d<p of
the TM mode dielectric dipole. The solid line is the actual field shape and the dashed line
is the closest approximation

The resulting internal Field Shape Factor (FSF) correction term to the complex internal
inductance term is given below:
1 8 5 5\° 1 5\* (3-11)
FSF = — 1——(1——)+2(1——) ——(1——)
(g) 3 P P 3 p
p

This factor is derived by equating the magnetic energy integral to the circuital inductor

energy equation and is shown in Appendix A. The input impedance of the dielectric
dipole is therefore:

1 Jwpo(ur — 1)lFS

ZiNgietectric = — 2 + F
j (eo(sr ll)np AF) 8m
C Ul/2 (l ) 1 5 (3-12)
+jw ym In 2/p +.w Tel/2 + 20(kl)
[
In(3/p)

43



Using the concept of duality, we can obtain the magnetic input impedance (in mhos) of
the dual antenna by:

Zin(eiielectric (Ohms) (3'13)
2
Mo

Zinglermeable (mhos) =

2

where, the superscript ‘m’ and ‘e’ represent magnetic and electric impedances,
respectively. However, this dual problem maps a dielectric dipole with PEC feed lines
and electric voltage source (V) to a permeable dipole with PMC feed line and magnetic
voltage source (V) as shown in Fig. 3-3(a) and (b). Since we don’t have PMC wires and
a magnetic voltage source, the simplest way to feed a permeable dipole is to use an
electric loop as shown in Fig. 3-3(c). The cross section of this electric loop fed permeable

dipole at the feed loop is shown in Fig. 3-4.
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| H
duality . - e

v, ——— A A Ve@)i_p

=

Fig. 3-3 (a) A dielectric dipole carrying an electric current ‘Ie” fed with an electric
voltage source ‘Ve’ and PEC feed lines (solid lines) such that Zing;eieceric = Ve/le (b)
Dual magnetic dipole carrying magnetic current ‘Im’ fed with a magnetic voltage source

‘Vm’ and PMC feed lines (dashed lines) such that Zing,q; gietectric = Vm/Im ()

Permeable or magnetic dipole carrying magnetic current ‘Im’ fed with an electric loop.
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Fig. 3-4 Cross-section of the permeable material dipole of Fig. 3-3(c) at the electric feed
loop. The mode of operation is TE like with the B-field along the axis of the dipole.

The magnetic current (Im) is defined as the surface integral of dB/dt or joB
passing through the surface ‘S’ and the magnetic voltage (Vm) is the line integral of the
H-field around the closed contour of the surface. Now, according to Faraday’s law, the
surface integral of joB is equal to the line integral of the E-field along the closed contour
of the surface ‘S’ (c¢(S)), which by definition is the electric voltage ‘Ve’. In other words,

I, =— —-dssz E-dl=V,
s 0t c(s)

(3-14)

Also according to Ampere’s circuit law, the line integral of the H field along the
closed contour formed by surface ‘S’ (c(S)), is the electric current Ie or in the dual world

the magnetic voltage Vm. In other words,

IL=¢ H-dl=V, (3-15)
c(S)
Therefore,
. I 4 , (3-16)
Ylnzermeable (mhos) = Ve = I_m = Zlngtzrmeable( mhos)
e m
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From (3-13) and (3-16) the input admittance of a permeable dipole antenna fed by an

electric loop is given by:

. e
Yine _ Zlndielectric = 7in €o (3'17)
Mpermeable = 2 = LWMgielectric T
Mo 0%swap erour

Since we are interested in a magneto-dielectric dipole and not just a permeable one, we

will call the input admittance of the magneto-dielectric circuit Yin,qgneric. Therefore

from

(3-12) and (3-17), the input admittance of the magneto-dielectric dipole can be written as

_ jwel/2  [1)2 1 20(kl)? (3-18)

Ylnmagnetic = I'mat In (_) + - 1/2 + 2

3n P JWTT g / T]o

In (l/_2>
D
] 1
= Ymat +](1)C +j(1)_L + Grad
where,

1 jwey (e, — 1)1 3-19
Yiat = +J 0(8; ) FSF ( )

. P2
jopo(uy — 1) = AF

Yin,qgnetic 1s the admittance of the following circuit shown in Fig. 3-5.
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Fig. 3-5 Electrically small magnetic dipole antenna circuit model.
Now since p,, = u' — ju" and &, = &' — j&", Yuqe Can be expanded to get

1 1 l,l,"

_.|_
oo lomo? e =112 wpemp? e — 12
JOT T =1 [

Yiat =

(3-20)

+jwso(e’ — 1)1 weye"l

FSF + FSF
8

As in the case of the dielectric dipole, the losses in the antenna arise from the two
frequency dependent “loss conductance” terms above (real terms with " and u").

l u wege'l (3-21)
G = FSF
mat = onp?AF [ — 1 | 8x

Therefore, the power lost in the antenna with a voltage ‘V’ across its terminals is defined

as:

Plost = %IVIZGmat (3-22)
while the radiated power (using Grad from (3-18)) is defined as:
Prad = %IVlZGrad (3-23)
From (3-4), (3-18), (3-21), (3-22) and (3-23) after some algebraic manipulation knowing
thatk = w/cy, ¢p = ﬁ and 1, = \/ie/€, = 120m the Radiation Efficiency of a

magneto-dielectric antenna (Ef fnqg4) having uniform current distribution is given by:
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Effya, = 1 (3-24)
mag — " I

1+ —E— 6 +3E psr
|.ur - 1| AF (%) (kl)3 4 (kl)

Now if the assumed current distribution is triangular and not uniform then,

€&, TP 3-25
Cdiel=3<orlp>AF ( )
1 ruopyl (3-26)

Lo = 5 () FSF

1\?2 (3-27)
Rrad = 2072 (Z) — 5(kI)?

Therefore, the radiation efficiency assuming a triangular current distribution can be
derived in the same way as before to be:

1 3-28
Effmag Alar = Ty ) =" ( )
1+ —— . + 7~ FSF

lur =112 4 (%) (kD)3 (kD

Now for a purely magnetic material i.e. €, = 1, for § > p which implies AF = FSF =
1, (3-24) simplifies to

1 (3-29)
Effpurely mag — 0
1 K 6

+ 2
|y — 112 (%) (kD)3

This equation is the exact dual of the radiation efficiency of a dielectric dipole in Chapter
1. Equation (3-29) can be re-written in terms of Wheeler’s loss power factor and

minimum power factor as

1 Pmin Pmin (3'30)
Effpurely mag — 1+ 1 u" - S u" B Pmin t DPioss
Pmin |t — 1[2 ey =102

where,
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K u (3-31)
lur =112 W' = 1%+ u")?

1
Pmin = aAbk3 and pioss =

(3-29) and (3-30) tell us that there are two ways to get low power loss (and therefore high
radiation efficiency) using magnetic materials with p” << g’ OR with u” >> y’. The
second conclusion that we need a material that is highly lossy should not come as a
surprise since we know that a perfect magnetic conductor is a magnetic material with
w’ >>> p’. Therefore when this condition is true we see that the efficiency tends to unity
which is the radiation efficiency of a PMC dipole. The contour plot of the efficiency
equation of (3-29) for a 1 inch radius cylinder is shown in Fig. 3-6. It is clear from Fig.
3-6 that this particular conformal magnetic dipole will have approximately the same
radiation efficiency as a purely metallic dipole for three different kinds of material: a) the
well-known extremely low loss material with ' > 1000 which is labeled region Il b)
the unconventional extremely lossy material (4" > 200) with low ¢’ < 10 or tan(6) > 5

which is labeled region | and c) a region where both u’ and u"are moderately high labeled

region II.
(a) Radiation Efficiency (b) Radiation Efficiency
1 5
800 a Region |
>90%
. 600+ _ s |
= Region | Region li E;.. Region Il
4004 8,
>80% Region Il
= 21 ! Region il
0 %
; 0 | n o 1 T T T
200 400 600 800 1000 20 40 ., 60 80 2000
W

Fig. 3-6 (a) Efficiency equation (3-29) contour plot (a) versus p’ and p” and (b) versus p’
and tan(d). The three regions indicate region of high loss, moderate loss and low loss.
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In Region I and Region 11, the material skin-depth is so small that all the fields are
pushed out of the antenna. Therefore, the material dipole tends to act more like the
conventional metal dipole and therefore exhibit high radiation efficiency. The same

conclusions were obtained for the dielectric dipole.

3.4 Full-wave Simulations of the Magneto-dielectric Dipole Antenna

Full wave simulations of the magneto-dielectric dipole were carried out using a
variety of magneto-dielectric material parameters in order to ascertain the accuracy of (3-
24) and (3-28). Two simulation cases are shown in Fig. 3-7. In Fig. 3-7(a) a magnetic
dipole is fed with a single current loop and in Fig. 3-7(b) a magnetic dipole is fed with
eight current loops. The single loop simulation results will be compared with (3-28) in
which the magnetic current distribution was assumed to be triangular. However, due to
the leaky nature of radiation from a material antenna, this assumption will be true only
for a small range of frequencies. The current distribution for a material dipole is not only
a function of the antenna size but also of the material properties. Also, this leaky behavior
implies that the entire length of the antenna will not contribute to radiation at all
frequencies. The energy will leak out sooner when operated well below the TEO1

guidance frequency.
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(@)

Coax Loop Feed —»

Fig. 3-7(a) Simulation geometry of a magneto-dielectric dipole fed by a single electric
feed loop and (b) eight feed loops

One way to ensure that all the material available contributes to radiation is to
employ multiple feed loops. By doing so, we force the magnetic current distribution to be
more uniform for which we have derived (3-24). The magneto-dielectric dipole simulated
is Im long (extending from -50cm to 50cm on the simulation axis) with a radius of
1cm.The magnetic current distribution ‘I,,," (volts) along the dipole length for the single

feed loop case is shown in Fig. 3-8.

(@) 100 MHz (b) 200 MHz
20 —u,=300-]3w_ 20 —“3300-]300 .

] -« p =80-j80 -« W =80-j80
. =20 - j20 s = =20-j20
= z I
£ £=14-j0.7 - E o

ob—metenn 0 ‘
0 20 40 60 0 20 40 60
Sweep along Antenna length (cm) Sweep along Antenna length (cm)

Fig. 3-8(a) Magnetic current distribution along the length of the dipole at two frequencies
(a) 100MHz (kol/2 = 1.05) (b) 200MHz (kol/2 = 2.1)
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The radiation efficiency comparison with the triangular current distribution
equation (3-28) is shown in Fig. 3-9. As expected from Fig. 3-8(a) the agreement is
excellent throughout the electrically small regime for the high permeability case (u, =
300 —j300) and degrades from there as the current becomes more exponentially

damped.

Radiation Efficiency (dB)

0
10¢
20~ :
s -
LR e e=14-j0.7
30." .’. ‘I .. 4
;" . — |1, = m—im
| " wm s p,=80-j80
-40° . w— =20~ j20
50
0 1 2
ko*1/2

Fig. 3-9 Simulated Radiation Efficiency (symbols) comparison with (3-28) (solid curves)
for a single loop fed magneto-dielectric dipole.

As mentioned before, one way to obviate the problem of the exponentially
damped (leaky) current is to employ multiple feed loops along the length of the antenna.
This is tantamount to using a solenoid feed ensuring that the B-field or the magnetic
current is uniform throughout the length of the dipole. A solenoid would work fine in the
electrically small limit but, as the antenna becomes electrically large, there would be a
considerable phase difference in the electric current along the length of the solenoid
which can cause destructive interference in radiation. Therefore in order to minimize this
effect, it is better to use multiple individual feed loops each fed in phase as shown in Fig.

3-7(b).
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The magnetic current distribution plots of a multi-loop fed 1m long (extending
from -50cm to 50cm on the simulation axis) magnetic dipole are shown in Fig. 3-10. The
current distribution is nearly uniform except for the spikes seen in the figure. These
spikes/notches result from the calculation of the current as the closed line integral of the
electric field when we get too close to the feed loops. Very close to the loops we capture
in the integral near field flux lines (higher order modes) that are not part of the assumed

magnetic current in the material.

(@) " — 1, £300 - 300 (b) ' '

100MHZ - . y =80-j80 ZDONIHE e=14-j0.7

207 -1, =20-j20 | 28

E "\‘s_."’.- E
£ ..l o £ 4
- 10 ;‘\ /\\ — 10_1‘ \~.., \-,, \‘ J

t' ‘~’/I ‘\_& — p_’=300—j300

6= 14-}0.7 — - 1=80-j80
0 1 0 = == =20-j20 |
0 0 40 60 2 40
Sweep along Antenna length (cm) Sweep along Antenna length (cm)

Fig. 3-10 Uniform magnetic current distribution along the length of the dipole at two
frequencies (a) 100MHz (kql/2 = 1.05) (b) 200MHz (kol/2 = 2.1)

The simulated results for radiation efficiency and the comparison with equation
(3-28) are shown in Fig. 3-11. The cases studied vary from low permeability to high
permeability cases where the permittivity is also varied as &, = 10 — je" to validate the
calculation of skin depth in equation (3-28). Even though the above model was derived
assuming the dipole is electrically small, it behaves properly all the way to the half-wave
resonance (koL = ). For low loss materials the validity extends further as seen in Fig.

3-11(a).
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Fig. 3-11 Radiation Efficiency comparison of (3-28) with full-wave simulations of a
multi-loop fed magnetic dipole made of (a) low loss (tan(é,,) = tan(é,) = 0.05), (b)
high magnetic but low electric loss (tan(6,,) = 1 & tan(d,) = 0.05) (c) high
loss(tan(d,,) = tan(6,) = 1) (d) extremely high loss (tan(6,,) = tan(d,) = 10) and
(e) extremely high loss materials but neglecting skin depth effects in the efficiency
calculation.
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For the low and moderate loss in permittivity or permeability or both, the
inclusion of skin depth effect i.e. the area factor AF and the internal field shape factor
have negligible effects on efficiency as skin depth ‘4’ is almost always greater than
radius ‘p’. But for the extremely high loss case i.e. for tan(§,,) = tan(§,) = 10, the
correction factors make a huge impact to retain the validity of the equation over a broader
band of frequency. (Compare the results in Fig. 3-11(d) with those in Fig. 3-11(e) where

the skin depth effect is neglected).

3.5 Magneto-dielectric Dipole Prototype

A magneto-dielectric dipole was constructed using commercially available NiZn
ferrite tiles from FairRite by JEM Engineering LLC (Fig. 3-12). The antenna is 40” long,
4” wide and 1.5 tall above the ground plane. The dipole was fed with four symmetric

feed loops.

== ”
SEE e |
\ 40" dipole S

Fig. 3-12 Magneto-dielectric dipole constructed using the NiZn ferrite tiles.
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Fig. 3-13(a) shows the material properties of the FairRite tiles used in the
design. Note that in the frequency range of interest (VHF) the material is lossy with the
magnetic loss tangent tan(y,) > 2. Fig. 3-13(b) shows the comparison between full-wave
simulation radiation efficiency and the two closed form equations: (3-24) and the one
derived by Rumsey et al. ignoring permittivity and assuming low material loss (3-3). As
expected, since Rumsey’s equation was for only low loss materials (tan(6y,)<<1) the
curve deviates significantly from simulation results whereas, equation (3-24)’s agreement

is excellent up to [/A1 = 0.4 that is well beyond the electrically small antenna assumption.

a - b Radiation Efficienc
(@) Permeability (b) y
T za0’ e e T [ [ I R
— L - =2
80 2x10 =
3 -10 ——— Simulation
Lo = N R (" Equation (5)
60 e dB 9
_ 10 110 . = * = Rumsey’s Eqn
Freq. (MHz) | =200
: -30—
Frequency (MHz) l/2

Fig. 3-13 (a) NiZn FairRite tile material permeability. Permittivity of the ferrite is ¢, =
14 — j0.14. (b)Comparison of simulated Radiation Efficiency of the magneto-dielectric
dipole with two closed form equations.

The magneto-dielectric antenna gain was measured in JEM’s anechoic chamber.
The comparison between measured and simulated gain is shown in Fig. 3-14(b). Since
the model assumes an infinite ground plane the measurement is compared to full wave
simulations. Their gains agree well over the entire range of measured frequencies. This

suggests that the circuit model works well in the electrically small limit since the
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measured gain agreed with the simulations and the simulated radiation efficiency matches

the analytical equation.

(

0.00

8

-10.00

-15.00

Realized Gain (dBi) Z

-20.00

-25.00

0 100 200 300
Frequency (MHz)

Fig. 3-14 (a) Magneto-dielectric dipole antenna mounted in the anechoic chamber (b)
Comparison of simulated realized gain & antenna gain measured in the chamber.

The lossy magneto-dielectric dipole antenna performance was also compared to a
conventional whip antenna mounted on top of a HUMVEE. The two antennas were
mounted as shown in Fig. 3-15(a). Fig. 3-15(b) shows the comparison of raw gain

measurements of two perpendicular planes (90° & 270°).

(a) Conventional AS 3900 whip — ' (b) 10

‘ Conformal Magnetic Dipole

Raw Gain (dB)
3 5 05

== MDA 270°

0 50 100 150 200 250 300
Frequency (MHz)

Fig. 3-15 (a) Conformity of a Magneto-dielectric dipole as compared to a conventional
Whip antenna (b) Magneto-dielectric dipole raw measured gain comparison with the
standard whip antenna on a Humvee.
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In the operational frequency range of the whip, the lossy MD antenna excels in
performance compared to the standard whip between 30-88MHz. Any variations in gain
in this range are due to structural resonances being setup in the HUMVEE by the antenna
under test. The star marker (110MHz) indicates the whip antenna’s roll-off above
88MHz. At the same frequency the conformal antenna is half wavelength away from the

ground causing a null in the gain.

3.6 A Note on the Duality between Material Dipoles

We have always known that a PMC dipole fed by a magnetic voltage generator is
the dual of a PEC dipole fed with an electric voltage generator. In the same way, a
material dipole made up of a dielectric material fed using an electric voltage source must
be the dual of dipole made up of magnetic material fed with magnetic voltage source. We
used this principle while deriving the equation of radiation efficiency of a magneto-
dielectric dipole in the preceding section. We pointed out in that section that the analytic
efficiency equations of a dielectric and magnetic dipole are perfectly dual. In this section,
we prove this conjecture via simulations. Consider the two cases shown in Fig. 3-16. Fig.
3-16(a) is a dielectric dipole fed with eight voltage ports to ensure uniform current
distribution and (b) is the magnetic dipole of the previous section with eight metallic
loops as feeds. The two dipoles are of the same length (1 m) and have the same cross-

section (radius =1").
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Symmetry |
plane XY >

Fig. 3-16 (a) Magnetic dipole with 8 electric feed loops. (b) Dielectric Dipole with 8
lumped port feeds.

Fig. 3-17 shows the comparison of the radiation efficiency of the two cases. They
are on top of each other which confirm our assertion that the dielectric dipole from
Chapter 1 and the magnetic dipole presented in this chapter are perfect duals of each
other. But, there is a basic fundamental difference between the two that makes the
magnetic dipole much more valuable. The dielectric dipole due to its electric
displacement currents cannot be placed conformal to a metallic ground plane as it would
short out and is not the best replacement of metallic dipoles. Whereas the magnetic
dipole, due to the fact that the dB /dt magnetic displacement current is the only source of
radiation, can be placed perfectly conformal to any metallic surface without sacrificing
performance. Assuming that area is not the limiting factor, magnetic dipoles are ideal
candidates for low profile conformal antenna applications since their radiation

performance can approximate that of its dual counterpart (a vertical electric monopole).
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Fig. 3-17 Radiation Efficiency comparison of a dielectric and magnetic dipole of the
same length and cross-section but with dual material properties.

3.7 Summary, Conclusions and Future Work

A closed form equation for the radiation efficiency equation was developed for a
small magneto-dielectric dipole. The equation is derived from the electrically small
circuit model of a conventional metallic dipole by adding additional elements (L for
permeability and C for permittivity) to take into account the material properties. The
equation shows that maximum radiation efficiency of a material dipole can be obtained
not only by using a material with very low loss but also with a material that has very high
loss.

Two equations were derived, one for uniform magnetic current distribution
generated by using multiple feed loops and the other for a triangular current distribution
assumed with a single feed loop. It is hard to maintain a triangular current distribution

across the length of a magneto-dielectric dipole due to the leaky nature of radiation
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mechanism and hence the validity of the radiation equation for this case is limited. On the
other hand, fairly uniform current distribution can be maintained with multiple loops and
hence the radiation efficiency equation for uniform current distribution matches the full-
wave simulations accurately.

