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Abstract—A novel conformal technique for the FDTD method,
here referred to as Conformal Relaxed Dey-Mittra method, is
proposed and assessed in this letter. This technique helps avoid
local time-step restrictions caused by irregular cells, thereby im-
proving the global stability criterion of the original Dey-Mittra
method. The approach retains a second-order spatial convergence.
A numerical experiment based on the NASA almond has been
chosen to show the improvement in accuracy and computational
performance of the proposed method.

Index Terms—Conformal techniques, finite-difference time
domain, radar cross section.

1. INTRODUCTION

major drawback of the Finite Difference Time Domain
(FDTD) method [1] is its inherent staircasing approxima-
tion to structures not aligned with the Cartesian mesh, which
reduces the spatial error convergence, in smooth solutions of
the electromagnetic fields, from second to first order [2]. To
mitigate this effect, several alternatives have been proposed,
among the most popular ones being those based on geomet-
rically conformal approaches. Some of these make use of non-
orthogonal coordinate systems or fully unstructured grids [3].
Simpler approaches are based on integral forms of Ampere
and Faraday laws, and give rise to the well-known Contour
Path FDTD (CPFDTD) methods [4], [S]. CPFDTD has become
popular for their accuracy, though the first formulations suffer
from late-time instabilities which limit their applicability [6].
A modification of classical CPFDTD appeared in [7]
(Dey-Mittra (DM) method) removing the late-time instability
issues, and retaining its second-order spatial convergence [8].
However, the global time-step needs to be considerably reduced
to ensure stability with respect to the usual FDTD Courant-
Friedrichs-Lewy (CFL) conditions, thus degrading its compu-
tational performance. Since this seminal work, much effort has
been dedicated to studying new methods to overcome this time-
step restriction.
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In [9] a variant of the DM method (Yu-Mittra (YM) method)
was proposed to remove the time-step restriction by neglecting
the differences in the areas of all irregular zones, which are
taken as equal to that of the original Yee cell. This approach en-
ables the authors to use the usual FDTD CFL stability criterion.
The YM method is equivalent to introducing an artificial mag-
netic medium in conformal cells, which reduces its accuracy to
first-order in space. This issue was overcome in [10] by employ-
ing an effective permeability for the magnetic field update and
an electric permittivity for the electric field update (Benkler-
Chavannes-Kuster (BCK) method). A trade-off between the
time-step and the accuracy, through a closed-form expression,
can be found for the BCK method, which converges to that
of the YM method at the usual CFL stability limit. Another
technique, the Enlarged Cell Technique (ECT) proposed in
[11], is based on enlarging the irregular cells and intruding on
their neighbors. Although this method succeeds in improving
the stability constraints for all the cases presented therein, the
requirement of enlarging the problematic cells is not straightfor-
wardly applicable in complex geometries, since intruded cells
cannot be intruders in turn. Moreover, the ECT method requires
a larger stencil, which is a significant change in the traditional
FDTD algorithm implemented in already-existing codes. In [8],
a technique called Uniformly Stable Conformal (USC) is pro-
posed in the context of the Finite Integration Technique (FIT),
claimed to be geometrically equivalent to ECT for FDTD. The
authors study two alternative methods consisting of modifying
the area or the lengths of the irregular cells. They demonstrate
an improvement in the time-step constraints without the need
of enlarging the stencil. The authors also show that for certain
cases they are able to achieve second-order accuracy.

In the present work a different approach is proposed, based
on the relaxation of the DM mesh. This idea enables direct
control of the time-step reduction compared to the FDTD CFL
criterion, leading to a new method here referred to as the
Conformal Relaxed Dey Mittra method (CRDM). In the rest
of this letter, after describing the method and its properties, we
present results of a numerical experiment supporting the claims
made about its stability and showing a second-order spatial
convergence.

II. THE DEY-MITTRA METHOD

The well-known DM method [7] is based on splitting the
cells centered in the H-field components which are intersected
by material boundaries, into two zones of surfaces A; and A,
(Fig. 1). Each zone now has a magnetic field H' and H?
associated with it. These fields are updated by using the closed
line integral of the tangential electric fields along their contour,

1531-1309 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


mailto: salva@ugr.es
0
ReviewerS
Texto escrito a máquina
Published in IEEE Microwave and Wireless Component Letters 
Volume: 26, Issue: 8, pp. 553-555, Aug. 2016

ReviewerS
Texto escrito a máquina

ReviewerS
Texto escrito a máquina


554 IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, VOL. 26, NO. 8, AUGUST 2016

lgljo = Ay

lmO i lmO

Fig. 1. Example of cross section of a conformal cell in the - ¢ plane.The thick
black line represents a PEC surface dividing the cell into two zones.

according to Faraday’s law integral. For instance, in the case of
Fig. 1, the magnetic fields are updated as

At n N
B e po A1 (lilE;i +1/2+lglcoE1 e
L BT ) )
At
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while the E-fields are updated by the usual FDTD algorithm.

