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Abstract — Engineered materials, such as new
composites, electromagnetic bandgap and periodic
structures have been of strong interest in recent years due
to their extraordinary and unique electromagnetic
behaviors. This paper will address how modified
materials, inductive/capacitive lumped loads and low loss
magnetic materials/crystals are impacting antenna design
with the goal of overcoming miniaturization challenges
(viz. bandwidth and gain reduction, multi-functionality
etc.). Dielectric design and texturing for impedance
matching has, for example, led to significant size
reduction and higher bandwidth low frequency antennas.
Examples showing a factor of 2 or more reduction in
ultrawideband antennas will be shown and operating
down to nearly 100MHz using a 6 aperture. A recently
introduced new class of magnetic photonic crystals
(MPCs) and Degenerate Band Edge (DBE), displaying
spectral nonreciprocity are also introduced. Studies of
these crystals have demonstrated that MPCs exhibit the
interesting phenomena of (a) drastic incoming wave slow
down, coupled with (b) significant amplitude growth
while (c) maintaining minimal reflection at the interface
with free space. The phenomena are associated with
diverging frozen modes that occur around the stationary
inflection points within the band diagram. Taking
advantage of the frozen mode phenomena, we
demonstrate that individual antenna elements and linear
or volumetric arrays embedded within the MPC and DBE
structures allow for supergain effects that can lead to
novel miniature (high sensitivity and high gain antennas
and sensors) array configurations.

I. INTRODUCTION

Engineered materials, such as new composites,
electromagnetic bandgap [1], [2], and periodic structures
have attracted considerable interest in recent years due to
their remarkable and unique electromagnetic behavior. As
a result, an extensive literature on the theory and
application of artificially modified materials has risen.
Already photonic crystals have been utilized in RF
applications such as waveguides, filters, and cavities due
to their extraordinary propagation characteristics [3]-[8].

One of the most interesting properties associated with
photonic crystals relates to their high Q resonances,
achieved when a defect is introduced within the periodic
structure. When an antenna element is placed within the
high Q cavity, it is then possible to harness the high fields
and generate exceptional gain. Experiments have already
demonstrated this enhanced gain by placing small
radiating elements into a cavity built around a photonic
crystal. Specifically, Temelkuran, et.al. [7] and Biswas,
et.al. [8] reported a received power enhancement by a
factor of 180 at the resonant frequency of the cavity.

More recently, computations using double-negative
materials [9] illustrate that extraordinary gain can also be
achieved when small dipoles are placed inside other
exotic materials that exhibit resonance at specific
frequencies [10]. However, an issue with the double
negative and left-handed materials is their practical
realization. In this paper, we present a new class photonic
crystals [9]-[18] fabricated from available material
structures such as rutile, alumina, titanates and CVGs. Of
importance is that these crystals exhibit much larger gain
without requiring excessive volume. As such, they may
be applicable for hand held devices. Of importance is also
their greater bandwidth and improved matching (due to
their resonance away from the band edge). Specifically
(see Fig. 1), they combine the two unique properties of (i)
minimal reflection at the interface of the periodic
assembly forming the crystal, implying impedance
matching, and (ii) wave slow down leading to
miniaturization, and concurrently causing large amplitude
growths within the material. The latter is of importance in
realizing high gain antennas using smaller volumes.
Recent computational examples have demonstrated a gain
increase of as much as 15 dB for a small dipole placed
within the crystal [14]. Experiments using periodic
assemblies of FSS that realize the desirable band-diagram
have also validated this gain increase.

The paper discusses some of these successes and
proceeds with a discussion on the challenges of
fabricating high contrast materials, their loss properties,
and their integration with printed antennas.
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Fig. 1. Properties of the magnetic photonic crystals (MPC) and their related Degenerate Band Edge (DBE) crystals
formed by a periodic array of 3-layer unit cells. MPCs require at least one layer of magnetic materials whereas the
DBEs are non-magnetic and therefore easily realizable. Both, MPCs and DBEs require the presence of anisotropy to

realize their unique band diagrams.