The circuit model presented here does not include the details of the feed structure.
Once the feed is included we would have a complete model that can be used to calculate
the input impedance of the antenna. This will enable us to calculate the Antenna Q and
hence the bandwidth of the antenna; thus yielding in one formulation the radiation
efficiency and antenna bandwidth, the two parameters that completely characterize a
given material dipole antenna.

The next logical extension to this development is to analyze a loop or a toroid
made up of a magneto-dielectric material. Although such an antenna would occupy more
area over ground than the linear dipole it would offer unequivocal vertical polarization
for all azimuth directions which can therefore replace a vertical metallic dipole antenna.
Since there is a closed form model for the electrically small metallic loop antenna with
uniform current distribution, we can use the same steps used in this chapter to arrive at
the radiation efficiency equation of a magneto-dielectric toroid. This is the subject of the

next chapter.
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Chapter 4
MAGNETO-DIELECTRIC LOOP/TOROID ANTENNA: CIRCUIT MODEL &

RADIATION EFFICIENCY

4.1 Introduction

The magneto-dielectric dipole in Chapter 3 has a broadside ‘figure of 8’ pattern
just like a metallic dipole. However, often conformal low-profile antenna applications
demand omnidirectional antenna coverage. In fact this is one of the reasons why a
vertical metallic monopole is preferred over a horizontal metallic dipole, apart from the
obvious problem of destructive image effect in the horizontal dipole. A magneto-
dielectric loop antenna has a radiation pattern that is identical to a vertical electric dipole.
It has an omnidirectional pattern in the azimuth plane and it comes with the added
advantage of being low profile and conformal without any adverse effects due to a
conventional metallic ground plane. Therefore, it is quintessential to model the magneto-
dielectric loop antenna.

The steps followed in the derivation of the model and the radiation efficiency
equation is identical to that of the magneto-dielectric dipole. In Section 4.2, we will start
with the electrically small circuit model of a metallic loop and introduce the material
properties as a series impedance to come up with a model for a dielectric loop antenna.
Then, similar to the derivation in Chapter 3, we will use the principle of duality and
obtain an admittance circuit model of the magneto-dielectric loop which will then be used
to derive the radiation efficiency. In Section 4.3, we will examine design trade-offs based
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on the radiation efficiency equation between a magneto-dielectric loop and a magneto-
dielectric dipole. In Section 4.4, a practical application of the admittance circuit model of
the loop: design of a Body Wearable Belt Antenna will be discussed. Section 4.5 contains
the summary of the chapter, some notable conclusions and possible future work on this

subject.

4.2 Circuit model

In this section, the radiation efficiency of a magneto-dielectric loop is derived
starting from the circuit model for an electrically small metallic loop antenna. The
ultimate goal is to estimate the material properties required to build a conformal
magneto-dielectric antenna that can meet a given target efficiency requirement. As in

!

Chapter 2, the material properties are introduced by a series internal impedance 'Z,,,,;

!

term which is composed of a complex internal capacitance 'Cg;.;' to represent
permittivity ‘e,’ and a complex internal inductance 'Lg;,.;’ to represent permeability ‘u,.".
This Z,,4: term accounts for the internal energy in the material. For a loop of radius 'a’
and wire radius, 'p’, the internal capacitance is defined by assuming a uniform E-field
(TM like fundamental mode) in the material thus yielding a simple capacitor of area
A =mp? and separation '2ma’ which is the circumference of the loop. The internal
inductance is the inductance of a wire of length equal to the circumference of the loop

with a uniform current 'I’. The current distribution is assumed uniform. The circuit model

is shown in Fig. 4-1.
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Fig. 4-1 Electrically small dielectric loop antenna model.

where,
Zmat = ijdiel +ijdiel
i.e.
7 1 +jwuo(#r — 1)(2ma) (4-1)
mat = eo(g, — Dmp? 8n
)
J 2na

Free space is subtracted from the internal capacitance (i.e. dielectric constant (&, — 1))
and internal inductance (i.e. permeability (1, — 1)) since when &, = u,. = 1 we must be
left with just the source. In such a case, the internal inductance is shorted out and the
internal capacitance is open as expected.

The rest of the elements are components of the electrically small metallic loop model for

uniform current distribution and are defined as:
8a
Lan = Uoa (ln (7) — 2)

A
Rrad = 3207 <i> — 2072 (ka)*

(4-2)

(4-3)
A2

To account for skin depth, the same correction factors as in Chapter 3 can be used. The

internal complex capacitance is corrected by the area factor ‘AF’ (3-10).
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:T[pz —n(p — )2 _ 2p8 — 8%

AF
np? p2

The internal complex inductance is corrected by the Field Shape Factor ‘FSF’ (3-11).

1 8 5 N2 1 St
FSF = — 1——(1——)+2(1——) ——(1——)
5 3 P P 3 p

()

The input impedance of the dielectric loop is therefore:

1 ) — 1Dl
_I_] .UO(Mr )FS

ZiNgielectric = — 2 F
jw (eo(sr l Dmp AF) 8m

+ jouya (ln (E%a) — 2) + 2072 (ka)* (4-4)

Using the concept of duality as explained in Chapter 3, using (3-13),(3-16) and (3-17),

the input admittance of the magneto-dielectric 10op (Y in,qgnetic) Can be written as,

, , 8a 2072 (ka)* (4-5)
Ylnmagnetic = Ymat T JWEQ (ln (_) — 2) +——
P Mo
= Yinar + JoC + Grgq
where,
1 jwey (e, — 1)(2ma 4-6
v, . = i 4 o(&r — 1)( )FSF (4-6)
: np 8m
jopo Uy — 1) 5~ AF

Yin,qgnetic 1s the admittance of the following circuit shown in Fig. 3-52.

T

| \'

v

Fig. 4-2 Electrically small magneto-dielectric loop antenna circuit model.

1ew
A
|
|

_C Grad

65



Now since u,, = u’' — ju" and g, = &' — j&", Ypnq: Can be expanded to get

Y, ! + ! W
mat — 2 — 112 2 2
. pomp? |y — 1| WHYTTP |y — 1]
JOma T =1 AF 2ma4F (4-7)
weg (e’ — 1)(2ma weye"l
+2 o X ) sk +—2 FSF

8

As in the case of the magneto-dielectric dipole, the losses in the antenna arise from the
two frequency dependent “loss conductance” terms in (4-7) above (real terms with &"

and u").

2ra u" wepe"(2ma) F

SF (4-8)

G . =
M wpgmp?AF |y — 112 8m

Therefore, the power lost in the antenna with a voltage ‘V’ across its terminals is defined
as.

1 4-9
Plost = §|V|ZGmat (4-9)

while the radiated power (using Grad from (3-18)) is defined as:

1 4-1
Prad = EIVIZGrad (4-10)

From (3-4), (4-5), (4-8),(4-9) and (4-10) after some algebraic manipulation knowing

thatk = w/cy, ¢y = \/%_s and no, = +/lo/&o = 1207 the Radiation Efficiency of a
0<0

magneto-dielectric antenna (Ef fimag100p) having uniform current distribution is given by:

1 (4-11)
Effmagloop = 0 12/x i P SE

I+ | li 12 2 27 (ka)3
Hr AF (g) (ka)

+
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Now for a purely magnetic material i.e. €, = 1, for § > p which imp lies AF =FSF =1,
(4-11) simplifies to

1 (4-12)
Effpurely mag — 0" 12/%

1+
e = TP (2)7 (e

(4-11)and (4-12) tell us that there are two ways to get low power loss (and therefore high
radiation efficiency) using magnetic materials with p”’<<up’ OR with p”’>>p’. The second
conclusion that we need a material that is highly lossy should not come as a surprise since
we know that a perfect magnetic conductor is a magnetic material with p”>>>u’.
Therefore when this condition is true we see that the efficiency tends to unity which is the
radiation efficiency of a PMC loop. This conclusion was corroborated in Chapter 3 by the
contour plot of the radiation efficiency equation of the magneto-dielectric dipole versus
p' and u". Here, let us plot the radiation efficiency of the magneto-dielectric loop as a
function of the loss tangent (tan(8) = u"/u’) for different fixed u' ranging from 5 to

5000 (Fig. 4-3) and different electrical size of the antenna by varying kq,a from 0.1 to 1.
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% Radiation Efficiency % Radiation Efficiency
100 T T T 100 T T 5
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_g. 60 -g- 60r -
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& 40 ° 1 e
R xR
20p J i3
G-‘ﬁ".: 1 L .-';':"I
10! 001 1 100 1a0* 1a0*
tan(9d)
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(c) Electrically Large Antenna
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Fig. 4-3 (a) Efficiency equation (4-12) plot versus tan(8)for (a) electrically small
antenna koa = 0.1 (b) small antenna kya = 0.3 and (c) electrically large antenna
ko,a = 1. The radiation efficiency is the lowest at tan(§) = 1 for any u'.

Fig. 4-3 shows that for low loss materials i.e. tan(§) « 1, the radiation efficiency is high
as expected from the conventional notion of highly efficient antennas. The radiation
efficiency then drops as tan(d) is increased till it reaches a minimum at tan(6) = 1.
Beyond unity loss tangent, the radiation efficiency starts to rise back up again for all the
three cases. In this region, the material skin-depth is so small that all the fields are pushed
out of the antenna. Hence, the magneto-dielectric antenna tends to act more like the

conventional metal loop and therefore exhibit high radiation efficiency.
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4.3 Full-wave Simulations of the Magneto-dielectric Loop Antenna

Full wave simulations of the magneto-dielectric loop were carried out using a
variety of magneto-dielectric material parameters in order to ascertain the accuracy of (4-
11). Consider a 12cm radius magneto-dielectric toroid/loop with a wire radius of
p = 0.5" = 1.27cm symmetrically fed by four electric feed loops as shown in Fig. 4-4.
Since a = 12cm, the circumference of the loop is 11 at ~400MHz or kya = 1at
400MHz. Different magneto-dielectric materials are considered by varying the
permeability and permittivity (u, = u’ — ju" and €, = €' — je"). The cases studied vary
from low permeability to high permeability cases where the permittivity is also varied
ase, = 10 — je".

Magneto-Dielectric Symmetric Electric Feed Loop

Ground Plane Ground Plane

Fig. 4-4 Magneto-dielectric loop HFSS simulation geometry

The electric feed loop injects TE modes (circulating E and longitudinal H,) into
the magneto-dielectric material which when below the onset of guidance (i.e. below the
cutoff frequency) will leak out of the material. The cutoff frequency of the TE modes
depends on the antenna cross-section and the relative permeability and permittivity. For
this wire radius and set of relative constants the lowest order TE01 mode onset/cutoff

frequencies are given below in Table 4-1.
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Real Real TEO1 Onset kya value at
Permeability (n’) | Permittivity (¢’) | Frequency (MHz) the TEO1
Onset
20 10 640 1.61
80 10 320 0.8
300 10 165 0.42

Table 4-1 TEO1 onset/cutoff frequency for a 0.5 wire radius magneto-dielectric cylinder
for different u,- and €,..

The magnetic current distribution plots at two different frequencies (100MHz and
200MHz) of the multi-loop fed magneto-dielectric loop for different materials are shown
in Fig. 4-5. The current distribution is nearly uniform except for the spikes seen in the
figure. These spikes/notches result from the calculation of the current as the closed line
integral of the electric field when we get too close to the feed loops. Very close to the
loops we capture in the integral the near field flux lines (higher order modes) that are not

part of the assumed magnetic current in the material.

Magnetic Current @ 100 MHz Magnetic Current @ 200 MHz
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Fig. 4-5 Uniform magnetic current distribution along the length of the loop at two
frequencies (a) 100MHz (kya = 0.25) (b) 200MHz (kya = 0.5)
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The simulated results for radiation efficiency and the comparison with equation
(4-11) are shown in Fig. 4-6. Even though the above model was derived assuming the
dipole is electrically small, it behaves properly all the way to the loop resonance (kya =
1). Note that in Fig. 4-6(a), which is the low loss case, near the onset frequency of the
TEO1 guidance (kqa = 0.42 for u’ = 300 (black curve) and koa = 0.8 for €’ = 80 (blue
curve)), the simulated efficiency curve starts to plateau and deviate from the curve that is
generated using (4-11). There reaches a point beyond the onset frequency where the
efficiency drops to a minimum (at koa = 0.65 for u’ = 300 (black curve)) and then it
rises again. This phenomenon occurs because once the onset frequency is crossed
majority of the wave that the magneto-dielectric loop supports is trapped inside the loop
and very little extends outside it. Therefore, it becomes progressively difficult to ‘leak
off’ the structure due to just the curvature discontinuity of the toroid and you reach a
minima in the efficiency curve. However beyond that point, the electric feed loop starts to
favor the excitation of the next higher order TE mode which is the TEO2 inside the
magneto-dielectric loop. Hence, the radiation efficiency starts to climb up again due to
TEO2 mode radiation. As we keep going higher in frequency, this phenomenon keeps
repeating and successive higher order TE modes appear and fade away just like the TEO1
mode. A detailed analysis of this phenomenon is done in Chapter 6. This effect is not
seen in the lossy material cases, because the supported electromagnetic wave is never

truly guided in the lossy structure, the wave always leaks off the structure.
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Fig. 4-6 Radiation Efficiency comparison of (4-11) with full-wave simulations of a multi-
loop fed magnetic dipole made of (a) low loss (tan(d,,) = tan(s,) = 0.05), (b) high
loss(tan(8,,) = tan(6,) = 1) (c) extremely high loss (tan(8,,) = tan(é,) = 10) and
(d) extremely high loss materials but neglecting skin depth effects in the efficiency
calculation.

For the low and moderate loss in permittivity or permeability or both, the
inclusion of skin depth effect i.e. the area factor AF and the internal field shape factor
have negligible effects on efficiency as skin depth ‘6’ is almost always greater than
radius ‘p’. But for the extremely high loss case i.e. for tan(§,,) = tan(§,) = 10, the
correction factors has a huge effect in retaining the validity of the equation over a broader
band of frequency. (Compare the results in Fig. 4-6(c) with those in Fig. 4-6 (d) where

the skin depth effect is neglected).
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4.4 Practical Application of the Circuit Model: Body Wearable Belt Antenna

In this section, we will discuss a practical application of the circuit model of the
magneto-dielectric loop antenna described in Section 3.3. The circuit model will be used
to evaluate the radiation efficiency of a Body Wearable Belt Antenna (BWBA) shown in
Fig. 4-7. The antenna design is targeted towards use by the communication personnel in a
battlefield. The goal is to replace the tall whip antennas carried around by these soldiers
with a low observable body wearable antenna (Fig. 4-7). The performance of the new
antenna must be better or at least the same as the standard antennas currently used for this

purpose.

Conventional Tall Whip

; Body Wearable Belt Antenna
A

Dielectric
Human body

Magneto-dielectric
material

Fig. 4-7 Body Wearable Belt Antenna designed to replace tall whip antennas carried by
foot soldiers for interpersonal communication
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The operational frequency band for the antenna design is from 30MHz to
500MHz. But in particular, we want to maximize the efficiency of the antenna in the
30MHz to 100MHz band in order to beat the conventional whip antennas, used in this
range, convincingly. At the same time we want to minimize the manufacturing cost of
these antennas so that they can be mass produced and distributed. Also, this antenna will
be worn by the soldier, therefore we also want minimize the overall weight of the antenna
as well. Therefore, the most appropriate approach to tackle this problem is to find an
analytic circuit model of the system and then play ‘what if” games with the volume of
material used.

The BW antenna system not only consists of the body wearable antenna made up
of some magneto-dielectric material but also the “dielectric” human body. These are the
two primary sources of radiation. Therefore, to model the system, we first simulate a
dielectric cylinder representing the human body fed with an ideal lumped port source in
the full-wave simulator. The human body is then ‘modeled’ as circuit impedance in the
frequency range of interest. Next, the source is replaced by the body wearable belt
antenna circuit model to complete the complete antenna model.

Consider a dielectric cylinder having the frequency dependent permittivity of a
human torso fed by a capacitive feed (lumped port in the simulator) over a ground plane
(Fig. 4-8). A foot soldier does not stay stationary and moves his arms and legs during
combat or in other words the shape of the dielectric human body radiator is constantly
changing. A cylinder is a good statistical average for the shape of the human body. The

dimensions of the cylinder soldier are 6 feet height and 32” waist.
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Average Human Body

(@) (b) Permittivity
Human Body e R T
Cylinder Sk 5“ ]
h &
}Ideal Lumped 200 *‘. i
Ground port feed 1005 . .
Plane ! | S i

100 200 300 400 500
Freq (MHz)

Fig. 4-8 (a) Human body cylinder fed with an ideal lumped port at the same location as
the eventual position of the BWA belt. (b) Frequency dependent permittivity of the
human body.

Full-wave simulation of the geometry above yields the curves in Fig. 4-9(a) for
radiated power (Prad,) and power loss (Ploss,). The input voltage (Vfeed) measured at

the lumped port is shown in Fig. 4-9(b). Fig. 4-9(c) shows the real and imaginary part of

the input impedance.

(a) (b) (©)

S ' ' ' Feed voltage (Vfeed) 190 : . '
20 T T T T RE(ZInb)
03r f Prad,(W) —— - sor Im(Ziny) ===
Y Ploss,(W)=== 15F - b
02r % r

0 1 1 1 1 0 1 | 1 1 _100 | | | 1
0 100 200 300 400 S00 Q0 100 200 300 400 500 0 100 200 300 400 500

Freq (MHz) Freq (MHz) Freq (MHz)

Fig. 4-9 Simulation results of the geometry in Fig. 4-8(a) where (a) Radiated power and
Power loss, (b) Feed Voltage and (c) Input impedance.

Given these simulation data we can calculate the radiation resistance (Rrady) and

loss resistance (Rlossy) the following way:
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2Prad Rrad 4-13
Rrad, = =% and Grad, = D ( )

(ereal)2 |Zin, |2
|Ziny|
2Ploss Rloss 4-14
Rlossy, = —bz and  Gloss, = _—l; ( )
(ered) |Ziny,|

The resulting radiation resistance and loss resistance is shown in Fig. 4-10(a). Fig.
4-10(b) show that the sum of Rrad, and Rloss, is equal to the real part of the input
impedance as expected. The radiation efficiency of this dielectric cylinder fed with the
ideal capacitive lumped port feed is shown in Fig. 4-10(c). This is the maximum radiation
efficiency that can be achieved by this antenna system. Any addition of lossy materials to
the system by replacing the ideal feed with a permeable material feed will bring down the

radiation efficiency below this maximum value.

(a) 40 T T T T (b) 80 T T T T
sk Rrad,(Q) — |
Rloss,(Q)===

60 Rrad,+Rloss,

Re(Zing) ===

200 40F -

10

|

0 100 200 300 400 500 0
Freq (MHz)
(©) Radiation Efficiency (dB)

0 T

0 100 200 300 400 500
Freq (MHz)

100 200 300 400 500
Freq (MHz)

Fig. 4-10 (a) Radiation resistance and loss resistance calculated from the simulation data
(b) the sum of which equals the real part of input impedance. (c) Radiation Efficiency of
the dielectric human body cylinder fed with an ideal lumped capacitive port feed
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Therefore, the circuit model for the human body is now reduced to the one shown
in Fig. X+4. The imaginary part of input impedance is left as it is and the real part has

been separated into radiation and loss resistance.

Rloss,
ing) —AAA—
Human Body Im(zmb)
Cylinder .
- i
hdeal Lumped Vfeed Rrad,

Ground port feed
Plane

Fig. 4-11 Circuit model of the dielectric human body cylinder fed with a capacitive feed.

The next step is to replace the “Vfeed’ with the magneto-dielectric loop circuit

model from Fig. 4-2. The resulting model is shown in Fig. 4-12.

Rloss,

Im(Zin,)

Grad ‘
—_— Rrad,

< —

BWAbelt Human Body
(Uniform Dist.)  (Calculated from Full-
wave Simulation)

Fig. 4-12 The circuit model of the BWA system that takes into account the ground plane.

Now let us compare the model to full-wave simulations. The simulation geometry
is shown in Fig. 4-13 where the lumped port of Fig. 4-8(a) has been replaced by the body

wearable toroid belt of minor radius of 4cm (p=4cm). It also has its own finite metallic
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ground plane. We will use quarter symmetry to simplify the simulations. The circuit
element equations for the permeable toroid are the same as before except that we
observed thorough simulation of the toroid by itself that we need to add a correction
factor (2/5) to the Glossy,. This factor comes from the fact that the model was developed
for a toroid in free space. The problem at hand has a finite ground plane and a dielectric
core. This factor accounts for this change in geometry. Since the ground plane and the
core properties are fixed the factor will always be the same 2/5. The same factor is also

applied to the radiation resistance. Thus,

al 1 u Crad 2012 (kga)? (4-15)
oSSy = 7 - ; ra =
" wpemp? (z) W)+ (u"? "z (z)
2ra 0\5
Quarter
Symmetry Human Body Belt
—>Cylinder Ground Plane
Ground
Plane }\)
> -H ‘
Lo ' Permeable
Toroid

Fig. 4-13 Simulation geometry of the body wearable antenna system with quarter plane

The permittivity of the human body is the same as in Fig. 4-8(b). To start with,
different dispersion-less permeability was simulated and the comparison to the model is

shown in Fig. 4-14.
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Fig. 4-14 Radiation Efficiency comparison of the BWA system circuit model and full-
wave simulations for different values of permeability of the belt with (a),(b) having a loss
tangent of tan(5)=0.1 and (c)(d) with high tan(s)=1.

