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Abstract Arrays of coaxial cavities in a silver slab are an
angle-independent frequency-selective structure in the opti-
cal wavelengths. We show that understanding major reso-
nant effects can achieve a similar structure in the radar fre-
quencies. We use a biperiodic boundary integral method to
explain the resonances. We suggest a geometrical evolution
of the coaxial cavities that presents an enhanced bandwidth
under oblique incidence in TM polarization.

1 Introduction

A possible use for metamaterials and frequency-selective
surfaces (FSS) is the conception of radomes (cf. [1]). We
are interested in radomes that show specific properties in the
X band: similar behavior for both TE and TM polarizations,
independence to the angle of incidence and wideband. Ob-
taining such properties with structures that are light and not
too expensive is a challenge.

In the optical frequencies, a structure that meets these re-
quirements well is presented in Ref. [2]: an array of square
coaxial cavities made in a silver slab. The properties are sta-
ble with the angle of incidence and relatively similar for
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both polarizations. The transposition to radar frequencies is
not straightforward. By using our own developed numerical
code, based on a boundary element method and described
in Refs. [3] and [4], we study how the different resonances
relate to the bandwidth.

In Sect. 2, we summarize the different resonant phenom-
ena that influence the bandwidth. In Sect. 3, we show that
simple physical laws can be derived and explained with the
help of the developed numerical code to describe the behav-
ior of the array of coaxial cavities. Finally, in Sect. 4, we
suggest an evolutive profile of the coaxial cavities that cre-
ates an interesting transmitting behavior: nearly 100% on a
7% bandwidth in TM polarization under oblique incidence.

2 Identifying the resonances

In Ref. [2], an array of square coaxial cavities in a slab of
silver is presented. At optical wavelengths, silver is not a
perfectly conducting metal: the skin depth is not negligible
and virtually enlarges the cavity (cf. Ref. [5]). This results in
a wide transmission band, but the transmission is not total.
The transposition to the radar frequencies is not straightfor-
ward as perfect metals (Perfect Electrical Conductors, PEC)
modify the resonant phenomena that create the band pass
behavior: the transmission coefficient reaches 100% but the
transmission band is much narrower (cf. [3], Chap. 7), due to
the absence of losses. The resonances must be correctly un-
derstood in order to choose the best geometrical parameters.
In this paper, we study cylindrical coaxial cavities instead of
square ones, as shown on Fig. 1.

In Ref. [6], the coaxial waveguide modes are used to de-
scribe the fields in the cavities, in a mode-matching method
of moments. But the cavities are of finite height and the
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Fig. 1 Unit cell of the array of cylindrical coaxial cavities for the op-
tical wavelengths

coaxial waveguide modes (see e.g. [7]) can not very accu-
rately describe the fields in the cavities. Nevertheless, the
different involved resonances that explain the transmission
peaks (cf. Refs. [2] and [5]) are the Fabry-Pérot-like reso-
nances due to coaxial waveguide modes. They can be iden-
tified by plotting the fields in the cavities or the (equivalent)
currents on the interfaces of the model. Two of these reso-
nances are of primary interest, as they appear at the lowest
frequencies:

• Fabry-Pérot-like resonance of order 1, due to the TEM
mode.

• Fabry-Pérot-like resonance of order 0, due to the TE11
mode, at the cutoff of the TE11 mode.

The grating resonances (Wood’s anomalies) are usually to
be avoided as we do not want high-order Floquet modes.

3 Influences of geometrical parameters

The coaxial waveguide modes that are involved in the reso-
nances are affected by the finite height of the structure. Thus
the analytical formulas for the cutoff frequencies and mor-
phology of the modes are not accurate anymore. Here, we
focus on the influence of the height of the structure. We set
all the parameters as follows:

• Lattice constants: Tx = Ty = 8 mm
• Inner and outer radii: Rint = 2.13 mm and Rext = 2.7 mm
• Cavities filled with PTFE with refraction index n = 1.58

without losses
• Oblique incidence at 44◦ (kx = 0.7) and 64◦ (kx = 0.9)

for frequencies from 8 GHz to 24 GHz, under TE (H) and
TM (V) polarizations.

The height of the structure is successively taken to be 1 mm,
2.5 mm, 5 mm and 10 mm. We calculate the bandwidth as

a function of the height h. The variations can be explained
by invoking the quality factor, Q, which is the inverse of the
bandwidth, and it can also be defined as the ratio of the en-
ergy stored wcav in the cavity by the losses Prad/ω (cf. [8]):

Q = fres

�f
= wcav

Pcav/ω
(1)

Under the assumption that the electromagnetic energy per
unit of volume E is uniform in the cavity of volume V , then
we have wcav = E V . Likewise, as the only possible losses
are radiative losses on the apertures of the cavities, it is rea-
sonable to expect that Pcav/ω is proportional to the surface
of the apertures: Pcav/ω = P S . Thus, the quality factor is
directly proportional to the height of the structure:

Q = E
P h (2)

Figure 2 shows how the approximation is relevant for both
polarizations and all the angles of incidence. The value of

E
P is different for each case. It is possible to adopt the
same point of view to explain the modification of the res-
onance frequency, appearing at the cutoff of the TE11 mode
(cf. [3]). The accuracy of the law becomes bad when the
height tends to 0, when the waveguide vanishes.