The potential of fabricating printed microstrip lines
that exhibit the same band diagram is a recent discovery
that could lead to a variety of miniature microwave
components as well as high sensitivity sensors. We begin
below by noting that even properly designed materials
with embedded inductive loadings can have significant
impact in reducing antenna size and improving bandwidth
properties. These modifications can be easily done and
can be integrated into existing systems without much
increase in cost for their adaptation.

II. MINIATURE ULTRAWIDEBAND ANTENNAS
USNG INDUCTIVE AND MATERIAL LOADING

Novel inductive loading within polymer structures
has shown to be extremely effective in reducing antenna
size, with particular emphasis on conformal installations.
The motivation for using inductive loading comes from
the need to emulate magnetic materials [21], [22]. By
introducing inductive loading (capacitive loading is
typically inherent to the structure), the antenna
impedance can be matched as the antenna is miniaturized
by increasing the dielectric loading. Our initial approach
to implementing inductive loading was based on the
artificial transmission line (ATL) miniaturization
technique [21], [23]. The ATL concept of implementing
inductive loading utilized distributed serial inductor
elements to increase the inductance of the antenna.
Avoiding use of chip inductors is critical since we need to
suppress inherent losses. An alternative way to
implement inductive loading is by coiling the spiral arm
such that it resembles a helix as shown in Fig. 2 for a 6
inch diameter spiral antenna. Here, the coiled section of
the spiral arm has a rectangular cross section which

allows us to control the inductance of the coil using the
pitch, width and thickness of the coil separately. In this
case, the thickness remains constant while the width and
pitch are varied to create a smooth transition from the
untreated portion to the inductive section of the spiral
arm.

Thickness

« Coil par s for 6” di spiral

— Thickness is a constant 0.125” or 0.25”

— Width is tapered linearly from 156 mils to
276 mils

— Pitch is tapered exponentially from 680
mils to 34 mils

6 inches

Fig. 2. Implementing inductive loading within a spiral
antenna by coiling the conductor as it concurrently spirals
away from the center.

We proceeded to use the concept of volumetric inductive
loading via coiling [23], [24] to implement the wave slow
down and miniaturization. The performance improvement
is shown in Fig. 3, and shows that we have indeed
achieved a 6” design that operates down to 130 MHz (-15
dBic gain) that is only A/15 in size, and 7.5 times smaller
than the nominal A/2 dipole. Of importance is that the
frequency has shifted from 320 MHz down to 130 MHz
with the same performance (nearly a factor of 2.5
reduction in frequency performance). Remarkably, we are
also seen to approach the theoretical limit of
miniaturization for a given aperture size [23], [25], [26].
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The inductively loaded 6 spiral shown in Fig. 2 was
also manufactured and measured along with a composite
metal-magnetic ground plane. The assembled antenna is
shown in Fig. 4(a) and has a total thickness of 1.5”. The
6” spiral was fabricated on a 0.25 inch thick Roger’s
TMM4 substrate (g, = 4.5) using standard printed circuit
board manufacturing technology. The measured realized
gain is shown in Fig. 4(c) along with the measured gain
of a non-miniaturized spiral antenna backed by a metallic
ground plane. This plot clearly demonstrates the superior
performance of the miniaturized spiral below 600 MHz.
For these frequencies, the miniaturized spiral with ferrite
backing is able to achieve 5-10 dBi more gain than the
non-miniaturized spiral. Because the spiral is a frequency
independent antenna, the antenna can be scaled to any
aperture size to meet the desired specifications. For
instance, Fig. 4 (b) also shows the analytical performance
(free space) of the 6” aperture in addition to two scaled
versions that are 9” and 12” in diameter. From Fig. 4(b),
the 12” aperture is seen to operate down to 80 MHz at the
-15 dBic gain and to 110 MHz at the -10 dBic gain point.
Again, we also show the theoretical limit point for the
12” aperture, and note that it is close to the achieved
performance.
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Fig. 4. Display of fabricated antenna articles incorporating
volumetric coiling within dielectric loading and over a
magnetic-PEC ground plane; Top left: 6” fabricated
antenna 1.5” thick; Bottom: measurement results with and
without ferrite backing.
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Fig. 5. Field compression within the MPC crystal: An
incident pulse propagating towards right couples into the
MPC and excites the frozen mode within the crystal.