As seen in Fig. 4-14(c) and (d) the model works well for extremely lossy p, values

as well. Next let us test the validity for different volume of the permeable material i.e. for

different toroid radii ‘p’. Fig. 4-15 is for p=3cm and Fig. 4-16 is for p=6cm.
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Fig. 4-15 Radiation efficiency comparison for different permeability values for a toroid
minor radius of 3cm.
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Fig. 4-16 Radiation efficiency comparison for different permeability values for a toroid
minor radius of 6cm.

Fig. 4-14, Fig. 4-15 and Fig. 4-16 show that the circuit model is valid for different
constant permeability values and for different belt radii. Now we are ready to play ‘what
if” games with the permeability and the amount of material to determine how far we are
from the ideal radiation efficiency curve of Fig. 4-10(c). We know that the resulting
radiation efficiency will always be below the curve of Fig. 4-10(c). Let us use a
frequency dispersive magneto-dielectric material (Fig. 4-17(a)) and see the effect of

changing the radii of the toroid. Fig. 4-17(b) show the radiation efficiency curves for
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different ‘p’. Clearly as the radii of the belt increases, the radiation efficiency of the
BWA system increases as well, but the price we pay is the increase in the amount of
material required which corresponds to the increase in the overall cost of the belt. Table
next to Fig. 4-17(b) also gives the volume of material used in cubic centimeters. Also
beyond a certain radii (8cm in this case), any additional increase of the radius doesn’t

show any appreciable increase in radiation efficiency.

Permeability
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Fig. 4-17 (a) Magneto-dielectric material permeability used in the belt(b) Radiation
efficiency of the BWA using the circuit model for different radii of the loop belt.

Another consequence of the circuit model for this body wearable antenna system
is that we can clearly isolate the contribution towards radiation from the two sources, the

human body and the permeable toroid. From the circuit model in Fig. 4-12, we can see

81



that the voltage ‘V’ at the toroid feed is the same as voltage fed to the human body circuit
model. Therefore, the contribution to the radiated power from the toroid and that from the
human body can be defined as Prad,, = 0.5V?Grad,, and d, = 0.5V?Grad, ,
respectively. Thus the same voltage ‘V’ implies we can directly compare the two
radiation conductance to see their individual effects. Fig. 4-18 below shows the plot of

Grad, and Grad,,.

-
O-"

6  Grad (body) —
s Grad (toroid) ===

-8 I I I l
0 100 200 300 400 500

Freq (MHz)

Fig. 4-18 Contribution to the total radiation from the two sources of radiation: the human
body and the permeable toroid.

The human body is clearly the greater source of radiation than the toroid belt. Therefore,
we can say for a fact that the permeable toroid belt is the magnetic frill current feed for

the dielectric human body.

4.5 Summary, Conclusions and Future Work

A closed form equation for the radiation efficiency equation was developed for a
small magneto-dielectric loop. The equation is derived from the electrically small circuit

model of a conventional metallic loop by adding additional elements (L for permeability
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and C for permittivity) to take into account the material properties. The equation shows
that maximum radiation efficiency of a material loop can be obtained not only by using a
material with very low loss but also with a material that has very high loss.

The main reason behind analyzing the Magneto-dielectric Loop antenna geometry
is the fact that it has an omnidirectional pattern unlike the Magneto-dielectric Dipole. Just
by examining the radiation efficiency equations of the two ((3-24) and (4-11)) the dipole
is superior in the electrically small limit because the efficiency drops as a factor of (kl)3
in its case as opposed to the (ka)® in the loop.

The circuit model presented here does not include the details of the feed structure.
Once the feed is included we would have a complete model that can be used to calculate
the input impedance of the antenna. This will enable us to calculate the Antenna Q and
hence the bandwidth of the antenna; thus yielding in one formulation the radiation
efficiency and antenna bandwidth, the two parameters that completely characterize a

given material dipole antenna.
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Chapter 5
MATERIAL SELECTION RULE FOR MAGNETO-DIELECTRIC ANTENNA

DESIGNS

5.1 Introduction

In Chapter 3 and 4, the two fundamental magneto-dielectric antenna designs, the
magneto-dielectric dipole and the magneto-dielectric loop was analyzed. A simple small
antenna equivalent circuit model was postulated using which the radiation efficiency
equation for such antennas was derived and validated in the small antenna limit using
full-wave simulations. The radiation efficiency equation is a function of the antenna
geometry and the material properties (u,,€,). Purely based on antenna geometry and
operational frequency range, i.e. for the same magneto-dielectric material, the magneto-
dielectric dipole has higher radiation efficiency than the magneto-dielectric loop in the
small antenna limit. In this chapter, it is shown that for either of the two fundamental
geometries, for a given size constraints of the antenna, the desired operation frequency
range and the desired efficiency in this range we can unequivocally identify the magneto-
dielectric material that can meet the required specifications. The analysis that follows is
under the assumption that the frequency range of operation is below the onset frequency
of the principal wave mode supported by the material antenna structure, theTEO1 mode.

There are numerous books written and countless papers published on magnetic
materials each with its unique characteristics. The most basic classification of such
materials based on its magnetic properties is quite literally done based on whether a
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material is “magnetic” or not in the presence or absence of an external magnetic field.
Materials are broadly classified as being diamagnetic, paramagnetic, ferromagnetic,
ferrimagnetic or anti-ferromagnetic. This classification is briefly described in Section 5.2.
Of these, ferromagnetic and ferromagnetic materials are most useful for antenna
applications as they have sufficiently high frequency dispersive permeability in the
frequencies of interest for antenna designs. In Section 5.3 we show three fundamental
physical limits that dictate the eventual choice of magneto-dielectric material. These are:
1) Gain Bandwidth Product limit 2) Snoek’s Product limit and 3) Kramers Kronig
relation restriction on the permeability dispersion. Within these constraints it is shown
that one single parameter which we call ‘hesitivity’ (h,,) with the units of magnetic
conductivity (2/m) characterizes the performance of the material. In Section 5.4, the
relationship between Hesitivity and antenna radiation efficiency is derived. The
relationship shows that materials that have the same hesitivity will have the same antenna
radiation efficiency. Hence, the parameter hesitivity is used to identify a family of
materials that satisfy the design requirements. It is shown that, higher the hesitivity of the
material family, the higher is the radiation efficiency over the frequency range of
operation. In Section 5.5, we narrow down the choice of material from the family with a
unique hesitivity to a single material based on the Gain-Bandwidth Product limit. We
show that any loss in the material (x") improves the bandwidth of the antenna. Therefore
we state the material selection law based on hesitivity (h,,) and the magneto-dielectric
material loss (u"). In Section 5.6, the material selection law is applied to realistic
magneto-dielectric materials obtained from the literature. Section 5.7 contains the

summary of the chapter, some notable conclusions and possible future work.
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5.2 Classification of Magnetic Materials: Dia, Para, Ferro, Ferri and Anti-Ferro

The origin of magnetism is directly related to the motion of electrons in an atom.
Without delving deep into quantum physics, the two most significant sources of an
electron’s magnetic properties are the orbital motion of the electron around the atom’s
nucleus and the electron spinning around its own axis (Fig. 5-1). The electron orbiting the
nucleus can be thought of as a small current loop generating a small magnetic field with a
magnetic moment along its axis of rotation. The electron spinning on its axis has a spin
magnetic moment associated with it whose vector direction depends on the direction of
spin (up for right spin and down for left spin based on the right hand rule). Each atom
therefore acts like a tiny magnet carrying an intrinsic or net magnetic dipole moment
which is a superposition of the moments from these two sources. The type of magnetism
is determined by how these elementary dipole moments are ordered and are broadly
classified into diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic or anti-

ferromagnetic.

(a) Magnetic (b)  Magnetic
moment moment
/N /N
= N Electron
.A
- W |, Direction
Nucleus of Spin

Fig. 5-1 Two sources of atomic magnetic dipole moments a) an orbiting electron and (b)a
spinning electron

Most of the materials that exist on earth fall under the category of Diamagnetic

materials. They do not have a net dipole moment i.e. the orbital and spin magnetic
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moments cancel out within an atom. The application of an external magnetic field results
in an induced magnetic moment which is in the opposite direction to the applied field.
Thus, the relative permeability is less than unity (i.e. less than that of vacuum or free
space) and hence the magnetic susceptibility (x,, = u, — 1) is negative. Hence they are
not useful for antenna applications.

The individual atoms in a paramagnetic material on the other hand, have a net
magnetic dipole moment. But they are randomly oriented such that the bulk material has
no net magnetic dipole moment (Fig. 5-2(a)). When an external field is applied, the
magnetic moments align preferentially in the direction of the applied field. This results in
a relative permeability u, that is slightly greater than 1. These materials are also not

useful in designing magnetic antennas.

(@  Para (b) Ferro (¢) Anti-Ferro (d) Ferri

A1 10 T 1ty
2 1M D

—> : Magnetic Dipole Moment Vector

-
>

Fig. 5-2 Intrinsic magnetic dipole moments in (a) Paramagnetic material (b)
Ferromagnetic material (c) Anti-ferromagnetic material and (d) Ferrimagnetic materials

Ferromagnetic materials possess a net magnetic dipole moment even in the
absence of an external field (Fig. 5-2(b)). Such a permanent magnetic moment results
from alignment of individual atomic moments (mostly spin moments) in a preferred
direction. The mutual alignment of spins exists over relatively large volumes regions of

the materials called domains. There could be several domains within a bulk structure each
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with a magnetic moment vector that point in some random direction. This phenomenon in
which the magnetic moments within a domain are bound to a preferred direction is said to
be caused by an internal effective anisotropy field (H,). On the application of an external
d.c field, the domains most closely oriented with the direction of the applied field grows
at the expense of other domains, eventually occupying the material’s whole volume.
When this happens, the material is said to be saturated with a saturation magnetization
‘M’ (units: Gauss in CGS) which is equal to the maximum magnetic flux density within
the material. Any further increase in the strength of the external field will not result in an
increase in the magnetic flux density in the material. Also, on the application of an
external field ‘H’, the spinning electron starts to precess about the direction of H at a
frequency ‘f,’ or ‘wq’. This frequency is called the Larmor frequency or ferromagnetic
resonance frequency.

Some examples of ferromagnetic materials are iron, nickel, cobalt, rare earth
metals, etc. They have a large relative permeability and are hence one of the candidate
material category in antenna applications. The only drawback with ferromagnetic
materials is that they have very high electrical conductivity (therefore high €"). Apart
from the obvious disadvantage seen just from the radiation efficiency equations ((3-24)
and (4-11)), on the application of an external high frequency magnetic field, the high
electrical conductivity results in creation of eddy currents in the material, which in turn
creates a field in opposition to the external applied field. The opposition to the applied
field results in the fields being pushed out from within the material. Thus,
electromagnetic waves only penetrate to a certain depth, called the skin depth (seen in

Chapter 3, Section 3.3), within the material. Therefore, only a fraction of the volume of
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the bulk material will contribute towards radiation if used as a bulk material in magneto-
dielectric antenna designs. Furthermore, the skin depth loss dampens the effective
permeability of the material and reduces the radiation efficiency of the antenna. Two

possible workarounds to this problem are given in Fig. 5-3.

(a) Laminated Composite (b) Micro-Particle Composite
Particle filler

Magnetic Film S R \ R Host Resin

Insulator

Fig. 5-3 Possible solutions to negate eddy current effects in ferromagnetic materials (a)
Lamination of thin films of material with an insulator in between and (b) Micro-particles/
Flakes of ferromagnetic materials mixed in with an insulating resin

One solution is to form a laminate with thin layers or thin ferromagnetic films
(£ ~1um), as thin as skin depth and interleaving them with equally thin insulating
layers, to form a bulk structure. This is the standard technique used to make low loss
transformer cores. This prevents formation of large eddy current loops that reduces the
antenna efficiency. Another solution is to make a bulk composite by mixing micro-
particles or flakes of a ferromagnetic material with an insulating resin. Although these
two methods negate eddy current effects, the effective permeability of the resulting
composite is reduced.

The next category is Anti-ferromagnetic materials. They have anti-parallel atomic
magnetic moment alignment (Fig. 5-2(c)) which again results in a zero net magnetic

moment. They are therefore not useful for antennas.
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Ferrimagnetic materials or Ferrites have anti-parallel atomic magnetic moments
as well, but they are not of equal strengths and hence do not cancel out in the bulk
structure (Fig. 5-2(d)).They are generally oxides of iron combined with one or more
mixtures of bivalent transition metals 'Me’ of the form “MeFe,0,”. The prototypical
ferrite, with just iron in it, is magnetite (Fe;0,), most commonly known as lodestone.
Other examples are NizZn ferrite, MnZn ferrite, NiZnCo, CoZ Hexaferrites, etc. Their
permeability spectra is similar to ferromagnetic materials i.e. they have a relatively high
relative permeability (usually lower than ferromagnetic materials) but they come with an
added advantage of high electrical resistivity due to the presence of insulating oxides.
Therefore, eddy current or skin depth losses are not an issue unlike ferromagnetic metals
and hence, it is also a candidate material category for antenna applications.

To summarize this section, the two candidate magnetic material categories for use
in magneto-dielectric antenna designs are ferromagnetic materials and ferrimagnetic
materials or ferrites. The next criterion for narrowing down the candidate magneto-
dielectric material is the frequency dispersion of the relative permeability, both its real
and imaginary components. The selection will depend on the three fundamental limits in

the design of magneto-dielectric material antennas described in the next section.
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5.3 Fundamental Physical Limits in Designing Low Profile & Conformal Electrically

Small Magneto-dielectric Material Antennas

Electrically small antennas constitute the primary component of the physical layer
in a large percentage of wireless communication systems. Whether the application is
commercial or scientific the benefits afforded by miniaturization of these systems
continually drives the size of the antenna down. Frequently absent from many of these
intriguing proposals is an examination of the fundamental limits of performance to which

electromagnetic radiators are subjected.

5.3.1 Gain-Bandwidth or Efficiency-Bandwidth Product Limit

The first of these limits is the Gain-bandwidth Product(GBWP) limit. It is a
known fact that an antenna performance is best described by the product of gain and
bandwidth. Since the antenna Q is inversely proportional to the bandwidth (BW) of the
antenna (Q~1/BW), some researchers and authors prefer to state the Gain/Antenna Q
limit [25] [26]. To reduce it a step further, since we are concerned with electrically small
antenna whose directive gain is constant (approximately 1.5), we prefer to fix the
Directive gain to unity (or ignore it in other words) and call it the Efficiency Bandwidth
Product (EBWP) limit. Now, traditionally since a vast majority of radiators were metallic
with unity radiation efficiency, the main concern was to estimate the minimum Q limit.
The antenna Q is defined as the ratio of the energy stored per unit cycle in the near field
of the antenna (W,,,) to the power radiated by the antenna (P,,4). The minimum Q

equation for a resonant electrically small radiator that is completely enclosed in a sphere
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of radius ‘a’ was first given by Chu in 1948 [25]. Since then, there have been numerous
modifications and re-derivations to this equation but the most simple and accepted
equation for the minimum Q (Q,,;,) of the lowest order mode (TE or TM) for an
electrically small antenna is the one derived my McLean [27].

_20W 1 1 (5-1)

2 Qmin = +
Praa = min = Tooa)? T (o)

Here, k, = 2m /A, is the propagation constant, A, is the free space wavelength and ‘a’ is
the radius of the enclosing sphere. The limiting equation (5-1) gives us the maximum
limit of the Efficiency bandwidth Product of an electrically small metallic antenna. This
limit is extremely stringent and difficult to achieve with realistic metallic antennas as
only fields outside the sphere ‘a’ were considered in deriving the equation. By including
the fields inside the sphere, Thal [28] showed that the lowest achievable Q is about three
times the value given by (5-1).

Now, for magneto-dielectric antennas, Wheeler [2] showed that it is possible to
come close to (5-1) limit using an infinitesimally small spherical permeable (u,.) antenna.
Hansen [29], Kim et al [23] have given equations for a spherical antenna with a lossless
and lossy magneto-dielectric core for any size of the sphere. They showed that even with
magneto-dielectric materials, the minimum Q that could be achieved is always greater
than the equation given in (5-1). Since the radiation efficiency of realistic magneto-
dielectric antennas will always be less than unity, it is safe to assume that the maximum
unassailable EBWP is given by 1/Q,in-

The actual Antenna Q for any given antenna (metallic or magneto-dielectric) can

be calculated from its input impedance (Z(w)) in closed form using the equation given by
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Best et al [11] ((2-8) given in Chapter 2). In the same paper, a better and more accurate
expression for the Fractional bandwidth (FBW) of the antenna, than the 1/Q

approximation, is given which depends on the allowable amount of reflection coefficient

(Tsw)-

__w ' o wl? _ _M (5-2)
Q—ZR(w)IZ(w)I ; ﬁ_—l—IFBwIZ ,FBW(w)_Q( 5

where, R(w) = Re(Z(w)). The equation assumes that the antenna is perfectly matched at
every frequency at which the FBW is calculated. That is, at every matched frequency, the
reflection coefficient, I' = 0 and antenna efficiency (Ant Eff.) is equal to the radiation
efficiency (Radn Eff.) since, Ant Eff = Radn Eff(1 — |T'|?). Therefore, using (3-24),
(4-11) and (5-2) we can calculate the EBWP of a small magneto-dielectric antenna dipole
or loop.

The most important consequence of the antenna Q and EBWP calculation is the
following:
The magneto-dielectric antenna will radiate with the highest possible radiation efficiency
given by (3-24) and (4-11) only if it operates within the FBW given by (5-2). This is also
true for metallic radiators in the sense that the theoretical close to 100% radiation
efficiency can only be attained if operated in the FBW given by (5-2). The only way to
increase the bandwidth in either case is to sacrifice antenna efficiency by adding loss in
the system. This trade-off between efficiency (or gain) and bandwidth does not affect or

change the EBWP curve (or GBWP curve).
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5.3.2 Snoek’s Law Limit

The second limiting factor in the design of antennas using magnetic materials is
the limit imposed by Snoek’s Law which was first postulated by J.L. Snoek in 1948 [30].
He observed a general trend in ferrites; the higher the dc permeability (u; or upc) the
lower the ferromagnetic resonance frequency. He made the theoretical connection
between the two by realizing that, while the ferromagnetic resonance frequency is
proportional to the internal anisotropy field ‘H,’, the initial dc permeability (or initial
susceptibility ypc = Upc — 1) is inversely proportional to ‘H,’, and therefore, the
product of these two quantities, which is now called Snoek Product (SP), is a constant
that is dependent only on the saturation magnetization (M,) of the material. The Snoek’s

Law for a bulk polycrystalline ferrite is:

2) 4mM (5-3)

to(pec — 1) = (5 H, and wy = ueyH,

= SP = wopo(pipc — 1) = woXpc = #0V§47TM5 &4
All the members in a particular family of magnetic materials have roughly the same
Snoek product value. An example is the NisZn,_sFe,0, ferrite family given in Smit and
Wijn [31] (Page 269) Fig. 5-4. The Snoek Product for all the members in this family is

~30,000.
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Fig. 50.1. Frequency dependence of the real and the imaginary parts
of the initial permeability, u’ and u’’ repsectively, for polycrystalline
specimens of ferrites having chemical compositions which are deter-
mined by the different values of the parameter & in the formula
NizZni-8 FeaO4. Note the scale shift by a factor of 10 between the u’
and the u* scale.

Fig. 5-4 Complex permeability of the NiZn family from [31]

Since the Snoek product is constant for members of the same family and since it
is only a function of ‘M’, we can say that chemical composition of such materials
primarily alters the anisotropy field ‘H,’. Therefore, Snoek’s law implies that to increase
the resonance frequency of a member of a material family, the price paid is a drop in
initial susceptibility. This has been an important limit in the development of magnetic
materials for radiofrequency applications over the last half century because most
designers look for materials with low loss (¢’ > u'") at ever increasing frequencies. From
Snoek’s law this means pushing the resonance frequency up past the desired operating

frequency range and accepting a lower permeability.
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5.3.3 Limit imposed by the Kramer’s KrOnig relations

The third limit is the recognition that the requirements of causality, linearity,
passivity and energy conservation force the frequency dependent permeability and
permittivity of all materials to be an analytic function of a very precise nature that obeys
the Kramers-Kronig relations [32]. Two classic examples of analytic functions that obey

these relations are a Debye function and a Lorentz function.

