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Abstract

This paper introduces a constrained Vector Fitting
algorithm which can directly identify a passive driving point
function (impedance or admittance) from frequency domain
data. The proposed Positive Fractions Vector Fitting (PFVF)
algorithm formulates the residue identification step as a
convex programming problem, while the pole identification
step follows the unaltered standard Vector Fitting procedure.
A further extension to multi-input-multi-output functions is
possible and is under investigation.

Introduction

The design of modern electronic systems requires accurate
modeling of electrical interconnects in order to address several
signal integrity issues. Lumped macromodels, which enable
fast time domain simulations through recursive convolutions,
can be identified using standard transfer function or state
space realization techniques (e.g. [1]). Interconnects and
electronic packaging are passive structures and have to be
described through passive macromodels as well, since a non-
passive model may lead to unstable transient simulations
when connected with some termination networks [2-4].

In this paper, we deal with the identification problem of a

passive macromodel (1) from frequency domain data
samples {a)k,Z(ja)k)}kzluK, which are obtained from

measurements or full-wave simulations.
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The Vector Fitting (VF) algorithm [1],[5] is well known as
a valid approach to pursue the identification of poles {p,} and
residues {a,} of (1), but it can not guarantee that the identified
transfer function is a positive real function (i.e. it represents a

passive system), even if the original data {m,,Z(j®,)},., .
come from a passive system. Therefore, passivity must be
checked after the identification of Z(s). If any violations are

found, the macromodel is then corrected via perturbation-
based approaches [2-4]. The main drawback of these passivity
enforcement schemes is that they may diverge, so destroying
the accurate approximation found by VF.

Some recent efforts oriented to the direct identification of
passive macromodels [6-7] show that there is interest to
overcome these limitations of the perturbation-based passivity
enforcement schemes. A direct identification of a passive state
space realization is pursued in [6] by using the following
positive real lemma, which provides a necessary and sufficient
condition for the passivity of a system.

Positive real lemma: Let a linear and time-invariant system
admit the state space realization {4,B,C,D} and the transfer
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function H(s)=C(sI—A)"'B+D . If there exists a matrix
W=W" such that:

—A'W-WA -WB+C" o
-B'W+C D+D" | 2
W >0

then H(s) is a positive real function. Moreover, if H(s) is
positive real then there exists a # such that (2) are satisfied.

According to [6], the most straightforward way to solve
the identification problem (1) including the positive real
lemma constraint (and assuming that the poles {p,} are
known), is via semidefinite programming.

The main issue with the application of the positive real
lemma is that the optimization algorithm has to handle all
additional variables of W. Therefore, due to the increased
complexity of the optimization problem, the identification is
limited to quite low orders. In order to reduce the number of
variables in the optimization step, a custom mathematical
formulation was pursued in [6]. Nevertheless, because of the
difficult formulation and lack of a public domain
implementation, such approach has not become a standard
approach in the macromodeling community yet.

We aim to investigate an alternative approach, easier to
understand and implement than [6] and which does not
introduces more variables than the transfer function residues
{a,}. Of course, this approach also has some potential
drawbacks: the macromodel identification will be based on a
sufficient but not necessary condition for the passivity, and
therefore may lead to sub-optimal solutions.

Passive Macromodeling via Convex Programming

Similarly to the formulation [6], the PFVF algorithm is
based on convex optimization and assumes that a suitable set
of stable poles {p,} (i.e. poles in the left half of the complex
plane) has already been identified for the transfer function
under study (1). The standard unconstrained least squares
identification step of VF, including pole flipping, is used in
the first step to estimate the poles. In the second step, the
residues {a,} of (1) are calculated by minimizing the error
between the original data {@,Z(jo,)},., . and Z(jo,),
under the passivity constraint.

Differently from [6], the passivity constraint is not
imposed by requiring that the positive real lemma is satisfied.
The proposed PFVF procedure assumes that each simple
fraction corresponding to a real pole and each couple of
simple fractions corresponding to a complex conjugate pair,
are positive real functions and that the residue a, is non-
negative [4],[8]. This is a sufficient condition to guarantee that
the entire transfer function is positive real, being the sum of
positive real terms, and can be easily translated in a set of
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convex constraints involving the residues {a,}, once that poles
{p.} are assumed to be known. Clearly, the condition is not
necessary too, since the nonnegativeness of Re{Z(jw)} does
not imply the nonnegativeness of the real part of all its partial
fractions.