ITII. VOLUMETRIC CRYSTALS FOR HIGH GAIN
NARROW BAND ANTENNAS

MPC and DBE crystals have been pursued because
they allow for further miniaturization and higher gains.
However, so far, their promise has only been
demonstrated for narrowband antennas. In [14], we
demonstrated that the so-called frozen mode can indeed
be realized in finite thickness magnetic photonic
assemblies (MPCs) using a practical combination of
materials. This mode is shown in Fig. 5. As displayed,
the incoming pulse enters the periodic assembly (crystal)
with very little reflection (15% of the field is typically
reflected). Once in the crystal, it shows down, while it
concurrently increases in amplitude by more than a factor
of 10 for material with nominal losses.



A realization of the MPC and DBE crystal is shown in
Fig. 6 using two misaligned anisotropic dielectric layers
and an isotropic layer built into a unit cell. It was shown
in [18] that it is possible to achieve a four-fold amplitude
increase in the coupled electric field amplitude using 20
such unit cells to form a degenerate band edge (DBE)
crystal which does not even require magnetic materials.
As a direct consequence of this spatial focusing, the
directivity and gain of a simple dipole antenna placed
within the MPC crystal (see Fig. 7) was shown [14] to
increase by 12.7 dB (~20 fold). Also shown in Fig. 7 is
the effect of material loss on the overall gain of the dipole
embedded within. A very slight loss of fan &=107
reduces antenna gain by only 2 dB, and this gives much
promise for the practical realization of those materials.
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Fig. 6.  MPA design: Al, A2 are two of the same
anisotropic  dielectric layers with ¢ being the
misalignment angle between Al and A2. F is the
Faraday rotation ferromagnetic layer.
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Of even greater importance is the realization of
significant gain using periodic assemblies forming the so
called DBE crystal. The fabrication of the DBE crystal
can be done without magnetic materials and even more
importantly using an arrangement or stacks of Frequency
Selective Surfaces (FSS) surfaces as displayed in Fig. 8.
In doing so, we mimicked the anisotropy in the dielectric
layers by printing very thin conducting strips on low-loss
Rodgers RO4350 substrate and designed the DBE band
structure  with proper F-layer thicknesses and
misalignment angles as shown in Fig. 8. The Bloch band
structure is shown in Fig. 9(a). Using a Tx-Rx antenna
pair and a network analyzer, our first experiment
demonstrated the existence of the regular and degenerate
band edges as plotted in Fig. 9(c).
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Fig. 8. DBE design using PCB technology.

A 22— TAA =
i Unit Cell ﬁ 4 | | \ﬂ‘ (\ f\ﬂ /\
r ‘_/=___- -_“; Free > E'z /f‘ “ \/\ﬂ
Zin | |y Space £ 1 / (\H w \‘ ‘/ W}‘ V “‘ J rl\f\
//.ﬁ(/ /{{/L Misaligned Anisotropic % \J ; b J V Iuv) ‘ ‘J15 it 20
d Dielectric Layers N

degenerate modes

characteristics

*Promising for miniaturization

-Significant field growth observed due té

Remarkable improvement of reception

Sam
atte

20 40 60 80 100 120 140 160 180
0

Fig. 7. Demonstration of the field amplitude growth and antenna gain realization using the non-magnetic DBE

crystals (periodic assemblies).

25



26

ACES JOURNAL, VOL. 22, NO. 1, MARCH 2007

— FE-E
by 020 = e
1
i

Frequency(GHz)

Transmitting "4,

I .
et s Horn  d,=1in.