Debye Susceptibility = Xpepye = — XD.Cco 59)
T 0o
0
- Xpc 5-6
Lorentz Susceptibility = xpor = "o 0\ 2 5-6)
1+ w—oa - (w_o)

where, ‘ypc’ is the DC susceptibility, ‘w,’ is the relaxation frequency (or resonance
frequency) and ‘a’ in the Lorentz function is the damping factor.
An example of these two susceptibility functions is given in Fig. 5-5 with

Xpc =75, wy = 2m(1.6GHz) and a = 0.8 for the Lorentz function.

@ Single Debye (b) Single Lorentz
10 . 10 5
X’ 3 T X,
- X" i1 . - mi= X
50 50
LN L 0 -
-50 -50
0.01 0.1 1 10 100 0.01 0.1 1 10 100
w/wg w/w

Fig. 5-5 (a) A single Debye susceptibility function (b) A single Lorentz susceptibility
function
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Almost all material frequency dependent permittivity and permeability functions
are either Debye or Lorentz or a linear combination of many single Debye and/or Lorentz
functions. In the case of the dispersive permittivity function it can be shown these
analytic functions can always be reduced to the form of an electric circuit consisting of a
parallel sum of series Inductor- Capacitor-Resistor (LCR) circuits [33] [34]. Given the
duality of Maxwell’s equations, the LCR circuit model also holds for the magnetic
permeability function. Thus, the typical spin resonance of a single Debye permeable
material and a single Lorentz material is represented by the LCR circuit of Fig. 5-6 (a)
and (b) respectively, resulting in the dispersive permeability with a ferromagnetic
resonance frequency w,. In this representation, the complex permeability u(w) =
u'(w) —ju"(w) is the magnetic capacitance of the RLC circuits. Any physically
realizable magnetic material must, at the very least, be described by a single Debye

relaxation or a single Lorentz resonance circuit.

(@ (b)
% RLor

Cpeb —

Fig. 5-6 (a) Single Debye equivalent RC circuit and (b) Single Lorentz equivalent RLC

circuit
(5-7)
Coen = Coo T T 0RC
C (5-8)
CLor =C

o T .
1+ jwRC — w?LC
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Here, Co = o, C = to(tge — 1) and L = 1/(w3C). The two resistors are given by,

R _ 1 (5-9)
beb wolto(tpc — 1)
a -
Rior = (5-10)

wolto(tpe — 1)

A little algebra recovers the usual form of the Debye and Lorentz permeability

dispersion given by,

o = 1 &40
Upep = Ho {1+ o
1 +] w—o

(5-12)
Hac — 1

Now, a closer look at (5-9) and (5-10), reveals that the units of the inverse of this
Debye and Lorentz circuit resistance is that of magnetic conductivity (€/m). Heaviside
first introduced the concept of magnetic conductivity when he postulated a completely
symmetric form of Maxwell’s curl equations which some call Heaviside’s duplex
equations [35]. By introducing the complex permittivity and permeability functions into
his equations, Heaviside’s version of Maxwell’s equations is reduced to:
VXH=jwD = jweyE + jwey(e' — 1)E + weye"E
= jwegE + jwP + o, E (5-13)
VXE=—jwB =—jowuyH — jou,(u' — 1H + wuou"H
= jouoH + joM + 0,,H (5-14)
From (5-14), Heaviside’s magnetic conductivity is defined as a,,, = wuyu". The plot of
the magnetic conductivity for the two susceptibility examples given in Fig. 5-5 is shown

in Fig. 5-7.
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Fig. 5-7 Magnetic conductivity of the (a) Debye and (b) Lorentz examples in Fig. 5-5

The star marker represents the ‘maximum magnetic conductivity’ in both the
Debye and Lorentz curve. For a Debye equation, this maximum value is twice the
magnetic conductivity at the resonance frequency i.e. 20,,(w,) and for the Lorentz
function, this value is equal to the magnetic conductivity at resonance i.e. a,,(wy).We
have given the term “hesitivity” (h,,) to this maximum conductivity. In the Debye and
Lorentz circuit equivalent (Fig. 5-6), the hesitivity is equal to the inverse of the circuit

resistor (R). Therefore,

! 5-15
hm(Debye) = —— = 20 (wo) = wopto(ipc = 1) (5-15)
Deb
—1 5-16
h,,(Lorentz) = = o (wg) = wO:“O(lZ)C ) ( )
Lor

As will be shown momentarily, this quantity h,, determines the radiation
efficiency of a magnetic antenna constructed from a permeable material. We should point
out immediately that the hesitivity is proportional to the Snoek’s Product (5-4) and
therefore is also a fundamental quantity that characterizes families of magnetic materials.

Materials that belong to the same family have the same Hesitivity. For Debye materials,
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hesitivity and Snoek Product is identical. Table 5-1shows typical hesitivities of some

magnetic material families.

Material Hesitivity h,,
(Q/m)
Air 0
Bulk Nizn ferrite 30,000
Co,Z Hexaferrite(aligned) 280,000
CoFeSiNoB ferromagnetic metal alloy 2,175,000
CoZrNb ferromagnetic metal alloy 5,000,000

Table 5-1 Typical Hesitivities of Microwave materials

5.4 Hesitivity and Magneto-Dielectric Antenna Radiation Efficiency

In this section, we derive the radiation efficiency equations of a magneto-
dielectric dipole and the magneto-dielectric loop antenna in terms of hesitivity, the new
term that we coined in Section 5.3 for maximum magnetic conductivity. We will show
that the radiation efficiency equation is identical for both a single Debye permeability
material and a single Lorentz permeability material in terms of hesitivity. The radiation
efficiency of a magneto-dielectric dipole and magneto-dielectric loop was derived in
Chapters 3, (3-24), and Chapter 4, (4-11), respectively. The terms that contain
permeability components (u'and u") which are common to both these efficiency

equations can be written together as f(u):
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W w (5-17)
R TR R SV RN D

Let, ' —1 =% =x and u" = y" = y. Therefore,

__ Y (5-18)
f(”) - xz + yz
1 \? 1 \° (5-19)
“+b-5) =t
2f (W) 2f (W)
L . . . 1 R
which is the equation of a circle with center at (Om) and radius Tk

Now for the Debye susceptibility function in (5-5), the real and imaginary parts of

the function can be separated as

Yo Yoc ( wﬂo ) (5-20)

X’Debye =x= T o2 and XID,ebye =y = 0\ 2
1+ (w_O) 1+ (w_O)
Therefore,
— (& (5-21)
y=x ((l)o)

Substituting (5-21) in (5-19), we get

x% + x? (a%)z —}%x((}%) =0

Therefore, x = 0 or

. 1 ( w% ) (5-22)
- 2
@14 (2)
Comparing (5-22) and (5-20) we get
_ 1l /o _ W (5-23)
oe = T ) T “o0¢ = 75

101



Now, the Hesitivity of a single Debye material is defined in (5-15) as:
hy,(Debye) = woloXpc
Substituting in (5-23) we get:

WHo (5-24)
h,,(Debye)

fu) =
Now, let us consider the single Lorentz material, the real and imaginary parts of
susceptibility can be separated as

Xpc (1 - (w%)z>

! —_ — .
XLorentz = X = 4

(1-(2)) + (2o

(5-25)
. Xbc (a)ﬂo) a
XLorentz y = w 2\ 2 w 2
(1-G)) + @)
Therefore,
) ( wﬂo ) o (5-26)
y=x—_"32
1- ()

Substituting (5-21) in (5-19), we get
w 2 w
Gle \ 1 (@)

L (2y ) T ey T

o Wo

x% + x?

Therefore, x = 0 or

L @)e-() o2

Comparing (5-22) and (5-20) we get
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L L o(2) o Ao o (528)
A0¢ =5 o, « @

Now, the Hesitivity of a single Lorentz material is defined in (5-15) as:

w
h,,(Lorentz) = DokoXbe
Substituting in (5-23) we get:
__ W (5-29)
fw = h,,(Lorentz)

From (5-23) and (5-23), we see that for both a single Debye and a single Lorentz, the
relationship between the function f(u) and h,, is the same, i.e.

WHo WHo WHo (5-30)

f W) = Debye) ~ ho(Lorentz) ~ i,

Substituting (5-23) back into the equations of the radiation efficiency of the magneto-
dielectric dipole and the loop antenna we get the following two equations:

1 1 (5-31)

Ef faipote = =
ipole 1+w‘u0 6 773

2 1+
him (%) (kol)? 20 hy, Volg ki

1 1 (5-32)

Effl = =
P 4 WHo 12 ns 4

) 1+
hn - (g) (ko) 20 h,, Vol k3 (koa)?

where, Vol,; = mp?l is the volume of the cylindrical dipole and Vol, = (mp?)(2ma) is
the volume of the loop.

Therefore, the efficiency of a cylindrical magneto-dielectric dipole and a
magneto-dielectric loop carrying a uniform current is uniquely determined by a single

parameter for the material, its hesitivity, which is only a function of the d.c.
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susceptibility, the resonance frequency and the damping constant (for the Lorentz). These
results are readily shown to be true using a full-wave simulator like Ansoft HFSS.

Fig. 5-8 shows a 1 meter long dipole of 0.5” radius fed with eight electric feed
loops, placed directly on a conducting surface. The eight feed loops are used to strictly

enforce the uniform current distribution assumption.

Permeable cylinder
(w)

Ground Plane

Fig. 5-8 Magneto-dielectric dipole antenna geometry used to test the radiation efficiency
equations in terms of hesitivity

Fig. 5-9(a) and (b) shows three different Debye materials and four different
Lorentz materials, respectively, considered in the numerical experiment. All the Debye
materials and the all the Lorentz materials have exactly the same hesitivity but with
relaxation frequencies ranging from 300 MHz to 2 GHz as seen in the magnetic

conductivity plots.
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Fig. 5-9 Different (a) Debye and (b) Lorentz materials permeability and magnetic

conductivity plots, used in the verification of the radiation efficiency equation (5-31). The

hesitivity of the three seemingly different Debye materials is the same and the same is
true for the four Lorentz materials.

They clearly exhibit very different loss tangents across the frequency range that

was simulated: 30MHz to 300MHz. Nevertheless as Fig. 5-10 shows that the efficiency

computed by the full-wave solver is the same for all three Debye materials and also for

the four Lorentz materials, and lies right on top of the result of equation (5-31) in the

entire small antenna range.
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Fig. 5-10 The Radiation Efficiency of (a) single Debye materials and (b) single Lorentz
materials shown in Fig. 5-9. The solid curve is using (5-31).
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Therefore, using (5-31) and (5-31), given the real estate available and a minimum
efficiency requirement to design a low profile conformal magneto-dielectric material
antenna, we can determine to which family of magnetic materials the candidate antenna
material will belong to. That is, we can estimate the hesitivity of the family of the
candidate magneto-dielectric material.

In a different scenario, in antenna designs where we know beforehand the
material that we intend to use, we can estimate the radiation efficiency at any frequency
within the small antenna limit without having to measure the permeability of the material
at the said frequencies because we would know the hesitivity of the material.

The next obvious question is whether we can narrow down the choice of material
further, by picking an optimum one within the family of same hesitivity materials. The
answer lies within the first fundamental physical limit EBWP that was described in

section 5.3 of this chapter: Antenna Bandwidth.

5.5 Material Selection Law in the design of magneto-dielectric antennas

The radiation efficiency equations of (5-31) and (5-32) show that higher the
hesitivity of the material used in the design of magneto-dielectric antennas, higher will be
the radiation efficiency. But it is always possible to have more than one material with the
same hesitivity, which is true of materials that belong to the same family, an example
being the NizZn family in Fig. 5-4. The parameter that can aid us in the final choice of
material is the antenna bandwidth. We have already described in Section 5.3 how the
product of Efficiency and Bandwidth, EBWP, is a fundamental physical limit in antenna
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designs. Let us calculate the bandwidth for the Debye and Lorentz materials that were
simulated in Section 5.4 (Fig. 5-9) using the fractional bandwidth equations given by
Best et al. [11] (5-2). In order to use this equation, the input impedance of the antenna
(Z;n) is calculated by using ideal power splitters/dividers to form a single feed line. Since
the efficiency for these materials is the same, the EBWP is essentially a plot of the
antenna bandwidth.

The Efficiency Bandwidth Product along with the loss tangent of the Debye
materials shown in Fig. 5-9(a), is shown in Fig. 5-11. The material with the highest u" in
the frequency band that was simulated gives the highest Efficiency Bandwidth Product.
This is not a surprising result. We know that adding any kind of loss to the antenna
system improves the bandwidth of the antenna. In contrast to some traditional methods to
increase bandwidth like additional elements like a resistor in series to the input of the
antenna, etc. the loss in the magneto-dielectric material itself is performing the function

of raising antenna bandwidth.

(@) (b) EBWP of Debye materials

Loss Tangent of Debye materials 0

Frequency (MHz) -4

0 100 200 300
Frequency (MHz)

Fig. 5-11 (a) Loss tangent of the simulated Debye materials and (b) Efficiency Bandwidth
Product (EBWP) curves for the same.
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Following the same steps as above, the Efficiency Bandwidth Product along with
the loss tangent of the Lorentz materials shown in Fig. 5-9(b), is shown in Fig. 5-11.
Again, among the different materials in the same hesitivity family, the material with the

highest loss gives the highest Efficiency Bandwidth Product.

(a) (b) EBWP of Lorentz materials
Loss Tangent of Lorentz materials 0
-10
[aa]
5 - 20
~30
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Frequency (MHz) - 400 100 200 300

Frequency (MHz)

Fig. 5-12 (a) Loss tangent of the simulated Lorentz materials and (b) Efficiency
Bandwidth Product (EBWP) curves for the same.

Therefore, from the radiation efficiency equations in Section 5.4, we see that we
need a magneto-dielectric material with high hesitivity for high radiation efficiency.
From the EBWP calculations in this section, we have realized that we need materials that

have high u" within the frequency band of interest to get high antenna bandwidth.
Therefore, by combining these two statements we state the material selection law to
choose the optimum magneto-dielectric antenna material as:

“The candidate material to design efficient broadband low profile conformal
magneto-dielectric antenna will belong to the material family with the highest

hesitivity and among that family; it will be the one that has the most u" loss in the

targeted frequency band of operation”.
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Since the loss or the imaginary part of permeability (u") peaks at the
ferromagnetic resonance frequency (w,), a useful rule of thumb or extension to the
material selection law is to ensure that the ferromagnetic resonance frequency of the

material that is selected is within band of interest.

5.6 Some Realistic and Almost Realistic Magneto-dielectric materials Evaluated using

the Material Selection Law

In this section, the material selection law that was postulated in the previous
section will be used to evaluate some of the existing magneto-dielectric material found in
the literature. The permeability data obtained from these sources was fit to an analytic
function (Debye or Lorentz) whenever it was possible to do so. The following materials
were considered:

a) NiZn: Bulk Nizn ferrite produced by FairRite [36]. The permeability data was
obtained from the same reference.

b) Co2Z: Unaligned Cobalt Hexaferrite (permeability data from the book by Smit
and Wijn [31]. This material is also produced by Transtech Inc.)

c) Bek12: Bekaert CZN film sheets (12 um Kapton substrate thin film) laminated to
form a bulk composite (as in Fig. 5-3). The data sheet was provided by the
manufacturer Bekaert Specialty Films.

d) Bek7p5: Bekaert CZN assuming that it is deposited on 7.5 um insulating
substrate; many such thin films are then assumed to be laminated to form the bulk

structure.
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e) Bek7p5_500: Similar to d) but with the ferromagnetic resonance frequency

artificially shifted to 500MHz while keeping the same hesitivity. Although this

material doesn’t exist, it is used here to re-iterate the need to move the materials

high loss (u") region into the frequency range of interest.

CoB7p5: Cobalt Boron thin film from [37] assuming that it is deposited on a

7.5micron Kapton substrate and laminated to form the bulk composite.

Using the permeability dispersion data of a single film we can calculate the

effective permeability of this composite. The frequency dispersive effective permeability

of the bulk structure for each material is shown in Fig. 5-13.

NiZn (FairRite
(a) 3>f103 T ( T 1 )|
—_—
2\‘1103 “H ........ |J,
A0 - w AR S " L1
i
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(c).(d).(e)
Ferromagnetic Metal
150 7
' 1] ||Bek12
100 S— u" ".1 L Bek7?5
........ p, 5‘
s0[

- 50
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100 1=10°
Freq. (MHz)

(b) Co2Z Hexaferrite (unaligned)
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Fig. 5-13 Frequency dispersive permeability (Solid: Real and Dashed: Imaginary) of
different magnetic materials that were considered for evaluation.
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The hesitivity of the individual thin films and the hesitivity of the bulk sample are

tabulated in Table 5-2.

Magnetic Hesitivity (Q/m) Hesitivity (Q/m)
Material (Single Film) (Bulk Sample)
Nizn na 5.524*10"
Co2Z na 1.042*10°
Bek12 6.511 * 10° 3.951*10°

Bek7p5 6.511 * 10° 5.01*10°
Bek7p5_500 6.511 * 10° 5.01*10°
CoB7p5 2.720 * 10° 8.646*10"

Table 5-2 Hesitivity of the materials being evaluated using the material selection rule

As expected, upon lamination the permeability of the single film gets diluted and
the hesitivity drops. Notice that the hesitivity of the CoB drops significantly after
lamination because the individual film found in the literature has a thickness of 300nm
which is significantly thinner than the assumed dielectric substrate. Therefore, if it is

possible to deposit thicker films while maintaining the same permeability dispersion, then

the bulk hesitivity of this material will approach that of the Bekaert’s films.

The materials arranged in the ascending order of hesitivity is therefore,

Bulk Hesitivity: NiZn < CoB7p5 < Co2Z < Bek12 < Bek7p5 = Bek7p5_500
Also, among the two high hesitivity materials, Bek7p5 and Bek7p5_ 500, Bek7p5_500
has the highest amount of loss (u") in the frequency range of interest. Therefore,
according to the Material Selection Law, the optimum choice among the materials above

must be Bek7p5_500. This conclusion is easily validated by using a full-wave simulator.
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Full-wave simulations of a 1m long cylindrical dipole of 0.5 radius fed with four
feed loops were performed using these materials. This geometry was fixed for all the
materials listed above for direct comparison. The frequency range of simulation was
30MHz to 300MHz. The impedance seen at each feed port was combined using an ideal
power divider netwrok as in Section 5.6, to find the total input impedance Z;,. The
bandwidth (BW) was again calculated using (5-2). The radiation efficiency, bandwidth
(for I' = -10dB) and Efficiency-Bandwidth Product (EBWP)’ for all these cases are

shown in Fig. 5-14.

a - s b 2 :
@ Radiation Efficiency (dB) Magnetic ( )10 Fractional Bandwidth
i ‘ - Material : F
NiZn 3l
-10
Co2Z
0.1
Bek12 :
~-20 B
Bek7p5 0.01
Bek7p5_500
=8 1107
¢ 1::)0 MHZOO 300 CoB7p5 8 0 100 200 300
req. (MHz) Freq. (MHz)
(c)  Efficiency Bandwidth Product (dB)
0 Magnetic
Material
=i NiZn
-20 Co2Z
- Bek12
Bek7p5
- 40
Bek7p5_500
- 50
0 100 200 300 CoB7p5
Freq. (MHz)

Fig. 5-14 a) Radiation Efficiency (b) Fractional Bandwidth (c) Efficiency Bandwidth
product for different materials for a 1m long, 0.5 radius dipole.
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From Fig. 5-14(a), it is clear that the radiation efficiency of the magneto-dielectric
dipole increases with hesitivity. And also as expected, two different materials with
different permeability dispersion but with the same hesitivity, have the same radiation
efficiency (Orange: Bek7p5_500 curve is on top of the Green: Bek7p5 curve).

The fractional bandwidth (FBW) curve, on the other hand (Fig. 5-14(b)), has a
different trend. As we saw in Section 5.6, the highest FBW is obtained using the NiZn
and CoB materials that are extremely lossy at these frequencies.

Fig. 5-14(c) shows that at low frequencies, for this structure, the NiZn ferrite has
the highest EBWP. The loss in this material makes it very easy to match the antenna and
hence the boost in bandwidth overcomes the drop in efficiency as seen in Fig. 5-14(a)
and Fig. 5-14(b). A similar result is observed in the case of CoB7p5 material. But, as
frequency goes up, we see that the Bek7p5_500 material has the highest EBWP. The high
hesitivity of this material results in high efficiency and as the ferromagnetic resonance of
this material is close to the band of operation (ferromagnetic resonance f,=500MHz), the
high p” loss gives it higher FBW. The difference is clearly seen when compared to
Bek7p5 which is a material from the same ‘family’ (same hesitivity). Although
Bek7p5 500 and Bek7p5 have the same radiation efficiency, Bek7p5 has a lower
bandwidth (and therefore lower EBWP) as it has low p” in the frequency range of operation.

