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Introduction 
 

The traditional finite-difference time-domain (FDTD) method [1], which is explicit 
second-order-accurate in both space and time, has been widely applied to electromagnetic 
computation and simulation. However, the FDTD method has two primary drawbacks. One is 
the inability to accurately model curved complex surfaces and material discontinuities by 
using the staircased approach with structured grids, and another is the significant 
accumulated errors from numerical dispersion and anisotropy. Hence fine grids are required 
to obtain accurate numerical results, which leads to vast memory requirements and high 
computational costs, especially for electrically-large domains and for long-term simulation. 

For solving the first problem, a variety of conformal techniques have been proposed in [2-
5]. For solving the second problem, high-order spatial methods [6-7] were developed, which 
can save computational resources by using coarse grids. However, how to model the curved 
surfaces with the high-order spatial methods is an open question. In other words, can we 
obtain the accurate numerical results under both curved boundary and coarse grid conditions? 

In order to achieve the goal, the one-sided difference [6] was studied. However, the 
strategy ignored the shape of objects. Another method is the hybrid subgridding technique 
[7]. However, it must adopt spatial and temporal interpolation strategies to eliminate the 
spurious reflections between the coarse grids and the fine grids. 

In this paper, a new high-order conformal symplectic FDTD(3,4) scheme is proposed to 
solve the electromagnetic scattering from three-dimensional curved perfectly conducting 
objects. The scheme can achieve the above goal without temporal and spatial interpolations. 
 

Theory 
 

For the electric field components, the update equations need not to be modified. 
Figure 1 

For the magnetic field components, the general Faraday’s loops are shown in Fig .1. Using 
the trick in [8], the semi-discrete update equation for xH  field can be written as 
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where yΔ  and zΔ  are, respectively, the lattice space steps in the y  and z  coordinate 
directions, 0ε  and 0μ  are the permittivity and the permeability of free space, 1, yl  and 1,zl  are 
the side lengths along the y  and z  directions outside the perfectly conducting object, and 

1S ∗Δ  is the area of the modified inner loop 1L  outside the object. 
To obtain the stable and accurate numerical results, we have 
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where 1SΔ  is the constant area of the unmodified inner loop 1L , and γ  is the threshold. The 
smaller γ  results in better numerical precision but smaller time step to ensure the stability of 
the scheme. 

Finally, the three-stage third-order symplectic integrators [9] are employed to discretize the 
time direction. 

Due to the modification for the update equations of magnetic fields, the Courant-
Friedrichs-Lewy (CFL) number will be decreased as 
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where d  is the space dimension, 1,max( )l νν
 is the maximum length of the four sides connected 

with the inner loop 1L , and Tλ  is the temporal stability factor defined in [9]. The temporal 
stability factors are equal to 2 and 4.52 respectively for the second-order leap-frog method 
and the third-order symplectic integration scheme. 
 

Numerical results 
 

Without loss of generality, it is assumed that a plane wave of frequency 300MHz travels 
along the z direction, the electric field is polarized along the x direction, and the uniform 
space step is adopted. The threshold 01.0=γ . For the high-order conformal symplectic 
FDTD(3,4) (HC-SFDTD(3,4)) scheme, the CFL number is about 0.45. For the low-order 
conformal FDTD(2,2) (LC-FDTD(2,2)) method, the CFL number is about 0.2. 

The scattering from an electrically-small conducting circular cylinder of height 2m and 
radius 1m is considered. The symmetrical axis of the cylinder is placed along the y direction. 
Fig. 2 shows the relative two-norm errors of bistatic radar cross section (RCS) as a function 
of points per wavelength (PPW). It can be seen that the HC-SFDTD(3,4) scheme can obtain 
better numerical precision than the high-order staircased SFDTD(3,4) (HS-SFDTD(3,4)) 
approach and the LC-FDTD(2,2) method. 

Figure 2 



The next example considered is the scattering from an electrically-large conducting sphere 
of diameter 14m. In particular, we only use 7 PPW to model the curved surfaces. From Fig. 3, 
compared with the LC-FDTD(2,2) method and the HS-SFDTD(3,4) approach, the HC-
SFDTD(3,4) scheme agrees with the Mie series solution very well. The relative two-norm 
errors of the bistatic RCS in H-plane for the LC-FDTD(2,2) method, the HS-SFDTD(3,4) 
approach, and the HC-SFDTD(3,4) scheme are, respectively, 7.3%, 12.1%, and 0.83%. 

Figure 3 
Within the same relative two-norm errors bound (1%), we change the settings of the space 

step and the CFL number, and the CPU time and memory consumed by different algorithms 
are recorded in Table I. From the table, the HC-SFDTD(3,4) scheme saves considerable 
memory and CPU time. 

Table I 
 

Conclusion 
 

Using the locally conformal technique and the high-order symplectic integrators, the high-
order conformal symplectic FDTD scheme is accurate and efficient for modeling the 
scattering from three-dimensional curved perfectly conducting objects. In addition, the 
decreased time step caused by the conformal model can be offset by using coarse grids. 
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Fig. 1.  The general Faraday’s loops for the fourth-order staggered difference. The dot 
denotes xH  field. The four electric field components near from xH  link the inner loop 1L , and 
those far from xH  link the outer loop 2L . 1, yl  and 1,zl  are the side lengths along the y  and 
z directions outside the perfectly conducting object. The gray region denotes the region inside 
the object. 
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Fig. 2.  The relative two-norm errors of the bistatic RCS in E-plane. 
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Fig. 3.  The bistatic RCS in H-plane. 
 
TABLE I  The consumed CPU time and memory under the same relative two-norm errors 
condition. 

 
 



<<
  /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 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /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 0.76
    /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 200
  /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 0.76
    /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 400
  /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

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