The main drawback of this scheme is that it requires a more
restrictive time-step stability condition than that imposed by the
FDTD CFL criterion. We find that the DM stability condition
has the same behavior of that reported in [10], except for a
constant heuristical factor /3, numerically found

A A
Atk o \/§ AFDTD max(lk)

with hO,k = \/g\/A};atio/maX (lk,ratio) <1.0 4)

Atcrr, =hokAtcrn, (3)

where k=1, 2 and Apprp, AtcrrL are respectively, the area and
time step in the CFL limit for the usual Yee algorithm, 1 are the
lengths of the usual discrete E-Field components for the zone k.

III. NEwW ALGORITHM: CRDM

In this letter, we present a new strategy to fix a value for hg in
(4), and then automatically modify the mesh to allow only cer-
tain zones of the intersections over the edges (Fig. 2). For this
aim, we shift the point of the original conformal intersection, [,
to the closest point outside a region delimited by a forbidden
length Iy, whose range is between O and A/2. The new
intersection will have a location defined by a relaxed length [,

0.0 if <Y
=11y if I;>1.>Y4 (5)
leif lo> 1.
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Fig. 2. Examples of the CRDM relaxation for Fy, = 1/3 in which the
geometry (dashed line) intersects the left and right edges that will be used for
the simulation, represented by a simplified surface (continuous line).

Although we present the method as a mesh relaxation, it can
also be regarded as a geometrical interpretation of a numerical
scheme formulated as a modification of the coefficients in (1)
and (2). If we define the relaxation factor Fx = [y /A as
the relative distance over the edge of the Yee’s cell which
determines where the conformal intersections will be located,
the stability criteria (3) now becomes

At = Jnin (hok)Atcrr = /3Fux/2 AtcpL.  (6)

The coefficients in (1) and (2) are modified in a way consis-
tent with the relaxed mesh that guarantees the coherence of the
magnetic flux. Finally, the relaxed mesh automatically filters
out negligible areas which, having small [*, are responsible for
the late-time instabilities in the DM method. This also improves
the computational costs, reducing the duplicated degrees of
freedom when /. = 0.0. Note that no artificial magnetic media
are introduced, as opposed to the YM and BCK methods.
Numerical experiments in Section IV will demonstrate that this
technique allows us to retain the second-order convergence of
the classical FDTD method.

IV. NUMERICAL RESULTS

The CRDM algorithm, described above, has been imple-
mented in the SEMBA-UGRFDTD solver [12], and has been
assessed with the perfectly electrically conducting NASA al-
mond problem, reported by some of the present authors in [13].
Its RCS has been employed to assess both the accuracy and
computational performance of the proposed method. The near-
to-far field transformation has been computed using the geo-
metric mean method [14] which significantly improved the
results reported in [13] of the FDTD, which was found with
the usual arithmetic mean [1].

Results for monostatic RCS from 0.5 to 2 GHz, and bistatic
RCS at 1 GHz, are shown in Figs. 3 and 4, respectively, showing
good agreement with the MoM/DGTD results. As a figure of
merit for the different methods, the error of the global L2 norm
with respect to MoM/DGTD was used (Table I), indicating a
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Fig. 3. Monostatic RCS of the NASA almond. Comparison resultsbetween
staircase, conformal relaxed and MoM/DGTD.
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Fig. 4. Bistatic RCS of the NASA almond at 1 GHz. Comparisonresults
between staircase, conformal relaxed and MoM/DGTD.

TABLE I
ERROR AS A FUNCTION OF THE CFL NUMBER FOR RCS
. Error
Mesh Type ho CPU[min] Lﬁi [10,4} L?non[lois]
DM 5.0mm 0.31 112 2.13 2.73
Fux 0.1 5.0mm 0.44 111 2.13 2.70
Fix 0.3 5.0mm 0.71 74 2.16 3.63
Fux 048 5.0mm  0.84 49 2.23 5.83
staircase 5.0mm 0.99 47 8.22 22.54
staircase 2.5mm 0.99 770 4.834 11.03
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Fig. 5. L? error norm with respect to MoM/DGTD versusthe number of Points
Per Wavelength (PPW) for the different methodsunder study.

significant improvement with respect to FDTD and with small
differences among them. We also observe a significant improve-
ment on comparing the most relaxed case with the FDTD for a
doubled spatial resolution.