These results validate the material selection law that was stated in Section 5.6.
The laminated Bek7p5 500 material has the highest EBWP throughout the band of
interest. Therefore, it is the right choice of material as predicted by the Material Selection

Law.
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5.7 Conclusions and Future Work

Using a closed form model of an electrically small magneto-dielectric antenna
that satisfies automatically the Fano-Chu Gain bandwidth Product limit, and including in
that model a dispersive permeability consistent with the Kramers Kronig relations, we
obtain a material selection rule that states that given a fixed volume of material,
maximum efficiency is obtained by choosing the material to have the largest possible
hesitivity, a quantity commensurate with Snoek’s Product, and which has the largest
amount of " loss in the desired frequency range of operation. This material selection rule
enables the rapid design of magneto dielectric antennas for conformal applications.

Future work on this subject will include extending the material selection law to

multi-Debye and multi-Lorentz materials.
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Chapter 6

MAGNETO-DIELECTRIC DIPOLE ANTENNA CIRCUIT MODEL USING

POLARIZABILITY

6.1 Introduction

In Chapters 3 and 4, we developed an electrically small magneto-dielectric
antenna model by adding circuit elements (L & C) that are functions of the magneto-
dielectric material constitutes (permeability () and permittivity (e,-) respectively) to the
electrically small RLC circuit model of a conventional metallic antenna. The additional
elements accounted for the penetration of fields into the material. The external field
structure were assumed to be the same as that of a metallic (or PEC) electrically small
antenna and hence they were modeled by Schelkunoff’s electrically small antenna circuit
elements. In this chapter, we take a different approach in modeling a magneto-dielectric
dipole antenna in which we use only three basic elements (R, L and C) to come up with a
much simpler (less circuit elements) equivalent magnetic circuit model, with the
magnetic capacitor being a function of permeability. The permeability is incorporated
into the antenna capacitance using polarizability (o) of the object. The polarizability
equation enables us to model both the external and internal magnetic field morphology
using a single magnetic capacitor. The analysis is done for a purely magnetic material

before extending it to a more general realistic lossy magneto-dielectric material.
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Any dipole or loop like antenna in the electrically small regime can be modeled as
an RLC circuit where R is the radiation resistance (R = 5(k,1)? for a small dipole with
triangular current distribution). For a PEC dipole, a series resonant circuit is the best

model (Fig. 6-1(a)), the equations for L and C given by Schelkunoff [38] are,

l
By 1
Lpgc_aipote = —(ln (‘) - —)
-awote 3 a 6 (6-1)
eyl /2 (6-2)

CpEc dipote = m + 2&0a

The equations above are for a PEC dipole. For a magneto-dielectric antenna fed
by either a frill magnetic current or an electric voltage gap, the L and C equations need to
be a function of its constitutive properties namely p, and ¢. Therefore, given the
properties of the magneto-dielectric material we want to find the total antenna

capacitance and inductance of the circuit model Fig. 6-1.

(a) PEC dipole (b) Magneto -Dielectric dipole
Rrad Rrad,,

r Zme F zm ot

Fig. 6-1 ESA circuit model of (a) PEC dipole (b) the proposed model for a Magneto-
dielectric Dipole

In Section 6.2, the relationship between the magnetic capacitance of the magneto-
dielectric antenna magnetic circuit model and polarizability is established. The two are
related by a proportionality factor which is calculated in Section 6.3. In Section 6.4, the

complete circuit model is compared with full-wave simulations. It is shown that the
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agreement between the circuit model and the full wave simulations is good only in the
electrically small limit. The summary and some notable conclusions of the chapter are

outlined in Section 6.5.

6.2 Polarizability and Antenna Capacitance

Let us complete the magnetic circuit model by starting with the antenna
capacitance. Now we need a parameter that connects capacitance to its constituents. One
such quantity is Polarizability (a). Suppose a uniform electric field (E) is impressed on a
conducting sphere of radius ‘a’ (Fig. 6-2(a)).The induced dipole moment (p) of the sphere
in the presence of this uniform E-field is given by

p = 4mega®E = @ppesphere * E; where a = Polarizability (6-3)

(@ PEC Sphere (b) Dielectric Sphere (g <<o°)

DIPOLE FIELD

DIPOLE FIELD OUTSIDE

OUTSIDE

p=q(£r)*E

Fig. 6-2 (a) PEC sphere with external flux lines and a (b) Dielectric sphere with internal
and external flux lines created in the presence of a uniform ambient E field(E).

Now suppose, the sphere is not made up of PEC but a material say of finite

dielectric constant (g, # ) (Fig. 6-2(b)), then the Polarizability, omaterial, 1S that of a PEC
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sphere de-rated by the factor, (&, — 1)/(&, + 2). The dipole moment is still p= omaterial E-
Note that the PEC sphere has only external flux lines while the material object has both
internal and external flux lines. Now, if we consider a PEC sphere and wrap it with a
magnetic ring current and make a spherical antenna (Fig. 6-3) we know that its near field
looks like the field of a dipole and we can calculate its dipole moment. Therefore, is there

a relation between the antenna capacitance (from the flux lines) and Polarizability? Let us

assume that

CPECSphere = aPECsphere/faCtOT (6'4)

PEC Spherical

L p=a*E DIPOLE FIELD
OUTSIDE

Fig. 6-3 PEC spherical antenna excited by a magnetic ring current

The antenna susceptance of different spherical modes of the metallic sphere is

given by [38]:

1 2n+1 n!
IR Py T T

Bn = jwC,

Since we are interested in the electrically small domain; for the lowest order mode or

principal wave (TMO01), n=1,
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3m (6-5)
¢, = CPECsphere = 78061

From (6-3), (6-4) & (6-5) :

C __ QPECsphere
PECsphere — 82
3

or factor = gaz (6-6)

Thus, (6-6) relates Polarizability to capacitance of a PEC sphere. This can be extended to
a magneto-dielectric sphere by using its polarizability omaterial from above. But here we
are interested in linear cylindrical objects as antennas that can be placed conformal to
ground. We can always approximate a cylinder by a prolate spheroid of large aspect ratio
(Fig. 6-4). The reason for considering a prolate spheroid is that unlike a cylinder, we
know the Polarizability of a prolate spheroid in closed form [39].

r =

Prolate
Spheroid (p,)

l

(}\/
Coax feed loop

b Ground Plane /

™~

Fig. 6-4 Prolate Spheroidal Magneto-Dielectric Antenna fed by an electric loop
(Approximates a Cylinder)

If k1’ and ‘k2’ represent the constitutive properties of the external and the

internal medium and kO = g or o (depending on the type of material):

1
— -1
¢ =cos (AspectRatio)
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1 .
¢ —35in(20)
T s (@)

cos(¢)

g2 1 (21)
3 1+(%—1)% 1+(%—1)(1—M) k1

Polarizability = a = - k0 - Vol (6-7)

where, Aspect Ratio = (1/2)/a, a = Minor axis radius and 1/2 = Major axis radius (See
Fig. 6-4). Our next task is to find the factor that relates the Polarizability of a prolate

spheroid and the total magneto-dielectric prolate spheroidal antenna capacitance.

6.3 Factor Relating Polarizability and Antenna Capacitance of a Permeable Prolate

Spheroid Antenna

We begin our analysis, by simulating prolate spheroidal antennas (in HFSS) of
different Aspect Ratios (AR = (1/2)/a) going from 1 which is a sphere to 50 which
looks like a needle (Fig. 6-5) and different p, (lossless i.e. p” =0) from @’ =1 to

i = 108 (a PMC) in the electrically small regime (30MHz to 100MHz).

AR=1 AR=30

Fig. 6-5 Simulation model of a Prolate Spheroidal Antenna of different aspect ratios (AR)
in the full wave simulator (Ansoft HFSS).
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The circuit model assumed is shown in Fig. 6-1(b), but since we are working in
the electrically small regime, we will ignore the inductance (L,,) for now. In HFSS we
measure the input impedance of the loop which is electric impedance Zin.. We want the
dual impedance Zin,,. We saw in Chapter 3 that the magnetic input impedance is
equivalent to the electric input admittance. Thus, we can find the magnetic input
impedance of the ESA equivalent circuit model by taking the inverse of the input
impedance measured in the full wave simulator.

Note, that although we said that the inductance of the equivalent circuit will be
ignored, what we were talking about was the internal inductance. The antenna would
always see the inductance of the feed loop itself. Hence, this extra inductance should be
subtracted out of our antenna capacitance calculation. Therefore, before we analyze the
magneto-dielectric case, let us analyze the electric feed loop by itself (u’=1) in order to
find out its self-inductance. Jeffimenko [40] gives us the static solution of the self-

inductance of a thin circular wire ring (circle radius ‘R’ and wire radius ‘p’):

8R\ 7

Jef fimenko_Liop = WoR (ln (7) - Z)

(6-8)

On the other hand, Schelkunoff [41] also gives us the inductance of a small loop by
integrating around the loop the inductance per unit length of the principal wave:

Schelkunof f_Lipop = HoR (ln (g)) (6-9)

Surprisingly, the two equations are different. The comparison of the two
equations along with the HFSS result for different loop radii is shown in Fig. 6-6. We can

clearly see that Schelkunoff’s Loop equation agrees well with simulation for all the cases
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considered keeping in mind that the simulation curves can go lower as we go deeper into
the electrically small domain. Therefore, we will use his equation to subtract out the

inductance of the loop in our antenna capacitance calculation.

110 T T ———
3
p : s ll e
9 HFSS Simulation
-S S| e Jeffimenko
S 140 [ —.—. Schelkunoff Dectle@sing ]
T
£ oo sloOT A
S| s T TOIOR ry R
(=]
(=]
—

1107 ' : .

20 40 60 80 100

Frequency (MHz)

Fig. 6-6 Inductance of feed loop vs Frequency for different loop radii

Therefore, the antenna capacitance calculated from HFSS is given by

1 1
— = Im(Zin,) =1
joCmygpss m(Zinm) 2! (Zine>

(6-10)

=> CmHFSS = — SChelkunOfleoop

w*Im(%ne)

The factor of ‘2’ is to account for the fact that the antenna was placed on top of a PEC
ground plane. Fig. 6-7 below shows this HFSS magnetic capacitance compared with the

magnetic capacitance calculated from the polarizability for two different values of ..
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Fig. 6-7 Magnetic Capacitance of the ESA magneto-dielectric dipole Simulated and
Calculated from Polarizability for (a) p’ = 20 (b) W’ = 100.

The capacitance calculated from the polarizability is encircled in Fig. 6-7. The
factor for Aspect ratio of ‘1’ is the same for both the cases. In other words for a sphere
(AR=1), the factor is independent of material properties i.e the polarizability takes into
account the change in the shape of the fields inside and outside the spherical structure. In
fact, from (6-6), the factor for a PEC (or PMC) was estimated to be 8/3 times the square
of the radius of the sphere. That value for the simulated sphere is 0.0053. The value using
the polarizability equation is 0.00513 for AR=1 (Fig. 6-7). In other words, the
capacitance factor of a spherical magneto-dielectric antenna is the same as that of a

spherical PEC or PMC antenna.
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Also note that the in each plot the factor is different for different aspect ratio’s
and at the same time the factor in Fig. 6-7(a) and (b) are different for a fixed aspect ratio
except AR=1. This implies that the factor that relates polarizability and magnetic
capacitance for a prolate spheroidal antenna is a function of both the Aspect ratio (AR)
and the material property of the magneto-dielectric (u’). The proportionality factor is

plotted versus the Aspect ratio for different p’s and vice versa in Fig. 6-8 below.

1 T T b lG T T
(@) Increasing p, (0) Increasing AR‘,\
0.1
L
0
3]
© ,
0.01f¢
1107 : ' ; ; 110" ' '
0 10 20 30 40 50 ’ 3 4
Aspect ratio 10 100 10 110
Permeability (p,)

Fig. 6-8 Magnetic Capacitance and Polarizability proportionality factor (a) versus Aspect
Ratio and (b) versus Permeability

The constant curve in Fig. 6-8(b) is for the sphere (AR=1) which as mentioned
before is a constant w.r.t u,. Fig. 6-8 clearly shows the variation of the proportionality
factor with aspect ratio and p,.. Therefore, we are left with the task of finding a function
for the factor which is a function of AR and p,. Based on Diaz et. al. [42], since the
problem at hand is that of finding the capacitance factor in the electrically small regime,
Laplace’s equation must be satisfied. Thus, the equation of this capacitance factor that
accounts for the morphology of the field structure as a function of w, will be of a Debye

equation form:
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facPMC — facDia (6-11)

u
1+ upoles

factor = | facDia +

where, ‘facPMC’ is the factor for PMC, ‘facDia’ is the factor at the diaphanous limit
(assuming p=1.1 since p=1 makes the polarizability zero), u = 1/(u,- — 1) and ‘upoles’
are the estimated poles of this function. Thus we have in effect separated the two possible
sources of variation of the factor function into ‘facPMC’, ‘facDia’ and upoles that vary
only with aspect ratio and ‘u’ that is a function of just the permeability u,. The
comparison between simulated factor and equation (6-11) for two different cross-

sectional radius of the prolate spheroid is shown in Fig. 6-9.

(@) Factor vs ‘v’ (b) Factor vs ‘v’

T T T

Radius =1cm Radius =1"
AR=1 1=

J AR=1
AR=2
AR=2

| AR=6

0.5 4 AR=6
AR=10

AR=10

Symbols: Simulation

Symbols: Simulation
Solid: Equation

AR=30 Solid: Equation

AR=50

AR=30

AR=50

106 10° 10¢ 10%0.01 0.1 1
1
ye—1 -1

10 105 104 10%0.01 0.1 1
1

u=

Fig. 6-9 Single pole Debye factor function (6-11) compared to full-wave simulation
extraction from polarizability for cross sectional radius (a) 1cm and (b) linch=2.54cm.
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The plot of the terms of the factor function that depend on the aspect ratio is shown in

Fig. 6-10.
(a) 10 T T T T (b) 1 T T T T
3 0.1F 1
ot upoles
0.01 g
0.01
-3 l 1 L L 1'»-10_3 I l I I
110 0 02 04 06 08 1
0 02 04 06 08 1
AR AR

Fig. 6-10 a) Plot of factor for PMC dipole ‘facPMC’ and factor at the diaphanous limit
‘facDia’ versus invers of the aspect ratio. (b) Plot of the poles of (6-11).

As this function (6-11) is analytic; although it was derived for purely real p,, its
validity extrapolates to the entire complex plane of permeability. For a few complex
values of pr, HFSS simulations were run to find the magnetic capacitance as before. Note
that since we have a complex p,, the Polarizability calculated from (6-4) and (6-11) will
be complex and therefore we end up with a Complex magnetic capacitance with the
imaginary part corresponding to the magnetic loss resistance. In order to preserve the
complex data from our HFSS ‘Zin’ measurement, we have to subtract out the Radiation
resistance due to the magnetic current flowing in the magneto-dielectric dipole. Since we
are operating in the electrically small regime it is safe to assume a triangular current
distribution due to the leaky nature of the wave in this structure. Therefore, the magnetic
radiation resistance of this dipole using duality is given by:

5(kol)? (6-12)

ne

Rrad,, =

where ng is the impedance of free space, i.e. 377Q.
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Fig. 6-11shows the resulting calculated and HFSS simulated magnetic capacitance
for different cases. There is an excellent agreement between simulation and the calculated
magnetic capacitance from polarizability using the factor calculated before. The
agreement is good not only in the real part of capacitance but also the imaginary term,
which goes to show that the polarizability can also accurately account for the magnetic
loss resistance incurred due to the complex permeability. Therefore we have determined a

closed form expression for the magnetic capacitance C,,,; in the circuit model of Fig.

6-1(b). Now all that is left is the inductance.

AR =30
@ .08 . ' ' ' 440"
= = = = HFSS Simulation .
8 Cm Calculated '."_ 3)(1078
410 F 7 /N (©)
Re(Cm) | 720" im(Cm)
B S/ 1 10-0.1i
2x10 ' - -0.2i
-\ "?MO ° o
/ \ / 3 10-0.5i
N I— " | | “' '4 2|:|_
0 9 he = I
0 2 4 6 8 10 5 10-20i
G 20-40i
AR =50 i
. 7 10-50i
(b) 3x10 8 T T T ! 8 20-100i
— — = = HFSS Simulation -8 I
gl — Cm Calculated 410 ° 100-0.51
2,10 10|  100-100i
Im(Cm)

Fig. 6-11 Simulated and Calculated complex magnetic capacitance for AR=30(a) &
AR=50(b), (c) List of complex p,. used (numbered 1-10 => x-axis)
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The antenna magnetic inductance, to first order, is the dual of (6-2). Therefore the
zeroth order equations for the electrically small magnetic circuit model of a permeable

prolate spheroidal dipole (Fig. 6-1 (b)) fed by a single electric loop are summarized as

follows:
From (6-12), Rrad,, = 5(’;"202
0
_ Polarizability
From (6-4)1 (6-7) and (6_11)! Cm - faCDia+faCPMC_1{aCDia

upoles

Using duality on (6-2) L = o (ln (L) - E)

61T a 6

6.4 Circuit Model Comparison with Full-Wave Simulations

Consider a 21 inch long and 2inch cross-section prolate spheroid permeable
antenna. Note that the TEO1 mode onset frequency for a cylinder of this cross section for
the different permeability values simulated are: u,. = 2 => 4.5GHz; u,, = 10 => 1.5GHz;
U = 50 => 645MHz and u, = 500 => 202MHz which corresponds to [/A, of 8, 2.7,
1.15 and 0.36 respectively. The comparison of input impedance and the proposed circuit

model is shown in Fig. 6-12.
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Fig. 6-12 Input impedance comparison of circuit model and simulation of a 21" long, 1”
radius antenna (a) Real part (b) Imaginary part of input impedance.

The imaginary part of the input impedance matches well in the electrically small

limit (antenna ~ 0.24, long). The real part does not agree well even at the low end. All

signs point towards the fact that our assumption of triangular current distribution is not

accurate for all the values of u,. Let us take a closer look at the magnitude of current

distribution on the antenna (Fig. 6-13).
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Fig. 6-13 The magnetic current ‘Im’ (in volts) plotted along the length of the antenna (a)
30MHz (b) 100MHz and (c) 500MHz. (d) List of permeability u, simulated.

At 30MHz (Fig. 6-13(a)), for low values of permeability, the current magnitude
drops extremely fast along the antenna length. The antenna is well below the TEO1 mode
onset frequency of the structure and hence the wave quickly leaks off the material. The
antenna does not use the entire length of material available and therefore the apparent
length of the antenna (effective length ‘I, ¢;”) is much shorter than the physical length and
there is less radiation. Thus the red simulation curve of the real part of input impedance
in Fig. 6-12(a) is lower than the model. As the permeability increases, the structure
guides the wave longer and therefore the effective length is longer and hence the
radiation resistance is higher. Note that the black curves in Fig. 6-12(a) almost match at
1/A=0.05 since the current distribution for u, = 500 is almost triangular. Now as
frequency increases, the effective length of the antenna increases faster as permeability
increases and approaches the actual physical length. Thus, the current distribution is
closer to being triangular and the simulation matches the model better (green curves in

Fig. 6-12). But as the frequency increases even more, the structure starts guiding the
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wave all the way to the ends of the antenna and hence deviates further away from the
triangular distribution assumption (Fig. 6-13(c)). Hence the circuit model devised in this
chapter is valid for only a narrow range of combination of frequency and permeability

where the distribution is close to being triangular.