0 2 T
ky{BIoch ‘Wave Number)

(@) (b)

Fig. 9.

Double BE

N

4 Receiving & % \
S~ Horm L. L = " ! s L 1
. DBE Crystal T 8 ] ; 10 ﬂn ] 12 13 14
(©)

Experimental verification of the field behavior within a DBE; (a) Designed band structure

showing the DBE behavior, (b) Setup for polarimetric thru-transmission measurements using the Agilent
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Fig. 10. Experimental verification of the DBE Field amplitude focusing: (a) Setup for field probing
measurement using the Agilent E8362B, 10 MHz — 20 GHz PNA Series Network Analyzer, (b) Calculated
vs. Measured electric field strength within the DBE crystal.

Further, we proceeded to demonstrate the focusing
effect of the DBE crystal via probing of the field
amplitudes within each free-space layer as shown in Fig.
10. These tests provided further verification of the field
amplitude growth realization and possible miniaturization
afforded by the proposed MPC and DBE materials. We
are currently exploring the possibility of designing the
anisotropic material layers via a careful combination of
isotropic building blocks as outlined below.

IV. FABRICATING PERIODIC ASSEMBLIES OF
DBES AND MPCS

Practical MPCs consist of 10-40 unit cells, with each
cell composed of two “A” layers rotated with respect to
each other and one “F” layer, as shown in Fig. 6. To
realize the predicted gains, each layer needs to be made
as a thin sheet, typically of dimensions 2”x2”x 0.02”, and
a low dielectric loss tand, preferably <10”. Examples of
possible sheet materials are rutile single crystals for the A

layers, and Ca, V-doped Yttrium Iron Garnet ceramics
(CVGs) for the F layer. However the rutile crystals are
not available with the desired 2” x 2” dimensions and
their cost may prohibit practical realization. In addition,
the measured losses of commercially available rutile
crystals are >10" while there is little opportunity to
improve this number by modifying the composition. The
properties of commercially available CVG materials are
promising but are yet to be explored for this application
and further developed. Little is also know about the
compatibility and manufacturability of these materials
into an operational device. These factors have inhibited
the realization of a prototype. To overcome these issues
we have been working with Prof. Verweij (Material
Science Dept. at The Ohio State University)' on
approaches as discussed below.

! Information on material properties and choices listed here are credited
to Prof. Verweij’s group at the Ohio State Univ.



V. EXPLORATION OF STACKS FROM
COMMERCIAL CERAMIC SHEETS

Recent investigations, carried out in close co-
operation with Prof. Verweij have demonstrated that fully
functional MPCs and DBEs may well be realized through
advanced ceramic processing. It was found that use of
anisotropic single crystals can be avoided by realizing
artificial anisotropic dielectrics, exactly as in Fig. 11.
The shown platelets consist of parallel arrangements of
alternating ceramic beams. The ceramic route towards
the manufacturing of A layers starts with stacking
alternating layers of two different ceramics with low tand
and largely different dielectric constants, €. After an
adhesion treatment, the stacks are sliced in perpendicular
direction to form the "striped" composite A layer (Fig.
12).

The two ceramic compositions chosen for the
laminate were a-Al,O; with reported best values of
g =10 and tand =2x10" [19] and TiO, with reported
best values of & =100 and tand = 6x10~ [20]. Dense-
ceramic Al,O; sheets are commercially available. But
since this is not the case for TiO,, commercially available
Ba-titanate (TDS82) substrates were obtained that have a
similar € ~ 82 but a higher loss of tand =3.7x10* at
2.13 GHz. The stacks are shown in Fig. 12. Without
adhesive, they were found to have an anisotropic
dielectric constant as predicted from mean field theory,
and a loss tand ~ 9.3x10™ at 8.36 GHz. This higher loss
is likely related to the presence of absorbed water on the
individual layers and effects of the interfacial gaps due to
less than perfect flatness of the platelets.

