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INTRODUCTION

Frequency domain techniques are popular for analyzing electromagnetics (EM) and coupled
circuit-EM problems. These techniques, such as the method of moments (MoM) and the finite
element method (FEM), are used to determine the response of the EM portion of the problem at a
single frequency. Since only one frequency is solved at a time, it may take a long time to calculate
the parameters for wideband devices.

In this paper, a fast frequency sweep based on the Asymptotic Wave Expansion (AWE) method is
developed and applied to generalized mixed circuit-EM problems. The AWE method, which was
originally developed for lumped-load circuit simulations, has recently been shown to be effective
at quasi-static and low frequency full-wave simulations [1]. Here it is applied to a full-wave MoM
solver, capable of solving for metals, dielectrics, and coupled circuit-EM problems.

FORMULATION

The AWE formulation consists of solving for the unknowns and their derivatives with respect to
frequency at one frequency, then using this information in a Pade rational function approximation
to find the result at other frequencies. To approximate the derivatives efficiently, the system
matrix is first split into several matrices, each with a known frequency variation. The Electric
Field Integral Equation (EFIE) with surface impedance, given by

JOA+VD+ZJ . =-E', (1)

where A is the magnetic vector potential, @ is the electric scalar potential, Z is the surface
impedance, Jg is the unknown current, and E' the impressed electric field, is separated versus
frequency content as
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where g =jw, X is the unknown vector, and Y is the forcing function. Since the separation does
not take into account inter-element phasing from the Green’s Function, it works best for
electrically small problems where this phasing is at a minimum.

Once the separation is complete, combinations of the B matrices may be used to approximate the
derivatives of the system matrix needed for the AWE process, while the forcing function
derivatives may be found exactly from the excitation data [1]. The system is then solved
recursively to obtain the solution and its derivatives at each unknown, as in the standard AWE
method.



If the derivatives are used to form a Pade approximation, the approximate solution may be more
likely to converge near resonances than a Taylor series approximation. Since the Pade
approximation is a rational function, it may match resonant behavior better than a truncated power
series. The Pade rational function is then computed for each unknown at each desired frequency to
obtain the approximate solution [2].

The AWE method may be applied to other integral equations where the operators may be
separated by frequency content. For the PMCHWT dielectric formulation, the electric and
magnetic fields are given by

E(J,M) = — joA(J)-VO(J) - 1y F(M) 3)
&
and

H(I,M) = — joF(M) - V(M) + -V x A(J). @)
y7i

where F is the electric vector potential, ¢ is the permittivity, and u is the permeability. To
incorporate this into the AWE method, both vector potentials A and F need to be put into B; in (2),
while the scalar potentials have an inverse frequency dependence and are placed into B,. The
vector potential curl terms lack an explicit frequency dependence and are put into B;. The jump
potentials on the self term of the electric vector potential are separated and placed into B,.

For mixed circuit-EM simulation, two options are implemented: a contact-connection model and
an N-port representation of the EM system. For the contact-connection model, the current
continuity equation is enforced for EM elements that are connected to circuit nodes. In addition,
the scalar potential is pinned to the circuit node voltage for connecting elements. This leads to a
coupled system matrix equation,

EM X 1,7 [0

] = | 5)
X" MNA|| I, | |0

Here, the matrix X expresses the coupling between the electromagnetic (FM) and Modified Nodal
Analysis circuit (MNA) parts of the system. Also, Iz, is the electric current, and I, is the circuit
current. The connectivity portions of the matrix (X and X) are frequency independent, while
components of the MNA are filled according to frequency dependence [3].

The N-port model is used instead of the contact model if the EM system is to remain fixed while
the circuit system is varied. The N-port result is a port admittance matrix showing the relation
between the voltages and currents at each port for a given frequency. This information can then be
incorporated into the circuit model, and used to quickly and accurately evaluate many circuits
using the same EM pieces. The N-port representation is given by

[N, |=[xTEMILX]. ©

In order to solve for the N-port representation using AWE, it is expressed as a linear matrix
equation with multiple right hand sides using an intermediate matrix M as

[M1=[EM]'[X]

[ Npor J=[x71IMT

In (7), the linear system is solved for M using the AWE method. Then, the N-port representation is
found by multiplying M by the connectivity matrix. This increases the cost per approximate
frequency by O(number of ports squared) over the contact connection model. However, it reduces
the total unknowns in the system by the number of circuit nodes.

()



In many cases a single frequency expansion point cannot be used to accurately calculate the
approximations over the entire frequency range of interest, requiring a multipoint expansion.
Several frequency expansion points are used, and the AWE method is applied to each one
independently. Each expansion point is used to form the approximations for frequencies within a
certain range of its center frequency. This multipoint method allows for a tradeoff between
accuracy and efficiency [4]. The fewer expansion points used, the quicker the solution and the
lower the accuracy. An automated method of choosing expansion frequencies was implemented to
ensure that error remained within required tolerances across the band.

RESULTS

A number of test cases were run to test the AWE implementation. To test the basic EFIE
implementation, a strip dipole made of triangles was used. There were 23 unknowns on the dipole
and it was fed by a delta-gap source at its center. The dipole dimensions were 39 cm x 1 cm,
giving a resonant frequency of about 1.3 GHz. The automated AWE frequency sweep was used
and the resulting errors are shown in Figure 1. The error norm of the approximation compared to
the exact solution is shown by the crosses and each expansion point frequency is shown as a
square. It is clear by the clustering of the expansion points near the upper bound that the AWE
approximation becomes worse at higher frequencies.

For the frequency sweep up to 300 MHz, the exact solution took 77.11 seconds, while the AWE
sweep completed in 12.4 seconds. This gives an improvement ratio of 6.2. If the exact solution
was needed at more points, the improvement from the AWE would be even more dramatic, as
each frequency point requires a complete fill and solution for the standard method, while it only
requires a simple O(N) calculation for the AWE.

A very simple test of the coupled circuit-EM formulation is a resistive interconnect. The
interconnect was modeled using the PMCHWT formulation, with a conductivity of 5.7E8§ G'/m on
the interior. The dimensions of the interconnect are 1| mm x 1 mm x 4 mm. The interconnect is
excited by a circuit voltage source which is connected to contacts on its ends, as shown in

Figure 2.

The terminal resistance across the interconnect for both the AWE frequency sweep and the
standard method is shown in Figure 3. The AWE required 24 minutes, while the exact method
required 168 minutes. This test showed that coupled circuit-EM problems may be solved
successfully using the AWE method.

SUMMARY

The Asymptotic Wave Expansion method was developed and applied to a full wave computational
electromagnetic code. The AWE method was expanded to include the PMCHWT dielectric
formulation, lumped loads, and coupled circuit-EM problems. A simple adaptive sweep was
shown to be effective for some problems. Good results were demonstrated for test problems
including resistors and printed circuit dipoles.
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Error Norm for a 1.3 GHz Dipole
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Figure 1. Error norm for a PEC dipole in free space. The + indicates the error of AWE versus
exact simulation. The squares show the expansion frequencies.
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Figure 2. The geometry for the Figure 3. Terminal resistance of the copper
copper interconnect. interconnect for both the fast and standard

method.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF0049004500450045002000500044004600200046006f0072006d00610074>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