6.5 Summary and Conclusions

In this chapter, we tried to come up with a simple three element (R,L and C)
circuit model for an electrically small magneto-dielectric antenna. We were successful in
calculating one of the three elements accurately, namely the magnetic capacitance C, , by
relating polarizability and antenna capacitance through a proportionality factor. This
factor for a prolate spheroid antenna magneto-dielectric is a function of both the aspect
ratio and the permeability of the material used. The prolate spheroid was analyzed as
opposed a more conventional cylindrical geometry as we have a closed form equation of
the polarizability of prolate spheroid. A high aspect ratio prolate spheroid is a good
approximation for a cylinder. The inductance and the radiation resistance were assumed
to be the dual of the electric dipole. By doing so, the current distribution on the antenna
was fixed to triangular which on hindsight resulted in the final circuit model to be valid

only for a narrow range of frequencies and value of permeability.
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Chapter 7
INFINITELY LONG MAGNETO-DIELECTRIC CYLINDER AS A MAGNETIC

RADIATOR

7.1 Introduction

In Chapters 3, 4, 5 & 6 we developed an electrically small magneto-dielectric
antenna circuit model. The individual circuit elements were functions of the geometry
and the magneto-dielectric material constitutes (permeability (p) and permittivity () ) .
We determined the radiation efficiency of the antenna and the input impedance sans the
feed circuit. But the circuit model did not and cannot tell us anything about the electric
and magnetic field structure inside and around the antenna object, nor did it give us any
insight on the kind of wave guided by this structure. The conventional approach to tackle
this problem is to solve the wave equation for the antenna structure and apply the
appropriate boundary conditions. However, it is difficult to obtain the wave equation
solution for a finite cylinder because of the complexities involved in matching the
boundary conditions at the finite ends of the cylinder. Therefore, we will start with the
‘slightly easier’ problem of solving the wave equation for an infinite magneto-dielectric
cylinder placed on the axis of a single electric feed loop source which will inject the
desired TE-like modes into the cylinder. Depending on the frequency of operation and the
radius of the cylinder, the injected TE waves either ‘leaks’ off the structure or is guided
by it. Although such a structure is physically not realizable, the analysis gives us insight

into how magneto-dielectric materials guide or partially guide the TE modes.
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A material with a high enough real constitutive can provide a wave-guiding
boundary, similar to conductors, as long as the modes excited in the structure is of the
form of the TE (for magnetic structures) or TM (for dielectric structures) modes. If the
frequency of operation is below the cut-off (or onset) frequency of the modes, the
electromagnetic wave excited in the material is loosely (or poorly) guided and radiates by
leaving the antenna structure or if the structure is finite, by scattering off the ends of the
antenna structure in a way similar to a wave guided by a metal antenna of the same shape.
The magneto-dielectric antenna, being penetrable, exhibits intrinsic frequency dependent
behavior. As frequency increases the wave on the penetrable rod becomes more and more
tightly bound until the onset of the TEO1 and TMO1 modes, when it is formally a guided
wave. Clearly, once the mode is well above this onset frequency, and trapped by the
material, it will not be available to be radiated by scattering off the ends of the antenna.

The purpose of this chapter is to elucidate partially guided or leaky wave and
guided wave propagation in magneto-dielectric cylinders or wires. In Section 7.2, the
equations for electric and magnetic fields everywhere in space is derived starting from
Helmholtz vector wave equation and applying appropriate boundary conditions to arrive
at the particular solution. The magnetic current (‘I,;” in Volts) along the length of the
structure is calculated by performing the circulation integral of the E-field around the rod.
The magnetic current amplitude and phase plots versus length along the antenna clearly
show us whether the wave is guided or is leaky at a particular frequency. Using the
electric and magnetic field equations, the power radiated by this structure is calculated by
integrating the complex Poynting vector over a cylindrical surface enclosing the antenna.
Using this equation, in Section 7.3, given the predominantly leaky wave behavior
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exhibited by these antennas in their most common application (low frequencies,
electrically small elements), a method to calculate the minimum length of material
required to get the same amount of radiated power as that of an infinite magneto-
dielectric cylinder of the same cross-section is described. This effective length calculation
IS a quick and easy method to design magneto-dielectric dipoles where a particular ‘dB’
radiated power design specification has to be met. Section 7.4 contains the summary of

the chapter, some notable conclusions and possible future work.

7.2 Infinite Magneto-Dielectric Cylinder Wave Equation Solution

Following the paper by Islam [43], the problem is to find the field equations at an
observation point in space due to a semi-infinite magnetically loaded loop antenna as

shown in Fig. 7-1.

Fig. 7-1 Infinite Magneto-Dielectric cylinder of radius ‘a’
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It is a homogenous and isotropic semi-infinite (along the z-axis) permeable core
of radius ‘a’ coaxial with a current loop also of radius ‘a’ located at a point ‘zo=0’ i.e. the
origin on the z-axis. The approach is to solve the homogenous wave equation in terms of
the vector potential ‘A’ and then apply the appropriate boundary conditions.

VZA+k*A=0 (7-1)

The dimensions of the feed loop antenna itself are very small compared to the
wavelength. The current ‘I’ through the loop is assumed to be uniform. The symmetry of
the problem demands that we can only excite TE modes, since the source current, being

1,, can only create a ¢-directed vector potential A, and only ¢-directed E-fields i.e.

(O3]

A, = A, = 0 and there will be no variation with ¢, i.e. 3/09=0. Therefore (7-1) can be

expanded as

2 2 -
0*A, 104, Ay Ay ., (7-2)
ap? p dp p?  0z? ¢

Now we can employ the classic separation of variables method by letting
Ay = R(p)Z(z) = R=Z.

g IR 1,0R _RZ L ROZ gz =0
ap? p op p? " 0z? B

Dividing throughout by R*Z, we get

162R+ 1(7R+1(72Z+ ) 1_0
R0p? pROp Zdz? p?

Let ‘k;’ be the separation constant. Therefore,
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10°R 1OR ., ., 1_.
Rdp? * pRap Zopr
=> p? i + pa—R +{(k? —k?)p?—1}R=0 (7-3)
0p? ap z
And
19°Z 0%Z (7-4)
792l OR Ga=-7k

Since there are two regions, inside the magneto-dielectric i.e. p < a and outside i.e. > a ,

the solution can be written as

AE,}] = C * Ji(kpap)e /" s p=a (7-5)
AEPZ] =D+H? (kpop)e™i*z2 s p>a (7-6)

Where, k,y = /ki — k2 and k,q = y/k§ — k2. The e~/¥z% term implies a wave travelling
along the +ve z-axis with a propagation constant k.

Here, C and D are unknown constants to be determined by applying the boundary

conditions, J; (k,1p) is the Bessel function of the first kind and H® (kpop) is the Hankel
function of the second kind.

Since the solution extends to infinity radially i.e. there are no cylindrical
boundaries that might impose restrictions on R(p), there are correspondingly no
restrictions on k, and the solution involves integral over all k,. Therefore,

e y (7-7)
A = [ cte s hkpp)e T dk, i p<a

— 00

o0 y (7-8)
A% =f D(ky) * H® (kyop)e *2dk, ; p=a

— 00
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Now, the two boundary conditions to be enforced at the boundary of the two
regions | and Il are
Ax(E;—E)=0
A X (Hy; — H;) = the surface current at the boundary

These two equations can be rewritten in terms of the vector potential A (V X A = B) as

Ag] — AEpl] (7-9)
ﬁ% (PAEPZ]) - leaa—p (pAE;]) = surface current at the boundary (7-10)
Substituting (7-5) and (7-6) in (7-9) at p = a we get,
C* Ji(kpra) =D H1(2)(kp0a)
Or
. Ji(kpra) (7-11)

B H1(2)(kp0a)
Now, since the only surface current is at the feed loop located at the origin, the
current can be represented by the Dirac Delta function = I§(z). This Delta function can
be expanded into an infinite set of current waves travelling along the z-axis each using

the Fourier Integral theorem:

1~ . 7-12
3(z) = —j e Ika2q, (12)
2T )_ o

Substituting (7-7), (7-8) and (7-12) in (7-10) and keeping in mind that the integrands
alone should satisfy this condition we get,

1 I (7-13)

9] @) 1 0 _ I
mD %(le (kpop)) - ZC%(pjl(kpmp))t:a - 2T

The derivative of the Bessel or the Hankel function (let’s call it Y1(pXx)) is given by
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1
Y/ (px) = pYo(px) — o Y: (px)

Also
0 , 1
FP (xY1(px)) = xY{ (px) + Y;(px) = pxYy(px) — X Y; (px) — Y1 (px)

0
=> a(xYl(px)) = px¥y(px)

Substituting in (7-13) we get,

kyoa ky,ia I (7-14)
'LZ)_aDH(EZ)(pra) - Za C]()(kpla) = Z
Substituting (11) in (14) we get
pr ]1(kp1a) (2) kpl I
—C—+————H,"(k — Clo(k = —
o H®(kyoa) ° (kpoa) = ooy Collersa) = 37
Therefore, C(k,) is given by
Clky) = 2 prHy? (kooa)
2 o)y (k@) HE (o) = KpiJo(Kpra) HP (Kpoa)
Or
Ck,) = luga ,urHl(Z) (kpoa) (7-15)
’ 2m ‘“r(kpoa)]l(kpla)HSZ)(kpoa) - (kpla)]O(kpla)H1(2) (kpoa)
And
D(kz) — I:“Oa :urjl(kpma) (7-16)

210 1, (kpo@)J1 (kpr @) Hy? (Ko@) — (Kp1@)Jo (kpra) Hi? (Kpoa)

Substituting (7-15)and (7-16)in (7-7) and (7-8) we get
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41 1o f°° wHP (kpoa)]y (kpup)e ™z di, (7-17)
T2 Loy (ko) i (ko1 @) Hy? (kpoa) — (kp1a@)o (kp1a) Hy® (kpoa)
forp<a
21 _ [Hoa f“’ urfs (kpr@)H® (kpop)e ™2z dk,
Y 2r _Oo.U'T(kpoa)jl(kpla)HéZ)(pra) - (kpla)]O(kpla)H]FZ) (kpoa) (7_18)

; for p=>a
Now the individual field components can be derived using E = —jwA and
H= iv x A. Therefore, using the two equations above we get the E and H fields in the

two regions as:

For p < a (inside the magneto-dielectric)

[1]
E,
- 7-1
_ _jwlﬂoa]m '“rH1(2)(kpoa)h(kplp)e_]kzz dk, (7-19)
2m ‘w“r(kpoa)]l(kpla)HSZ) (kpoa) - (kpla)]O(kpla)H1(2) (kpoa)
And
Hy
oo ok B2 (koo (pap)e %, 720
Hrbto2T o i (Ko@) (Kpn@) Ho® (kpo) = (kpra)Jo (ko1 @) Hy” (poa)
And
g (7-21)
_ Jjlnoa f“ ke Hy® (Kpoa)Ji (kp1p)e /o2 dk,
HrHo2T ‘°°n“r(kpoa)]l(kpla)H(gZ)(kpoa) - (kpla)]O(kpla)H1(2)(kp0a)
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[2] -
E; (7-22)
= _]"‘)I'uoa_foo ur]l(kpla)Hl(Z)(kpop)e_jkzz dk,

2m —m“r(kpoa)fl(kpla)HSZ) (kpoa) - (kpla)]O(kpla)H1(2) (kpoa)
And
@ _la [” trkopo) (kp1@)Hy” (kpop)e %% dk, (7-23)
Tooom —w”r(kpoa)fl(kpla)HSZ) (kpoa) — (kpla)JO(kpla)Hl(Z)(kpoa)
And

Ia (® urk,J (kpla)Hl(z)(prp)e_jkzz dk, (7-24)

2 _la
2m —wﬂr(kpoa)jl(kpla)H(EZ) (kpoa) - (kpla)]O(kpla)H1(2) (kpoa)

Upon some manipulations we note that all fields have in common the following

term in the denominator:

{ _ kp1tto H,? (kpoa)Jo(kp1a)
prnul HéZ) (kpoa)]1 (kpla)

When this is zero we have a pole. Rearranging the terms:

1

U
HP (kpoa)J1 (kpr @) 1= = == HiP (kpoa)Jo (kpr)
p1l PO

We recognize this as precisely the transcendental equation for the propagation constant of

the TEOL mode in a permeable rod. Thus during the calculation of the spatial fields we

will have to deal with these surface wave poles. These poles can only arise in the range:
ko <k, <ky

Because in this range, k,o = m = —jko kZ — k&; k,o is a negative imaginary

number while k,; = m Is a positive number. Now since:

140



s
2

I

Sy (=jx) ;

Ko(x) = —j = HP (—jx) ; Ky (x) =

The quantity

HY (jx) _ K
HO ) Ko@)

is known as the logarithmic derivative of K,(x) and is well behaved. In fact, the quantity

1 HP(—jx)
(=) H? (—jx)

is purely real and negative while in the same range the quantity

o

is also purely real, so only in this range can the denominator vanish. Said another way:
we know guided slow waves travel slower than free space but no slower than the rod
medium, therefore it is only in this range between k, and k; that the k, spectrum waves
can match in speed the slow wave modes and it is then that they can couple strongly to
them.

When we are concerned with the onset of surface waves as a function of
frequency in the source-less solution of the penetrable rod, this onset is controlled by the
argument of the Bessel functions k,,,a. In the case of the spectrum excited by the current

band, this onset is a function of k,in the rod medium; and k,, is at its largest, namely

equal to k,,, at the horizon when k;, approaches ko:

kp1= klz__kgzkl
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Therefore, if the rod is internally electrically large enough to trap the wave, this pole will
first appear in the spectrum at the horizon.
Now we are interested in the current wave (guided displacement current dB/dt

wave). We obtain this by integrating the circulating E-field at the surface of the rod:
Lo 0B . 2]
E-dl= —E-d5=1m=2naE(p

Ly (2)

= —jwpea’ly f

—00

)1 (kpr @) Hy? (kpoa)e %% dle, (7-25)

Uy (kpoa)h (kpla)H(EZ) (kpoa) - (kpla)]o (kpla)H1(2) (kpoa)

the magnetic current is in Volts.

To perform the integration numerically, we deform the integration path in the
vicinity of the surface wave poles. Fig. 7-2 shows the amplitude (a) and phase(b) of the
current wave from 30MHz to 170MHz every 20MHz versus distance in wavelengths for
a permeable rod of u, =80, €, =2 and radius a = 2 inches. Fig. 7-2(c) shows the
structure of the mode inside the permeable rod (Plot of the E,, field). In Fig. 7-2(a), it is
clear that for frequencies far below cutoff the current is not guided at all and we see a
precipitous drop in amplitude. Therefore, far below cutoff the noise in the calculation
makes determination of the phase velocity ambiguous for the black and gray curves in
Fig. 7-2 (b) (30MHz and 50MHz). Nevertheless it is clear that they start below the light
line and then all we see above one wavelength is noise. Above 70MHz the phase plots
are well behaved and we clearly see fast wave behavior with phase velocities that
approach the light line (31.4° over 5 wavelengths) at 170MHz.The amplitude and phase

plots show that as 170MHz is approached, the approaching surface wave onset tends to
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flatten the amplitude of the current wave and brings its speed close to light, thus the
magneto-dielectric rod behaves more and more like a Perfect Magnetic Conductor

antenna.

(a)w Im (magnitude in V) (b) Im (phase)
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Fig. 7-2 Amplitude (a),Phase (b) as a function of distance from the feed for a 2” radius
ur = 80, & = 2 rod from 30MHz to 170MHz (c) Mode Structure (E,)

Fig. 7-3show the results from 190MHz to 330MHz every 20MHz again plotted versus
distance from the feed in wavelengths. We are now in the region of the guided TEO1
mode.
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Fig. 7-3 Amplitude (a),Phase (b) as a function of distance from the feed for a 2” radius
pr = 80, & = 2 rod from 190MHz to 330MHz (c) Mode Structure (E,)

At 190MHz, just above onset of the guided wave shows amplitude behavior very
much like a PMC rod (log(1/|z])). It also shows a phase velocity very close to that of
light. As the frequency continues to increase the current becomes more uniform
indicating a better guided wave with the accompanying phase velocity becoming slower

than light (slope of phase lines greater than the light line). From 250MHz to 270MHz the
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wave slows down even more and the amplitude, though flat is stationary. There is a
sudden change between 270MHz and 290 MHz and this corresponds to the frequency
above which the surface wave pole starts losing strength (In Fig. 7-3(c), the magnitude of
E, drops from 270MHz to 290MHz). The wave becomes very slow and the amplitude of
the current drops dramatically. This behavior is a result of exciting the rod at the surface.
As the wave becomes more and more trapped its energy migrates to the interior of the rod
i.e E, increases inside the rod (Fig. 7-3(c)) and its surface field drops (E, at p=a),
reducing the reaction between the electric field and the exciting current.

Thus above this frequency the TEOL mode becomes increasingly hard to excite
and the next mode, the TEQ2 is beginning to appear. As a result the excited current wave
reverts to the rapidly attenuated fast wave (310MHz), with a plateau far from the feed.
The phase curve reveals that this plateau is a very slow wave, probably the last time we
can excite the TEO1 mode from the surface of the rod. At 330MHz, the TEO1 mode is out
of reach and the TEO2 has not hit onset and thus we are back to the leaky current mode
(magenta curve) traveling just faster than light.

Fig. 7-4 shows the same plots from 350MHz to 490MHz. Around 410 MHz (the
TEO2 cutoff frequency) the amplitude becomes much like a PMC antenna and the phase
velocity crosses the light line. Above that frequency the wave continues to become better
bound again, this time as TEO2 (Fig. 7-4 (c)), in complete analogy to what we saw above

already.
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Fig. 7-4 Amplitude (a),Phase (b) as a function of distance from the feed for a 2” radius
pr = 80, & = 2 rod from 350MHz to 490MHz (c) Mode Structure (E,)

Fig. 7-5 below shows the Radiated power (Prad) versus frequency. Prad is
calculated by integrating the complex Poynting vector over a cylindrical surface

enclosing the antenna. The red lines indicate the cut-off frequencies of the TEOn modes.
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Fig. 7-5 Radiated Power (Prad) vs Frequency(MHz) for a 2” radius u,, = 80, &, = 2 rod

The Radiated power and hence the Radiation Resistance drops right after every TEOn
cutoff as the mode is well guided. Prad continues to drop until the loop feed starts

exciting the next higher order mode.

7.3 Effective Length for a Finite Magneto-dielectric Dipole Based on the Radiated Power

of an Infinite Magneto-dielectric cylinder

We know that the magneto-dielectric antenna radiates by leaking off energy off its
structure. In Section 7.3, we calculated the magnetic current distribution of an infinite
cylindrical antenna. Since we can’t make an infinite structure can we design a realistic
finite magneto-dielectric antenna using what we have learned so far?

Let us start by looking at the current distribution at a fixed frequency for different

values of permeability u,.. A fixed radius (a=3cm) infinite magneto-dielectric rod was
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simulated and the permeability varied from p, = 40 to 160 (permittivity &, = 1). The
frequency was fixed to 100MHz which is well below the TEO1 mode cut-off frequency

for even the highest i, considered (u, = 160,fcy0rr = 303 MHz ). The magnetic

current I,,, is shown below in Fig. 7-6.

Magnetic current
80 . T T

T

n =40
n =60

soc) 100 MHz

0 0.2 0.4 0.6 0.8
Distance in wavelengths (z/A)

Fig. 7-6 Magnetic current (I,) of a semi-infinite cylindrical magento-dielectric antenna
(a = 3cm) vs antenna length measured from the feed loop.

The ripples seen in the results are due to the numerical noise when solving the
equations from Section 7.2. The magnetic current shows an exponential tail (leaky wave
behavior) away from the feed, however, close to it we can clearly see a logarithmic drop
in magnitude (In(1/L)).

Now, a closer look at the current curves shows that it is possible to fit the
exponential tail of the magnetic current with a single exponential term (dashed black

curves in Fig. 7-7).
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Fig. 7-7 Magnetic current (1,,,) of a semi-infinite magneto-dielectric antenna fit to an
exponential (dashed black curves).

If we now subtract these exponential fits from the magnetic current, I,,, we get the

following curves for different values of p, (Fig. 7-8).

3
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W
| The “Im — exp(fit)” curves |

Fig. 7-8 ‘In,” and ‘I, — exp(fit)’ current curves for different u, vs antenna length.
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Fig. 7-8 shows that the magnetic current I,,, of a semi-infinite magneto-dielectric
antenna is the sum of a constant perturbation current (Im-exp(fit) curves in Fig. 7-8) and
an exponential leaky wave current of the TEO1 mode below its cutoff. The constant
perturbation current is due to all the higher order modes that are extremely leaky that can
get coupled into the magneto-dielectric material.

Now if we ask the question at what length should we truncate the antenna so that
we can get as much radiated power as possible? For an exponential current distribution it

is natural to choose the 1/e point as my effective length (L.sf). Table 7-1 lists L, for

different u,..

u, | Leff (in) | Leff (cm)

40 17.02 43.18

60 21.29 54.07

80 25.55 64.9

100 30.46 77.36

120 | 38.32 97.33

140 47.57 120.84

Table 7-1 L, values for different p,

Now let us see how well did we do in choosing the length by comparing the
radiated power of the finite dipole of length = 2 L, ¢ (Fig. 7-9) with that of an infinite

dipole of same cross-section and permeability.
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Electric feed Loof

Fig. 7-9 Finite cylindrical magneto-dielectric rod with circular feed loop.