Other simple physical laws can be derived for different
parameters and help choose the best parameters that achieve
the desired bandwidth. The main drawback of this approach
is that enlarging the bandwidth also increases the transmis-
sion efficiency of the filter out of the passing band, which
should be near 0. A modification of the shape of the structure
can then be explored to improve the transmission response.

4 Suggestion of an evolutive profile of the cavities

From the last paragraph, we can deduce that arrays of cavi-
ties with a large aperture (Rext − Rint → Tx/2) are less se-
lective than arrays of cavities with a small aperture (Rext −
Rint → 0). We wondered if the analogy could be made with
stacks of FSS, where it is advised to place the most selec-
tive ones in the center of the stack and the least selective
ones on each side of the stack. The array of coaxial cavities
can then be considered as a continuous version of a stack
of FSS: increasing its selectivity in the center would mean
reducing the aperture (Rext − Rint) in the center of the cav-
ity, as shown on Fig. 3, where the geometrical parameters
are given. The evolutive profile consists in arcs of circle in
any vertical planes of symmetry of the cavity, which is filled
with PTFE (n = 1.58). The calculations are done in a ex-
tended X band, from 8 GHz to 15 GHz, under normal and
oblique incidences (44◦ and 64◦), for both TE and TM po-
larizations.
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Fig. 2 Influence of the height
of the structure on the
bandwidth

Fig. 3 Geometrical parameters
of the coaxial cavity with an
evolutive profile

The modification of the structure does not affect much
the transmission responses under normal incidence or TE
polarization (results not shown here, but in [3] and [4]). The
changes are significant and interesting under oblique inci-
dence in the TM polarization, as seen on Fig. 4: there is
nearly total transmission for almost 0.6 GHz and very low
transmission out of the passing band.

Contrary to what we thought, it does not behave as a con-
tinuous variant of a stack of FSS, but the transmission re-
sponse is due to a coupling between the resonances listed in
paragraph 2, due to the modes TEM and TE11.

5 Conclusions

One of the purposes of this work was to show that our nu-
merical code (included in Dassault Aviation’s Spectre code)
could be used to describe and study physical problems.

The array of coaxial cavities with an evolutive profile
show a nearly 100% transmission efficiency on an about 7%
bandwidth in the TM polarization under oblique incidence
(64◦). We have shown that the influence of the thickness of
the film can be qualitatively explained. The large broadening
of the transmission peak has been attributed to the coupling
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Fig. 4 Transmission response
of the array of evolutive coaxial
cavities in TM polarization
under oblique incidence
(kx = 0.9), compared to the
responses of arrays of straight
coaxial cavities with the
narrowest, median and the
largest apertures

between two different coaxial cylinder modes. The structure
could be improved by using optimization tools to find the
best parameters. Moreover, a further study of the coupling
between the modes should allow one to clarify if the modes
are in a strong coupling regime.

Acknowledgement This work was supported by the DGA (Na-
tional Armament Directorate, French Ministry of Defense), through
S. Nosal’s Ph.D. scholarship. Contact: Dr. Philippe Masclet.

References

1. S. Poulsen, Stealth radomes. Ph.D. dissertation, Department of
Electroscience, University of Lund, Sweden (2006)

2. D. Van Labeke, D. Gérard, B. Guizal, F.I. Baida, An angle-
independent frequency selective surface in the optical range. Opt.
Express 14(25) (2006)

3. S. Nosal, Modélisation électromagnétique de structures péri-
odiques et matériaux artificiels, Application à la conception d’un
radôme passe-bande. Ph.D. dissertation, Laboratoire EM2C, École
Centrale Paris, France (2009). Available online: http://theses.abes.
fr/2009ECAP0030

4. S. Nosal, P. Soudais, J.-J. Greffet, Integral equation modeling of
doubly periodic structures with an efficient PMCHWT formulation.
IEEE Trans. Antennas Propag. (2009, submitted)

5. F. Baida, A. Belkhir, D. Van Labeke, Subwavelength metallic coax-
ial waveguides in the optical range: role of the plasmonic modes.
Phys. Rev. B 74 (2006)

6. A. Roberts, R. McPhedran, Bandpass grids with annular apertures.
IEEE Trans. Antennas Propag. 36(5), 607–611 (1988)

7. N. Marcuvitz, Waveguide Handbook, 3rd edn. (IET, London, 2009)
8. D.H. Stealin, A.W. Morgenthaler, J.A. Kong, Electromagnetic

Waves, Chapter 8: Resonators (Prentice Hall, New York, 1994),
pp. 336–401

http://theses.abes.fr/2009ECAP0030
http://theses.abes.fr/2009ECAP0030

	Increasing the bandwidth of coaxial aperture arrays in radar frequencies
	Abstract
	Introduction
	Identifying the resonances
	Influences of geometrical parameters
	Suggestion of an evolutive profile of the cavities
	Conclusions
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /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 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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 ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