The L? error norm with respect to MoM/DGTD in a frequen-
cies range has also been used to study the convergence of the
monostatic RCS with respect to the spatial resolution. As shown
in Fig. 5, the DM and CRDM methods have a convergence of
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O(A?) while the FDTD has O(A) as it is severely affected by
the staircasing effect. This figure also shows that the method
seems to have a similar order of convergence for all the relax-
ation factors studied.

For all methods using the same spatial resolution, we find the
CPU time to be inversely proportional to the CFL number, hg,
implying a negligible cost on the additional operations needed
in conformed cells.

V. CONCLUSION

A new conformal CRDM strategy has been introduced as a
way of mitigating the time-step constraint of the DM method
while retaining a second-order spatial convergence. The results
show a significant improvement in accuracy compared to FDTD
even outperforming the classical FDTD with twice the spatial
resolution used by CRDM.

REFERENCES

[1] A. Taflove and S. C. Hagness, Computational Electrodynamics: The
Finite-Difference Time Domain Method, 3rd ed. Norwood, MA, USA:
Artech House, 2005.

[2] 1. Zagorodnov, R. Schuhmann, and T. Weiland, “A uniformly stable

conformal FDTD-method in Cartesian grids,” Int. J. Numer. Modelling:

Electron. Netw., Devices Fields, vol. 16, no. 2, pp. 127-141, 2003.

R. Holland, “Pitfalls of staircase meshing,” IEEE Trans. Electromagn.

Compat., vol. 35, pp. 434-439, Nov. 1993.

T. Jurgens and A. Taflove, “Three-dimensional contour FDTD modeling

of scattering from single and multiple bodies,” IEEE Trans. Antennas

Propag., vol. 41, no. 12, pp. 1703—-1708, 1993.

[5] S. Gonzalez, T. Materdey Bao-Hung, B. Garcia Olmedo, and
R. Gomez Martin, “Volume-conformation method to study scattering
by PEC objects with FDTD,” Proc. Inst. Elect. Eng., vol. 143, no. 2,
pp. 131-136, 1996.

[6] C. Railton and I. Craddock, “Analysis of general 3-D PEC structures

using improved CPFDTD algorithm,” Electron. Lett., vol. 31, no. 20,

pp. 1753-1754, 1995.

S. Dey and R. Mittra, “A locally conformal finite-difference time-domain

(FDTD) algorithm for modeling three-dimensional perfectly conduct-

ing objects,” IEEE Microw. Guided Wave Lett., vol. 7, pp. 273-275,

Sep. 1997.

[8] I. Zagorodnov, R. Schuhmann, and T. Weiland, “Conformal FDTD-
methods to avoid time step reduction with and without cell enlargement,”
J. Comput. Phys., vol. 225, no. 2, pp. 1493-1507, 2007.
[9] W. Yu and R. Mittra, “A conformal FDTD algorithm for modeling per-

fectly conducting objects with curve-shaped surfaces and edges,” Microw.
Opt. Technol. Lett., vol. 27, no. 2, pp. 136-138, 2000.

[10] S. Benkler, N. Chavannes, and N. Kuster, “A new 3-D conformal PEC
FDTD scheme with user-defined geometric precision and derived stabil-
ity criterion,” IEEE Trans. Antennas Propag., vol. 54, pp. 1843-1849,
Jun. 2006.

[11] T. Xiao and Q. H. Liu, “A 3-D enlarged cell technique (ECT) for
the conformal FDTD method,” IEEE Trans. Antennas Propag., vol. 56,
pp. 765-773, Mar. 2008.

[12] “SEMBA, Simulador Electromagnetico de Banda Ancha.”
Available: http://www.ugrfdtd.es/

[13] J. Alvarez, J. M. Alonso-Rodriguez, H. Carbajosa-Cobaleda,
M. R. Cabello, L. D. Angulo, R. Gomez-Martin, and S. G. Garcia, “DGTD
for a class of low-observable targets: A comparison with mom and (2, 2)
FDTD,” IEEE Antennas Wireless Propag. Lett., vol. 13, pp. 241-244,
2014.

[14] J. B. Schneider, Understanding the Finite-Difference Time-Domain
Method, 2010. [Online]. Available: http://www.eecs.wsu.edu/schneidj/
uFDTD/

3

[t}

[4

=

[7

—

[Online].


http://www.ugrfdtd.es/
http://www.eecs.wsu.edu/schneidj/uFDTD/
http://www.eecs.wsu.edu/schneidj/uFDTD/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /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 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /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 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