As shown in Fig. 7-9, the outer conductor of the coaxial feed of the circular loop
is extended out of the ground plane all the way to the center of the loop. This removes the
asymmetry of the loop and maintains the unidirectional electric current flow. Fig. 7-10

shows the electric current in the feed loop for this new configuration.

Current le in the feed loop vs angular position
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Fig. 7-10 Electric Current ‘I¢” in the feed loop vs angular position for different p,.
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The circular loop has a uniform constant current distribution. Now we compare
the analytical Prad of an infinite magneto-dielectric cylinder with the simulated Prad of a

finite magneto-dielectric cylindrical dipole over ground vs y, (Fig. 7-11).

s Radiated Power vs p
1x10 . ;

100f

101

Prad

0.1r

Infinite rod (Analytic)

Finite rod (Simulation)

0.01 1 1 1
50 100 150

M,

Fig. 7-11 Radiated Power vs W, (Analytic: Infinite rod versus Simulated Finite cylindrical
rod)

The L, s, simulated was calculated from f=100MHz magnetic current curves. The
length was kept the same for the other two frequencies. If we consider just the f=100MHz
case, the analytic and simulation results match fairly well for small ‘u’. As the value of
‘u,’ goes up, we keep getting closer and closer to the guided domain i.e. the waves are
better guided by the PC rod. Hence, we can see that there is a deviation between analytic
and simulated results for higher |, due to the fact that in the case of the finite rod there is
an additional radiation effect from the end discontinuities. Therefore, we get a higher
Prad in our finite rod simulations. In the 50MHz case, Prad is higher because we have

started with a longer L than what would be required, as the 100MHz L was chosen.
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So far, a finite magneto-dielectric antenna with different permeability at a fixed
frequency was analyzed. In Fig. 7-11, the simulation and calculations at 50MHz and
150MHz were done using the effective length values obtained from the 100MHz case.
Therefore, in order to prove the validity of the method conclusively, the above approach
was now repeated for a single value of p, (=60) analyzed at different frequencies. Since
we are interested in the leaky domain operation of these antennas; for 3cm magneto-
dielectric cylinder as before, 50MHz to 400MHz is the frequency range considered as the
TEO1 mode cutoff frequency for these values is 500MHz. Fig. 7-12 shows the Prad
curves obtained analytically and from simulation along with the plot of the effective

length calculated from the procedure outlined above w.r.t frequency.

@) Radiated Power vs Frequency (b)  Effective Length vs Frequency
I 103 T T T T 80 T T T T
100 - n
60 .
i 1l =
- §, =60 = | 1, =60 |
;“_, 3cm radius e 40 3 cm radius
a L ] [T
-
201 =1
0.1 Infinite rod (Analytic)
Finite rod (Simulation)
1 1 1 1 0 ' 5 ; ;
*o 100 200 300 400 500 0 o zZoh e ME S0
Frequency (MHz) Frequency(MHz)

Fig. 7-12 a) Radiated power, (b) Effective (Half) Length of Finite 3cm radius magneto-
dielecric cylinder vs Frequency for y, = 60

Fig. 7-12(a) shows that the Prad curves has the same behavior as the case where
different n’s were analyzed. At low frequency, the analytic and simulated curves are on
top of each other. As the frequency increases, the magneto-dielctric cylinder starts

guiding the wave longer along its axis resulting in a stronger radiation from the two end
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discontinuities. Thus, we see around a factor of two increase in radiated power at higher

frequencies close to cut-off.

Similar analysis was done for two other magneto-dielectric cross-sections. The

results are shown below in Fig. 7-13. For a 0.75cm radius magneto-dielectric cylinder,

the TEOL cut-off frequency for p, = 60 is 2GHz and for a 6cm radius magneto-

dielectric cylinder, the TEO1 cut-off frequency is 249MHz.
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Fig. 7-13 a) Radiated power, (b) Effective (Half) Length of finite 0.75cm radius magneto-
dielectric cylinder vs Frequency and (c) Radiated power, (d) Effective (Half) Length of
finite 6cm radius magneto-dielectric cylinder vs Frequency.




The Prad curves in these two cases behave the same as Fig. 7-12. The radiated
power is same as the analytic case at lower frequencies and deviates to about twice the
amount as cut-off frequency is approached due to increase in radiation from the ends of
the finite magneto-dielectric antenna. The three curves can be put together and plotted
w.rt ko (= w/cy) times the radius ‘a’ of the cylinder as shown below in Fig. 7-14.

koa = 0.31 is the cut-off value of the TEO1 mode.

(@ 5  Radiated Powervs Frequency (b) Effective Length vs kO*a
Ll : I :|.><:|.03 T T
S et
100
- ik 1 'E 100 W i
© =
* 1 —— Infinite rod (Analytic) 1 %
101 -
~———— 6cm radius Finite rod (Sim.) -l
| == 3cm radius Finite rod (Sim.) _
0.1 = 0.75cm radius Finite rod 1 K= 60
(Sim.) 1 1 |
0.01 : : 0.1 0.2 0.3
0.1 ko*a 02 k0c*a=0.31 k0*a
(c) (d)
Effective Length/Radius(a) vs kO*a Effective Length/Radius(a) vs kO*a
80 T T 80 T T
60 . 60 -
< ©
&= 40 N E 401 -
g @
—
20+ - 20k _ ]
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0 0.1 ko*a 0.2 03 0 0.1 0.2 0.3

Fig. 7-14 (a) Radiated power, (b) Effective (Half) Length (c) Effective (Half) Length /
Radius of a magneto-dielectric Antenna versus kO*a for a permeability p, = 60 (d)
Average of the three curves in (c)
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Fig. 7-14 (a) shows that the three Simulated ‘Prad’ curves lie on top of each other
when plotted w.r.t koa. Similarly, the effective length curves of the finite magneto-
dielectric antenna when normalized by the cross-section of the antennas lie on top of each
other. Therefore, we have reduced our complete analysis to a single curve (Fig. 7-14(c)),
i.e. given a magneto-dielectric materials permeability we can find the effective length of
a finite magneto-dielectric antenna for any cross-section that gives the same amount of
radiated power as an infinite magneto-dielectric rod at low frequency (koa < 0.09 for
i, = 60) and about twice the amount of power as we approach the TEO1 cut-off

frequency (0.09 < kya < 0.3).

7.4. Summary, Conclusions and Future Work

The green function problem of the cylindrical permeable rod excited by a electric
current loop was presented in this chapter. The current wave in a magneto-dielectric
infinite rod is shown to go through a succession of fast wave-slow wave transitions.
Below the first mode and in between modes the fast wave regions exhibit leaky wave
behavior with decaying amplitude and waves travelling faster than speed of light. Every
time we approach the onset of guidance of a mode, there is a band of frequencies over
which the magneto-dielectric rod behaves very much like a PMC metal rod. Then as the
mode gets more trapped the magnetic current and the radiated power eventually drop

because this magnetic current cannot be excited from the surface. Eventually, as
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frequency increases, the mode reverts to a fast wave leaky mode that corresponds to the
next higher order mode.

The exponential decay of the current during the leaky wave periods reduces the

effective electrical length of the antenna. This reduced aperture size contributes to the
lower gain bandwidth product when compared to a similarly sized metal dipole in free
space.
We also established a method to estimate the minimum length required for a magneto-
dielectric antenna to give the same (or slightly greater) radiated power than an infinite
length magneto-dielectric rod of the same cross-section and permeability when operating
in the leaky domain. It is first shown that this length is directly proportional to the value
of permeability of the rod for a fixed frequency and radius of the rod. When analyzed
w.r.t frequency for a single permeability of y, = 60, it was observed that the effective
length is a function of frequency as well. Finally, the complete analysis versus frequency
was reduced to a single curve of ‘Effective length/a versus kq,a’ (Figure 2.14) from which
it is possible to determine the effective length required to radiate more power than an
infinite u,=60 magneto-dielectric rod for a given cross-section. In the future, this analysis
can be repeated for different p’s to obtain a family of effective length curves.

So far we have discussed the case of loading a loop antenna with a cylinder of
infinite length. Since an infinite cylinder is never realizable in reality, the next step in our
effort to understand a pragmatic antenna is to obtain a rigorous model of a finite
magneto-dielectric antenna. Because of the complexities involved in the analysis of the
ends of a finite cylindrical magneto-dielectric rod we will assume a prolate spheroidal
shape antenna. A long and thin prolate spheroid is a good approximation to a finite
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cylinder. We propose to solve this problem in a similar way as the infinite case, by
solving the inhomogeneous wave equation using the appropriate boundary condition,
however, this time due to the spheroidal geometry, a spheroidal coordinate system will be
used. This analysis is done in Chapter 5.

The most useful application of magneto-dielectric dipoles is in conformal antenna
applications where it is placed tangential to a metallic ground plane. There are cases,
where even this might be unacceptable for example on a UAV where any protrusion
would increase the drag force and increase fuel consumption. Thus ideally we want to an
antenna which can be buried in the ground plane. The use of permeable materials does
enable us to do so. The magneto-dielectric antenna can be buried inside a metallic trough
in the ground plane and thus be truly conformal. The analysis of such a trough structure is

planned for the future.
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Chapter 8
FINITE MAGNETO-DIELECTRIC PROLATE SPHEROIDAL ANTENNA

ANALYSIS

8.1 Introduction

In Chapter 7, we analyzed an infinite magneto-dielectric cylinder and saw
the guided and partially guided (leaky) wave propagation along the structure as a function
of frequency and material properties. The infinite magneto-dielectric cylinder antenna
problem was first tackled because the solution of the wave equation for a finite cylinder
is not trivial due of the finite ends of the cylinder. Another workaround for that problem
IS to assume that the finite magneto-dielectric cylinder wire antenna to be analyzed is thin
enough and long enough to be approximated by a large aspect prolate spheroid. The same
argument was used in Chapter 6, where the cylindrical magneto-dielectric dipole was
assumed to be a prolate spheroid since the polarizability has a closed form solution.
Therefore, in this chapter we examine a finite magneto-dielectric prolate spheroid
antenna which is analyzed by solving the wave equation and applying the appropriate
boundary conditions in the prolate spheroidal coordinate system.

A large aspect ratio (AR=major axis/minor axis) prolate mimics a long slender
cylindrical dipole. Under quasi-static assumptions, the wave equation solution of a
magneto-dielectric prolate spheroidal antenna fed by a single loop was analyzed by Islam
[44]. In the last decade, using similar quasi-static assumptions, Simpson et al. analyzed
solenoid fed prolate spheroidal [45] and hollow prolate spheroidal material antennas [46].
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The quasi-static assumptions ensured that the solution of the wave equation is a sum of
Legendre polynomials which are orthogonal functions. Hence the algebra involved in
matching boundary conditions to find the coefficients of the wave function solution was
simplified. But , clearly the quasi-static analysis in [44] [45] [46] is applicable only for
low frequencies. In [45], the validity is shown from 1MHz to 10MHz.

In this chapter, the wave equation is solved in the prolate spheroidal coordinate
system (&, 1, @). The derivation of the wave equation in this system is shown in Appendix
C. The solution takes the form of a sum of angular spheroidal functions S;,,(h,n) and
radial spheroidal functions je,, (h, &) and he,,, (h, &) where, h = fk = fw+/ue and ‘f is
the focus of the spheroid. The angular spheroidal functions are related to associated
Legendre functions and the radial spheroidal functions are related to the spherical Bessel
and Hankel functions.

In Section 8.2, a brief description of the prolate spheroidal coordinate system is
given along with the statement of the problem at hand. In Section 8.3, the solution of the
wave equation is derived, the coefficients of which are found by applying appropriate
boundary conditions. Section 8.4 contains the comparison with full-wave solutions and

finally Section 8.5 contains a summary and a look at future work.
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8.2 Prolate Spheroidal Antenna Problem Statement

A set of prolate spheroids is obtained by revolution about the major axis of a

family of confocal ellipses. Let ‘a’ be the major radius, ‘b’ the minor radius of the ellipse
and ‘f* the focus f = Va2 — b2. If x,y, and ‘2z’ are Cartesian coordinates with p =

m , then the prolate spheroidal coordinates (&, m, @) are obtained by applying a
hyperbolic cosine conformal transformation as shown below:
z+jp = f x cosh(u + iv) (8-1)
& = cosh(u), n = cos(v) and ¢ = tan~1(y/x) (8-2)
The range of each coordinate are : 1 - o ; —1 <n <1 and ¢: 0 to 2m. The coordinate

system is shown in Fig. 8-1.

4
n = constant

e J
S ,
/7 . , A ¢ = constant

YY) \
< /‘

\

\

a
= constant | b/
|

I \,1\ )\ ‘_]
/ |7 n=constant

¢ = constant

Fig. 8-1 Prolate spheroidal coordinate system (¢, 7, ¢)

The goal is to find the electric and magnetic fields at a point in space (¢,n,¢) in

the prolate spheroidal coordinate system in the presence of a finite magneto-dielectric
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(ur, & > 1with u,. >> &) prolate spheroidal antenna fed by a circular current loop
with a uniform electric current distribution located at (¢y,717, = 0, ¢: 0 to 2m) as shown in

Fig. 8-2

Magneto-dielectric
(r>>1, g,>1)

Electric Current loop

Figure 1:

Fig. 8-2 Magneto-Dielectric finite prolate spheroidal antenna fed by anate spheroidal
antenna fed by a circular electric current loop at £y,17p = 0, ¢: 0 to 27

8.3 Solution of the Wave Equation

The field equations are derived by solving the Helmholtz vector wave equation
subject to the appropriate boundary conditions.
VZA+k?A=0 (8-3)
V(V.A) —VXVxA+k?A=0 (8-4)
where, A: magnetic vector potential and ‘k’ is the wave number. The first step is to
express the vector wave equation (1) in prolate spheroidal coordinate system. Due to
circular symmetry, only the ‘@’ component of the magnetic vector potential will exist and
0/0¢=0. As shown in Appendix A, Helmholtz vector wave equation in spheroidal

coordinates under circular ‘¢’ symmetry is:
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, 1 A, 1
] B

— n2
on n (8-5)
+f2A(§% = )4y =
Now let us separate the variables by assuming A, = U($)V ()
Then,
d a(uv 0 uv
Zle- 052 |- on+ £a-m I 2] - = on
a9 E —n°
(8-6)
+ f2AE2 = nH(UV) = 0
a(V) G(V)
Va_f[(fz_l) 3% ]_fz (UV)+U [(1— ” ]— TIZ(UV)
(8-7)
+ f2k*(§2 —n?)(UV) =0
Diving throughout by UV we get,
a(l) 1 10 av) 1
ol@ -0 |-+ gaa- SR - o e -
=0
Let h = fk,
-10 a(l) 1
Tl Vo |t

(8-8)

10 (V) 1
—_— _ 12 _ 2.,2
Van[(l T) an l 1—n2+hn

Since the left side of the above equation is a function of & only, the right side of
the equation is a function of 1 only and that the equation must be valid for the left and the

right hand side can be equated to a constant say -B. Therefore the left hand side is:

-10
7&[(52— )

() 1
98 | 1-¢2

_h252=_
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(8-9)
—&2) 2 _
. 65 Ola-e £2=0
Similarly the right hand side,
a(V) 1 o (8-10)
V@n[(_ l B— 772+h77—0

The solution for U involves its behavior in the range: 1 to c and the solution for V
involves behavior between singular points -1 & +1. The current source as mentioned
before is at £=&p .
The solution of (A) and (B) is of the form:
Ay = Tn CuSim(hmjern(h§) ;i for £ <& (8-11)
Ag" = 3 DySin(ho, Mhern(ho, &) for &2 & (8-12)
where, hy = fko = fwm and C, and D, are constants to be determined by

applying the proper boundary conditions, S;,,(h,n) are angular spheroidal functions and
hey,(hy, &) and je,, (h, &) are radial spheroidal functions.
Now at the boundary between the two regions | and Il (¢ = &), the boundary

condition on the E-field is:-
Ax(E,—E)=0=> A} =47

Therefore,

> CuSinhumjern(h ) = D DySunCho Mhern(ho, o) (8-13)

The boundary condition on the H-field is

i X (H, — Hy) = true surface current
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The “true surface current” which in this case is the loop current [ at n =7, can

be represented as

I -14
true surface current = e—6 (m—no0) (8-14)
n
Therefore, the boundary condition on the H-field can be written as
AR IETICY S _ L st —n) (8-15)
ecey |lrtly O Ho 01 e, 10

§=¢&o

es, ey , e, are the scale factors of the prolate spheroidal system defined as

2 _n2 2 _n2 (8-16)
e =1 [ en=f/i_:2 g = fEE-1YT—72

Substituting (8-16) in (8-15), the boundary condition on the H-field can be expanded as,

1 1 9/ —1/T—n24))
52_772 Urlo 0¢
f P =T 72
$o—1

19 (FVE - 1/1-m2a?)

= 6 —
P T r— (M —no)
f =
£=£
1 1 0(fy& —1Y1 =22 CuSin(h,m)jern(h,6))
fJ1—nZ [Hrito a¢
_ ia(f\/fz - 1\/1 - TIZ Zn Dnsln(hO' n)heln(hO' f))
Ho 0¢ £=,

=1y1—n28(m —no)

165



— 2 0 2 —1je;,(h,
fT=7 S st (V=T jern(h,©))
fIL=12| Hebo & 0¢

fT=n? 0 (V&7 = Thein(ho )
~P ) DuSialho, ) 5

n

&=%o

=Iy1-=n*6( —no)

lur OZC Sin(h,m) [ J—Jemﬂl )+ = Tojernh f)]

1
-— E DyS1n(ho, ) [4 heiy(ho, §)
Ho -~ vV §2—1

+ /&% — he1n(ho f)” =1J1-n2%5(n —no)

ZC Sin(h,n) EO L( ‘o ]eln(h o) + jein(h, fo)l
0

[62 8-17
- § Dy S1n(ho, 1) i l zfi hein(ho, €o) ( )
— Ho $o—1

+ hej, (ho, fo)l =I1y1—=n%*6(n —1no)

The Dirac delta function can be expanded as,

1 _
5(n —mno) = Z m51n(h0:77)51n(h0'770) (8-18)

1
where, A1 (ho) = [ [Sinldn

Substituting (8-18) in (8-17) we get,
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JEZ-1
S CoSinlhm) o2 [fﬁ jeln(hfo)ﬂe{n(h@o)]
~ Hrio  |§o — 1

Z D Sln(hOI 77) h 1n(h0' EO)

\/ l £ (8-19)
& -

’ 1
+ he{n(hOr €O)l =1[1- 778 E A (h )Sl‘n(hOr 7/])‘S‘ln(hO' 7]0)
poy 1n\'t0

(Note that RHS=0 for all n # n,). Therefore, the term /1 —n? can be replaced by
J1-—n3.
In (8-13) and (8-19), S;,,(h,n)andS;, (hy,n)are two different terms that are not

orthogonal to each other. Therefore strictly speaking we cannot compare terms. But, we

can represent S;,,(h, n)as:

Sin(hm) = ) d" ()P (n) (8-20)

T

Sin(ho ) = ) " (ho)Phr (1) (8-21)

r

where the coefficients d:™(h) are non-zero when r is even (odd) and n is odd (even).
P}, (n) is the associated Legendre function. Since Pl,,.(n) exists on both sides of the
equations now, it is possible to make use of the orthogonality of Legendre polynomials or
to compare both sides of the equations using the coefficients of Pl,,.(n). Therefore, (8-
13) can be rewritten as;

> 6 ) A WP jern(h )

" " (8-22)

= D Du ) ¥ (ho)Plyr () hern (o, §0)
n T
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And (8-19) can be rewritten as:

J& -1
Z Cn z d:‘n(h)Pll+r(n) io MO Iﬁ—zfi 1jeln(h, EO) + jein(h, S;O)l
n r T 0

Z Zdln(ho)Pur(U) Lg 0 hesn(ho, §o)

n

+ hein(ho, %)] (8-23)

I\/1—n?

= dl,n h P1 S h ’
-~ A1n(h0) Z " ( 0) 1+T(n) 1n( 0 T]O)

Since these two equations are valid for each ‘r’ sufficient equations can be
generated depending on the number of coefficients required. Since d:™ is non-zero only
when n is odd(even) and r is even(odd), the equations involving the odd ordered
functions are completely decoupled from those of even order. This implies that the
problem can be broken into two parts: solving for even ordered coefficients and solving
for the odd ordered coefficients.