Respectively, for a real pole p,<0 and for a complex
conjugate pair o£jow. (where 0,<0), the positive real condition
becomes:

Re{#} 20 foranyw < a=0 3
Jo=p,

a—jp
jo—o,+ jo,
- (aoz, + ﬂa)t)z 0
=
(a0, - o.)20
In both cases, since poles are known quantities, the
constraints are linear inequalities.

The PFVF algorithm performs the residue identification
step minimizing the error function:

Re{' a+]ﬁ' +
JO—=0,=JO,

} >0 for any w <
“4)

K
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k=1
where
Z(jo)=a +i % +i bjote, (6)
/ ' Hjo-p, S\ -0 +djote, )

The unknowns {a,, b,, c,} are computed while enforcing the
constraints:

a,20 forn=0.N_, @)
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The constraints (8) are equivalent to (4).

To solve the problem of minimizing (5) under the
constraints (7) and (8), we used CVX (version 1.1 beta), a
package for specifying and solving convex programs [9].

Example

As a test case we consider a lossy transmission line of
length 10 cm, with the following p.u.l. parameters:

R=14Q/m, L=0.63 uH/m, G =50 mS/m, C =110 pF/m.

The Z-parameters have been analytically computed and
then the proposed PFVF algorithm was applied to fit Z,; using
30 poles. Some results are shown in Fig. 1 (magnitude) and
Fig. 2 (phase angle) and compared using the standard VF
identification (same number of poles and iterations). In both
cases unitary weights have been applied.

The constraints (3) and (4) have been checked for both the
models identified using the VF algorithm and the proposed
PFVF algorithm. The former does violate the constraints,
possibly resulting in a non-passive model. On the other hand,
the latter does not violate any constraints therefore
guaranteeing the passivity.
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Fig. 1 Magnitude of the reference function Z;,(f) compared
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Fig. 2 Phase angle of the reference function Z;,(f) compared
to those of identified functions via VF and PFVF algorithms.
References

[1] B. Gustavsen, A. Semlyen, “Rational Approximation of Frequency
Domain Responses by Vector Fitting”, IEEE Trans. on Power Delivery,
Vol. 14, No. 3 (1999), pp. 1052-1061.

[2] B. Gustavsen, “Computer Code for Passivity Enforcement of Rational
Macromodels by Residue Perturbation”, IEEE Trans. on Advanced
Packaging, Vol. 30, No. 2 (2007), pp. 209-215.

[31 S. Grivet-Talocia, “Passivity enforcement via perturbation of
Hamiltonian matrices”, [EEE Trans. on Circuits and Systems I, Vol.
51, No. 9 (2004), pp. 1755-1769.

[4] Rong Gao, Y.S. Mekonnen, W.T. Beyene, J.E. Schutt-Aine, “Black-box
modeling of passive systems by rational function approximation”, /EEE
Trans. on Advanced Packaging, Vol. 28, No. 2 (2005), pp. 209 — 215.

[51 W. Hendrickx, T. Dhaene, “A discussion of "Rational approximation of
frequency domain responses by vector fitting" ”, JEEE Trans. on Power
Systems, Vol. 21, No. 2 (2006), pp. 441-443.

[6] C.P. Coelho, J. Phillips, L.M. Silveira, “A convex programming approach
for generating guaranteed passive approximations to tabulated frequency-
data”, [EEE Trans. on CAD of IC and Systems, Vol. 23, No. 2 (2004),
pp. 293 - 301.

[71 A. Woo, A.C. Cangellaris, “Passive Rational Function Fitting of a
Driving-Point Impedance from Its Real Part”, JEEE Workshop on Signal
Propagation on Interconnects (2006), pp. 21-22.

[8] E.A. Guillemin, “Synthesis of Passive Networks”, Wiley Chapman &
Hall (1957).

[91 M. Grant, S. Boyd, CVX: Matlab software for disciplined convex
programming, web page and software: http:/stanford.edu/~boyd/cvx .




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /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 1.6
  /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 false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /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
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /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 150
  /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 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 <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 "Recommended"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