Unit: mm
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Fig. 11.  Upper: geometry and theoretical dielectric
tensor of two stacks, used for in-cavity dielectric
measurements at the electro-science lab (ESL). The
white and brown layers are Al,O3; and TDS82 respectively.
Lower: anisotropic dielectric laminates from commercial
Al,O4|TD82 substrates, stacked without adhesive, and the
same dimensions.
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Fig. 12. 1 mm thick slices cut from (a) a commercial
ALO5|TD82 stack with organic adhesion and (b) a
homemade Al,Os|TiO, stack with self-aligned, reactive
adhesion.

The possibility to prepare striped layers was explored
by Prof. Verweij’s group using an organic polymer
adhesive, followed by lamination. However, the organic
adhesives were found to further increase the losses of the
stacks to a tand ~ 1.9x107 for liquid adhesive (3M 4475)
and 2.5 x 107 for double sided tape (3M 9492MP). The
laminates were cut into 1 mm thick slices with a thin
diamond blade using oil cooling. A first result is shown
in Fig. 12a, but more focus is still necessary on avoiding
deformation and in constructing materials that can exhibit
loss tangents better than 107,

VI. PRINTED CIRCUIT EMULATIONS OF
ANISOTROPIC MATERIALS

Perhaps our most remarkable development in RF
device miniaturization is the introduction of a novel pair
of coupled printed microstrip lines (see Fig. 13) to
emulate wave propagation within the usual DBE and
MPC crystals. By adjusting the proximity of the
microstrip lines or their width, emulation of the field
growth and wave slow down can be done using standard
of-the-shelf printed circuit technology. = We have
demonstrated this novel phenomenon using numerical
tools and were able to show how small changes in
parameters can be used to generate various k-w diagrams
as shown in Fig. 14.

We can, thus, emulate propagation within crystals
using a simple and easily realizable pair of transmission
lines that may be allowed to couple with each other to
generate the effects of the off-diagonal entries in the
constituent permittivity tensors of the layered structure.
This idea was demonstrated in [28] where we emulated a
DBE dispersion diagram using the microstrip unit cell
shown in Fig. 13. We demonstrated that by simply
varying the width of one of the microstrip lines, various
dispersion characteristics such as regular band edge
(RBE) and double band edge (DbBE) crystals can be
realized (See Fig. 14). The results in Fig. 14 were
obtained using the analytical transfer matrices for coupled
and uncoupled segments of the structure shown in Fig. 13
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and enforcing the periodicity condition on the
corresponding four ports of the structure.

The increase in field value within the coupled lines
was demonstrated numerically as in Fig. 15 and can be
exploited for high sensitivity antenna design. Two
possible configurations are displayed in Fig. 16 and are
the subject of future investigations.

ZAl.l’ ﬂAl,l

IS

ZAI,Z’ ﬁAl.Z

lAl

Fig. 13. A simple equivalent microstrip circuit for the
three layers of the DBE and MPC crystals (patent
pending).
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Fig. 14. Three distinct band edges can be realized by
varying line #1 in Fig. 13.
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Fig. 15. Field distribution under the microstrip lines for
an excitation at the DBE frequency.
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DBE Printed
Antenna Concept

Concept: Patch antenna
modified with DBE Slots

Antenna Feed Coupled Slots

Fig. 16. DBE/MPC slot and patch antenna concepts.

VII. CONCLUSION

Material design capabilities offered by advances in
dispersion engineering (including MPC/DBE crystals and
negative index media) allow for unprecedented antenna
and array designs possibilities. In this paper, we
presented various avenues for antenna design using
engineered materials. We specifically focused on MPCs
and DBEs that support modes which can be harnessed to
satisfy  tight antenna design requirements. We
summarized the properties of the frozen modes supported
by these crystals and validated the existence of these
modes with measurements. The paper concludes with the
introduction of a simple coupled transmission line
approach that emulates the dispersion and slow wave
modes within the MPC and DBE crystals. Given the
manufacturing simplicity of the printed coupled lines, the
associated printed structures hold a great promise for
realizing the advantages of the frozen modes.
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