Equations (8-22) and (8-23) can be re-written as

Z E(r,n)C, — z F(r,n)D, =0 (8-24)
Z G(r,n)Cp — Z H(r,m)D, = z K(rm) (8-25)
where,
E(r,n) = d;" (h)jein(h, &) (8-26)
F(r,n) = d;"(ho)heyn (ho, &) (8-27)
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(8-28)

G(r,n) = dl"(h) lf ‘o TJein(h, $o) + jein(h, Eo)l
0

/ (8-29)
L( S0 hein(ho, &) + heqy, (hy, fo)l
0

H(r,n) = d"™(he)

11— 772 (8-30)
: S1n(ho,Mo)

1,n
K(r,n) =d, (ho) —Aln(ho)

Therefore, (8-24) and (8-25) are system of equations that can be solved for Cn and Dn. In

the matrix form
(8-31)

(E) —<F>] [(C)] -8
) —IDILDd] LK)
where, E,F,G and H can be written as (X), (the first subscript is for ‘r’ and the second

subscript for ‘n”)

X1 Xoz  Xos > for odd 'n’
(8-32)

X3, X34 Xse ) for even 'n’

And C or D can be represented as (Y):

(
for odd n’'

)
Y,
)

for even 'n’
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And (K) can be written as

n for odd 'n’

K) = | (8-34)

Z K3n

n for even 'n

Note that the function S;,(hy,n9) = 0 when n, = 0 i.e when the feed loop is at the
center of the spheroid. Hence D,, and C,, coefficients are equal to zero when ‘n’ is even.
Therefore in summary, given the coefficients we can find the magnetic vector potential
A, at an point (¢, 7, @) in space using (8-11) and (8-12).
The individual field components can be determined as follows: Under circular
symmetry,
E, = —jwA, (8-35)

The H-field components can be obtained by taking the curl of the vector potential as
(8-36)

1
H=—VXA
Uo ¢
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In the far field, in the prolate spheroidal coordinate system,

R o IO O

uo ene, 0N ese,

Therefore,

1
Hf[z] = {eq, Z D S1n (hO; n)heln (ho' E)

Ho €n€yp

0 8-38
+0 . DuSin(ho, mher o E)H 39

Now equation (8-38) can be further simplified by first finding the derivative of the

scaling factor,

0 0 2-1 2 _1./1=n2
O Y B L L e I

1
2]_
e EDS (hg,m)hey,, (hy, &)
3 O[Bnefp{(p 1n\fo, N in OE

— 1_an ey z D;,S1,,(ho, m)hey, (hy, f)}]

_nnz z Dnsln(ho' n)heln(ho; f)]

_> ZD St (hoy M hern(ho, €) —

Oen

=> HP =

Ho en

n (8-39)
Z Dyheqy(ho, $) (Sm(ho: n— — 2 S1n(ho, 77))]
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Similarly from (8-37),

g = {e(p z Dy S1n(ho, mhen (ho, §)

ko esey (8-40)

+ aigz Dnsln (hO' U)hem (hO! E)}]

Equation (8-40) can be further simplified as,

] 1—n? 2-11—-n?
de, angz 1/ nz):ff n? _fNE-11-n® ¢

a¢ 152_1 N &2 -1 —52_16(1,
- HP=1 DSy, (ho, mhe! (
=> n .Uo e§e<p etp 1n(ho,m) e1n( 0 ¢)

+ EZL—I% Z Dy S17n(ho, m)heqy (hyo, ‘f)}]

=> Hr[;z] s ZD Sin(ho, mhei, (hy, &) + ZD Sin(ho,n )heln(ho,f)]
0
£ (8-41)
Hy = ZD StnChorm) (7 heanCho,©) + helaCho,©) )
The complex Poynting vector is then,
1 1, 1, . . . 8-42
P=2ExH = E{-E, ()}~ 5n(-E ()} = épc+ap, &P

2

The radiated power ‘Prad’ can be calculated by integrating the complex Poynting vector

over a closed surface enclosing the antenna for a large £>&y. That is,
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Prad = # Re(P).ds,, = # Re(éP; +1B,). ((e e, dedn)

1
- # 5 Re{=E(Hy)}(eneg)dpdn

1 . 1 . (8-43)
Prad = E# ene(pRe{—E(pHn}dgodn = rtf ene(pRe{—E(pHn}dn

All the field components outside the antenna (region 2) and the radiated power equation

are summarized below:

E(.[DZ] = —jw Z Dy S15(ho,m)heqn (ho, §)

g2

.UO en

z Dyheyn(hy, §) <51n(ho:77) - — 2 Sln(holn)>]

§
,erg Z DpS1n(ho, M) (f he1n(ho:f) + hein(ho, $) )]

1

1
Prad = E# eneq,Re{—E(pH,’;}d(pdr) = nf ene(pRe{—Eq,H;;}dn

-1
8.4 Comparison with Full-Wave Simulations

In this section, the closed form equations derived in Section 8.4 are compared
with full-wave HFSS simulations. The simulation geometry is shown in Fig. 8-2. The
magneto-dielectric material used was u,, = 60 and €, = 1. The feed loop radius is same
as the minor radius ‘b’ of the spheroid (It is slightly greater than ‘b’ to account for the
finite wire thickness). The antenna is placed above a ground plane. Two cases were

considered (A) a=8” and b=0.5" i.e. a 16 inch long antenna of 0.5 inch cross-sectional
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radius & (B) a=12” and b=1.5" i.e. a 24 inch long antenna with a radius of cross-section
of 1.5”. The first set of comparisons was done for E,, (8-35) versus n for a fixed value of

& as shown in Fig. 8-3.

Fig. 8-3 Prolate spheroidal antenna with a=8” and b=0.5" showing the line £=1.1.

The electric feed current was first measured in the full-wave simulator. The plot

of feed electric current versus angle (alpha ‘a’) on the feed loop is shown in Fig. 8-4.

(@) (b) Feed Current le il
0.40
. ] 100 MHz
Con Ou::eerEd Electric Loc::D Cone 030: — — =200 MHz
oax Lenter R -1 —_ =
Conductor Conductor | 500 MHz
: "-/_--\f' ™
D.20—_
oq0] . TTTTTTTTTTTTTTT
Ground Plane ]
D.DD- ————T --.-.-_..- —
-3.50 -2.50 -1.50 -0.50

Fig. 8-4 (a)The electric feed loop used in the full-wave simulator. Note that the outer
conductor was extended to the center to maintain symmetry w.r.t to the ground plane.
(b) Measured feed current ‘Ie’ for different frequencies for case(A)
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The average of the feed current in Fig. 8-4(b) was used for feed current Iy’ in the
analytical equation (8-35). The comparison between the simulated E, and the calculated

Eo for three different frequencies for &=1.1 and &=5 for case (A) is shown in Fig. 8-5.

@ Anal T i 100MHz 6 Analytic (b)
_ | = Analytic_.* _ — . =
S0F xxx Hess ./ *w §=11 4 = = = 200MHz | xxxHFss i " §=5
S '« = : = : 500MHz e X
d0r ' ' _ 4r b_(» = .
¥ % E . S
[Egl 300/ T s IEq| F %
3 )(K’ ™ X!‘ 2 e *7
20t # * X L ek M P
‘£ )(x \\ B £ T
X
o T TR
-1 ~0.5 0 0.5 1 - 0.3 3
n n

Fig. 8-5 Comparison of |E,,| of the analytical equation and the simulated result for case
(A) at (a) £ = 1.1 path in the near field and (b) ¢ = 5 path which is in the far field.

The agreement between the analytical equation and the simulation is excellent for
near field (§=1.1) and far-field (£=5) at these frequencies. Note that as frequency
increases the feed current starts becoming less and less uniform in the simulation. The
feed loop becomes large w.r.t to the wavelength at these frequencies. This effect is more
pronounced for a fatter dipole (and therefore a bigger feed loop since rad=b) as seen in

Fig. 8-6 which shows the feed current for case (B) with a=12"" and b=1.5".

Feed Current le .-
015
100 MHz
= = = 200 MHz
040 = - = 500 MHz
E /\_/\—\/\,.__/-———’\/—‘
5
©
£
0.05 - e
—"s._:—:'—x.\_hh_'d_,.r—': --------
0.00 T T T
-3.50 -2.50 -0.50

-1.50
alpha [rad]

Fig. 8-6 Measured electric feed current at different frequencies vs. angle ‘a’ for case (B)
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As seen in Fig. 8-6, the feed current at 500MHz can no longer be called uniform
throughout the loop which is one of the first assumptions made in deriving the analytical
equations. Nevertheless E,, is compared to simulation for the fat prolate spheroid case (B)

in Fig. 8-7 by taking the average of the electric feed current versus ‘a’ in Fig. 8-6.

@ so — ; 100MHz ¢ . ; ; (b)
= Analytic E_ 1.1 200MH m— Analytic X ¥ x
X XX HFSS - === Z | XxXxHFSS e ax £=4
o 2o ] =+ = :500MHz x "
e s DE RSN 4 Ea W J
30F % * " ><-'><'x'x->¢ ."'X P ki Y
|E¢| ‘ R % s ,"*‘X N IE I ® %
. 5 ; n KR g
20+ X% X")ZIS( 3<\x >i_ ¢ < X)(’x_x ->S_><_é<-x .‘>§
E I 2y %t T
x % s 5 %%
10F X4 % %
1 Il 1 '] 1 1 1
“1 ~0.5 0 05 1 “1 ~05 0 05 1
n n

Fig. 8-7 Comparison of |E,,| of the analytical equation and the simulated result for case
(B)at (a) ¢ = 1.1and (b) ¢ = 4.
The agreement between the simulation and analytical equation is excellent at low
frequencies and starts deviating slightly at higher frequencies due to the non-uniform
electric feed current. Next, the radiated power calculated analytically in (8-43) is
compared with full-wave simulations for both case (A) and case (B) versus frequency in

Fig. 8-8.

Radiated Power Radiated Power

4

: t : ~~d

: ' 5

— Analytic

""" Simulated
T - o
: : ©

5L (a).

dB

; i i ; i i - i i
2% 0.2 0.4 0.6 0.8 1 205 02 0.4 06 0.8 1

Frequency (GHz) Frequency (GHz)

Fig. 8-8 Comparison between analytic and simulated radiated power ‘Prad’ for the (A)
a=8” & b=0.5" and (B) a=12" and b=1.5".
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Again, the agreement is excellent at low frequencies but it starts to deviate at
higher frequencies and again the reason being that the electric feed current is no longer
uniform due to the large size of the feed loop. This is clearly seen in the measured electric

feed current in the HFSS simulator (Fig. 8-9).

Feed Current le . Radiated Power
0.12 - 0 ' | ‘v y
1 875MHz ;
0.10 ] (@) P
] 5 2 ',l....;,z
L
_0.08]
3 - i B/
.06 -10 : ; i
= 625MHz  © : _
0.04 S500MHz : — Analytic
A5 - Simulated |-
0_02_: 750MHz
0.00 | . | 20 i i i i
-350 250 150 050 0 02 04 06 08 1
alpha [rad] Frequency (GHz)

Fig. 8-9 (a) Non-uniform Electric feed current for higher frequencies computed in HFSS
(b) Radiated power at those frequencies indicated by the circle markers.

8.5 Summary and Future Work

The closed form equations for the electric and magnetic fields in the near and far
field of a finite prolate spheroidal magneto-dielectric antenna are derived in this chapter.
The analytical equations agreed well with simulations. The power radiated by the antenna
was also calculated. The equations are shown to be accurate as long as the electric feed
current distribution is uniform.

The magneto-dielectric material in this chapter was assumed to be lossless. Thus,
a possible future work in this topic will be to derive the field equations for lossy

magneto-dielectric prolate spheroidal dipole antenna.
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APPENDIX A

DERIVATION OF THE INTERNAL FIELD SHAPE CORRECTION FACTOR TO

ACCOUNT FOR THE EFFECT OF SKIN DEPTH
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The energy stored by an inductor ‘L’ is the amount of work done to establish a

current ‘I’ through the inductor. That is,

1 -
EnergyL = ELI2 (A1)

Now, the assumed TM internal magnetic field (H,) of a magneto-dielectric cylinder

(e = €9&r & 1 = ppu,) of radius ‘p’ with the skin depth ‘6’ < p as shown in Fig. 3-2 is:

I r—(p—9) (A-2)

H =
¢ 2mp 5

The internal magnetic energy (IME) of this magneto-dielectric cylinder assuming a

uniform field along the length ‘I’ of the cylinder is therefore given by

1 1 /2 p2m ,p (A_3)
IME = = ] f J uH?*dVol = = j f f uHg rdzdedr
2 2 -1/270 p—=6
(A-1) and (A-3) must be identical. Therefore
1 1 2 p I r=—(p=8\ (A-4)
iy S A
> Lynil > lj; do [a—&ﬂ <27rp 5 rdr
2mu P 5 5 ul (A-5)
Luni = <4-7T2—,0252) Jp_ar(r + (p - 5) - ZT(p - 5))d7‘ = gFSF
where,
1 8 5 5\ 1 5\* (A-6)
FSF = —; 1——(1——)+2<1——) ——(1——)
3 p p 3 p

When skin depth can be neglected i.e. when 6>p, then o is set equal to p and therefore

FSF is unity which gives us
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L - ul (A-7)
- 8n
This is the internal inductance of a wire of length ‘I’. Now if the current distribution and

therefore the magnetic field across the length of the wire is not uniform but triangular,

then the current ‘I’ for a wire should be replaced by

I=1, (1 - l/iz) (A8)

where, I, is the maximum value of current seen at the origin(or feed point) with the wire
extending from - [/2 to [ /2. Therefore on solving the integral in (A-4) with the current in
(A-4) we get

_1u (A-9)

which is the same as (3-26).
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APPENDIX B
DERIVATION OF EFFICIENCY OF A PERMEABLE DIPOLE FOLLOWING THE

APPROACH BY DEVORE ET. AL. [15]
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Consider a multi-turn loop antenna of ‘n’ turns radius ‘p’ of total length ‘I’
carrying a constant current ‘Ip’. Let it be loaded by an ellipsoidal permeable material (L)
of length ‘I’. The internal magnetic field of an ellipsoidal core in terms of the an

unperturbed static field ‘Hp’ is given by

H, (B-1)
HF = —
1+D(ur — 1)

where, D: is the demagnetization factor. The uniform field of the ellipsoidal winding is
equated to the unperturbed field:

n -
Ho ~ Hy =7 (1= D)o (B-2)

If A; is the cross-sectional area and L; is the self-inductance of the ith winding then the
self-inductance of the ith winding is given by

_ 2 _ BAl HFAi (B'3)

L: = = =

Therefore, the total inductance of the loaded multi-turn loop antenna by superposition

over ‘n’ turns is given by

H 2 B-4
n 0 4 n—(l—D) (B-4)
1+D(.ur 1) l 2
L =nL; = popr ; = Folr T3 D0 — 1) (mp®)
0 T

Since the permeability u,. is complex (i, = 1’ — ju"), to account for the energy lost in
the permeable material we introduce a loss resistance R;,;.

Rioss = —Im(wL) (B-5)
From (B-4),

. - 9

From (B-4), the imaginary part of the inductance ‘L’ can be expanded as
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2 " B-7
(L) = to - (1p*) (L = DY s &

From (B-4) and (B-4), the loss resistance R;, s IS given by:

oL W (B-8)
Rioss = wUOT(np )(1-D) A+D( — D} + (Dp'}2

Now, the radiation resistance of an electrically small loop antenna is given by

|m|? (B-9)

Rrad = 20k* >
| 1ol

where, ‘m’ is the magnetic dipole moment. The magnetic dipole moment of the antenna
m is the magnetic moment of the core is given by
m = (4 — DHp(mp?]) (B-10)
The magnetic moment of the winding is given by
my, = nly(wp?) (B-11)
Substituting (B-4) and (B-4) into (B-4) and we get,

2 B-12

Rrad 20k* (.ur_l)%(l_D)IO , (B-12)
raa = T
Z | @+ -ny °

Assuming that the flux is well contained that there is no demagnetization i.e. D~0. Now
from (B-4)

n? (B-13)
Ripss = wlg T (7-[.02).“"

And (B-4) becomes
Rrad = 20k*n?|(u, — V)mp?|? (B-14)

Dividing (B-4) by (B-4) and expanding we get
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RLoss _ 6 .u" (B-15)
- 2 _ 2
Ryqa (kD)3 (FT’) | — 1]

Therefore the radiation efficiency upon not assuming that u" <« u' is given by

1 1 (B-16)
EffBohley - Rloss - 6 l/["
Y Raa 17 P\ Iy — 11
= g
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APPENDIX C
HELMHOLTZ VECTOR WAVE EQUATION IN PROLATE SPHEROIDAL

COORDINATES UNDER CIRCULAR () SYMMETRY.
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The electric and magnetic field equations of a finite prolate spheroid magneto-
dielectric antenna are derived by solving the Helmholtz vector wave equation subject to
the appropriate boundary conditions.

VZA+k*A=0 (C-1)
V(V.A)—VXVXA+k?A=0 (C-2)

The first step is to express the vector wave equation (C-1) in prolate spheroidal
coordinate system. Due to circular symmetry, only the ‘@’ component of the magnetic
vector potential will exist and d/d¢ = 0. Under these conditions, V.A =0 and —V X

V X A can be expanded as

IR ec 0 (C-3)
—(VxVx4) = escen 0¢ {e;e 65( ¢ "’)} ege on {e ey 0N PG ‘pA‘P)}l
= ¢[P + Q]

where, e;, e, and e, are the scale factors of the prolate spheroidal system defined as

(C-4)

52_772 o 62_772

o1 = fV& - 1y1—n?

€§=f

_ i ofw _ 1 afe o
And, P_es‘enaf{ef%af e(pA(p)} & ¢ _efenan{enerpa" eq)A(p)}

Now,

1 9 1 9 ( e 04, , Oep
Ea_f{ese ag (o "’)} efena_f{efew 0o T ¢ >}

ene, 04,
1 d 08 d 0
p= {_ % 1 +_<e_nﬁA(p>¥
esen kag €y 0¢ \eze, 08 }
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P =

0 (eney, 04, epe, 04, dey,
1 {(%ﬁ( es (’)E)_ ez 0& 0¢ E)(e,, ae(,,A )}

| el 3
1 i epey, 04, N A, i e, Oe, (C-5)
ege e, 08\ e 0 ege, 08 \ege, 0¢
Now,
de, _fEJ1—9? (C-6)
J¢ "ot (f\/'fz 1y1 772) =1
And

S _ pez (C-7)
L= =)

Substituting (C-7) and (C-6) in (C-5) we get,
__f 2_y04p) Ay O ( $ )
b= esen e(p05<($ D 0¢ >+e§en 0¢ JE— 1192

p=—L_2 (g -12 A NGE \\
esey e, 65 65 efen\/l_—nz 2 -1 /

egey €y 65 E egenm (2-1)/e2-1

A (C-8)

esee,7 €y 65 esen e, (§2—1)

Now, similarly from (C-3)

1 0 {ege(p 0A, e ae(p}
= +
eszc—:'77 on (ene, 0N  ene, 0N
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0 e;e(paA(p ege(paA(pae(p
_ 1 e(p%< €n a”)_ ep 0N an+6<e§ ae(p)

esen e% on eney an
Q= 1 i € aA(P + A(p i e ae(p (C-9)
Now,
aﬁZi(Né’Z—lJl—nZ)=_f_”\/52—1 (C-10)
dn  0n T-2
And
eze ]
ﬂ:f(l_nZ) (C 11)
€n
Substituting (C-11) and (C-10) in (C-9) we get,
f 0 0A A, 9 _n
Q= —la-m=2)+2=
esepe, 0N an esey 0N\ JE2 — 1)1 — 12
2
1—nz +—1 \
Q= f_ 90 (1 2) aA(p Ay / 1 J1—n?
€seny an n an egen /Szz _1k 1 —n?2 )
0=t 2(a-n2Le Ay ( 1 >
€séney on n an eze, /52 —1\(1 - 772)\/1——772
Q= f 0 (1 2) aA(P f A(p (C-12)
- esene, 0n 1 on ese, e, (1 —12)

From (C-8) and (C-12)

N B K P N A LN (RN D T,
P+Q‘egene¢[af<“ Y 6€>+6n<(1 ”)an) @D a-m
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Now,

f _ 1
€séy €y B f2(&*—n?)

Therefore,

_ 1 , 0Ag\ o 04\ 4, (C1)
PHe=me - 2)[65(“ )65>+6n((1 ’”an> @-D

(1-7n2)

Substituting (C-13) in (C-3) and then in (C-2), under circular symmetry,

2_ e . _ aA‘P A‘P _ A‘P
¢ )5>+ <( o )T @D G-

__r |2
f2(€2 —n?) |9¢
+k*A, =0

9 A A (C-14)

a 24 04, 9 [ 04, Ay 4
6€<(€ )6€>+ <( ”)an> @-1 -

FIAAE — A, =

Equation (C-14) is the Helmholtz vector wave equation in spheroidal coordinates under

circular ‘¢’ symmetry.
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