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1. Introduction

Controllable dispersion properties of periodic material assemblies, periodic circuit elements
and microwave components have attracted considerable attention over the last decade [1]. Left
handed or negative index materials and electromagnetic band gap assemblies are among the most
popular in this respect, and applications relating to these have been proposed [2], [3].

Apart from the negative index media, a new class of layered periodic assemblies made up of
misaligned anisotropic (dielectric and ferromagnetic) layers were shown to give rise to frozen
propagation modes [4]. These magnetic photonic crystals (MPCs) have the key properties of (a)
coupling the incident electromagnetic energy into the material with minimal reflection, and (b)
subsequently slowing down the field (frozen mode) to give rise to a built-up energy inside the
crystal. This interesting aspect of propagation within

the_MPCs was numerically demongtrated _in'[5] and | At A2 F|
verified experimentally to lead directive radiation from i | y
embedded electrically small sources in [6]. W I
. . 0 Exx &
Lack of low-loss ferromagnetic materials for gN:[SXX JsM: e Xy} &, uniform
MPC realization led to the degenerate band edge Exy  Exx

0 &y
(DBE) assemblies (constructed by removing the : l
ferromagnetic layers from the assembly) and the
associated DBE modes [7, 8]. Although DBE
assemblies have been manufactured using existing
materials (such as single crystal rutile: TiO, layers) the
design and manufacturing/testing loop turns out to be
rather difficult due to multiple disciplines (electrical,
materials, and manufacturing). To alleviate this and
speed up the study of such exotic modes, we recently
demonstrated that the DBE and MPC dispersion
relations can be replicated using printed microstrip ~ Figure 1: Coupled lines emulating
transmission lines and lumped elements [9].  anisotropy in DBE unit cell structure.
Specifically (see Fig. 1), a pair of transmission lines
(consisting of periodic coupled and uncoupled sections) can be used to emulate the MPC and DBE
modes. A typical DBE unit cell and its corresponding dispersion are shown in Fig.2. This simple
and easy-to-manufacture model provides means to quickly study, demonstrate, and utilize the
MPC/DBE modes in engineering applications, such as antennas and microwave components. This
paper focuses on one such application, namely a printed antenna structure, utilizing the DBE
dispersion. Measurements on such designs will also be presented at the conference.

=)
1
5l
1

! This work was supported in part by the Air Force Office of Scientific Research under the MURI grant
FA9550-04-1-0359

ISBN: 978-4-88552-223-9 C3055CIEICE 1430



2. Exotic Propagation Modes in Degenerate Band Edge and Magnetic

Photonic Crystals

Due to the anisotropic materials forming the MPC/DBE assemblies, the dispersion relation
is allowed to have four branches (4 real roots of the characteristic equation) for low frequencies
(where the unit cell dimensions are very small as compared to the wavelength). This fourth order
system allows for greater design capability when the wavelength is comparable to the unit cell size.
Thus, when the operation frequency is close to the band gap, the dispersion relation can be tuned to
have a maximally flat edge (corresponding to the DBE diagram having »'=0, »” =0, and o'’ =0), a
regular band edge (®'=0), or a double band edge corresponding to a 4" order polynomial behaviour
as shown in Fig. 2. Although the crystal does not allow propagation at the band edge frequency, the
evanescent waves at the interfaces and the Fabry-Perot resonances of DBE layers allows for the
existence of novel modes [7] that can be used to realize novel microwave components and antennas.

DBE modes can be realized via
coupled microstrip lines

kd

Figure 2: DBE unit cell structure (left), and corresponding band edge (k-w) diagrams realized by
varying the thickness (w) of the indicated microstrip section.
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Figure 3: DBE modes of the coupled microstrip lines (left column) become MPC modes with the
proper choice of externally biased ferrite substrate (right column)
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2.1 Frozen Modes in Magnetic Photonic Crystals

Even more exotic modes can be obtained when a suitable biased ferromagnetic layer is
added to the assembly. The presence of the non-reciprocal Faraday rotation layer allows for a more
flexible tuning of the 4" order dispersion relation, allowing in turn the occurrence of a stationary
inflection point (SIP) with =0 and ®” =0 as shown in Fig. 3. Frozen modes supported by such
crystals were discussed in [5]. It is important to note that those frozen modes can be excited with
little or no reflection since the SIP is achieved within the propagation spectrum, i.e. not in the band
gap or at band edges. Utilization of these frozen modes will be the subject of a future paper. Here
we focus on printed antenna concepts using the degenerate band edge modes.

3. Printed Antennas Employing the DBE Dispersion

The dispersion relation characterizing the periodic material assembly is an abstraction for
an infinite medium. When dealing with finite media, resonances due to the material boundaries are
inevitable, giving rise to the well known Fabry-Perot resonances and unwanted diffractions from
material edges. Also, radiation loss must be taken into account when computing and designing the
k-w diagrams of printed microstrip DBE (MS-DBE) structures. The infinite nature of the MS-DBE
design must therefore be altered in order to realize and manufacture a physical antenna. To best
utilize the infinite nature of the array for which a dispersion relation can be formulated, one
approach is to cast unit cells into a circular form such that fields within the structure see an infinite
medium. The number of unit cells must also be kept at a minimum since physically small antennas
are typically desired. A prototype design having an alumina (¢=9.6, tan 5~0.0003) substrate is
shown in Fig. 4 with the proposed printed topology having two cascaded unit cells. The antenna
(i.e. DBE resonance) is designed to resonate at 1.43 GHz and is subsequently coaxial line fed at the
uncoupled section. Resulting structure is very small (less that a tenth of the free-space wavelength)
in size and has a reasonable bandwidth of 3.5% (-10dB) with a 4dB gain (see Fig. 5).
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Figure 4: The DBE antenna concept: (a) 2 DBE unit cells wrapped around to form the antenna
resonator, (b) Dispersion diagram of the DBE unit cell, (c) Coaxial fed antenna structure.
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Figure 5: DBE antenna performance: (a) Return loss matched to 50Q2 at 1.43 GHz (b) Gain pattern

at 1.43 GHz.

4. Remarks and Future Direction

This paper demonstrated the practical realization of the novel degenerate band-edge modes
using a simple printed circuit. The latter was designed to emulate the usual DBE modes by forming
a unit cell consisting of a pair of coupled and uncoupled sections of printed microstrip lines.
Further, we used circular periodicity to emulate the periodic assembly using a very small region.
Specifically, a remarkable small antenna 1,/10 X A¢/10 X A¢/17 was demonstrated to achieve a gain
of 4dB with 3.5% bandwidth.

Perhaps of most importance is that the novel modes (previously demonstrated in actual
periodic material assemblies) can now be realized practically overnight using printed circuit (PCB)
technologies. Our understanding of the k-m diagram (the DNA of the material) is also opening new
directions in how to realize new devices, possibly by also introducing lumped elements into the
coupled printed circuit unit cell.

References

[1] IEEE Trans. on Ant. and Prop., Special Issue on Metamaterials, vol. 51, Oct. 2003.

[2] G. V. Eleftheriades and K. G. Balmain, “Negative-Refraction Metamaterials,” IEEE Press,
John Wiley & Sons, 2005.

[3] R. F. J. Broas, D. F. Sievenpiper, and E. Yablonovitch, “A high impedance ground plane
applied to a cell phone handset geometry,” IEEE Trans. on Microwave Theory and Tech., vol.
49, no. 7, pp. 1262-1265, July 2001.

[4] A. Figotin and I. Vitebskiy, “Nonreciprocal magnetic photonic crystals”, Phys. Rev. E, vol. 63—
066609, pp. 1-17, May 2001.

[5] G. Mumcu, K. Sertel, J. L. Volakis, I. Vitebskiy, and A. Figotin, “RF propagation in finite
thickness unidirectional magnetic photonic crystals,” IEEE Trans. on Ant. and Prop., vol. 53,
no. 12, pp. 4026-4034, Dec. 2005.

[6] G. Mumcu, K. Sertel, and J.L. Volakis, “Miniature Antennas and Arrays Embedded Within
Magnetic Photonic Crystals” IEEE Antennas and Wireless Prop. Lett., vol.5, no.l, pp. 168-
171, Dec. 2006.

[7] A. Figotin and 1. Vitebskiy, “Gigantic transmission band-edge resonance in periodic stacks of
anisotropic layers,” Phys. Rev. E, vol. 72-036619, pp. 1-12, Sep. 2005.

[8] S. Yarga, K. Sertel, and J. L. Volakis, “Degenerate Band Edge Crystals and Periodic
Assemblies for High Gain Antennas”, 2006 IEEE AP-S/URSI/AMEREM Symposium,
Albuquerque, NM, July 2006-101.2.

[9] C. Locker, K. Sertel, and J. L. Volakis, “Emulation of Propagation in Layered Anisotropic
Media With Equivalent Coupled Microstrip Lines” IEEE Microwave and Wireless Comp. Lett.,
vol. 16, no. 12, pp. 642-644, Dec. 2006.

1433




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 36
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 36
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 36
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings with Distiller 7.0 or equivalent to create PDF documents suitable for IEEE Xplore. Created 29 November 2005. ****Preliminary version. NOT FOR GENERAL RELEASE***)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




