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Why do we care? 
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Data Rate, Gbps 
Code Type 

Bit or Symbol Time 
ps 

Rise Time 
ps 

Nyquist Frq. 
GHz 

Analysis or Meas. 
Bandwidth, GHz 

10, NRZ 100 50 5 20 

16,NRZ 62.5 30 8 32 

28, NRZ 35.7 18 14 54 

32, NRZ 31.25 16 16 61 

56, PAM4 35.7 18 14 54 

64, PAM4 31.25 16 16 61 

128, PAM4 15.625 15 32 89 

128, PAM4 15.625 10 32 108 

Microwave 

Millimeter Wave 

and we need to validate our analysis with measurements over such 
bandwidths – this is necessary element for design success! 

Because the signal bandwidth in interconnects is increasing… 
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Analysis to Measurement Validation 
 Formal “Sink or Swim” systematic design process was introduced at 

 Y. Shlepnev, Sink or swim at 28 Gbps, The PCB Design Magazine, October 2014, p. 12-23. 
 M. Marin, Y. Shlepnev, Systematic approach to PCB interconnects analysis to measurement validation, Proc. of 2018 

IEEE Int. Symp. on EMC and SIPI, July 30- August 3, 2018, Long Beach, CA. 

 Though, the last validation step was “visual” assessment like that 
 
 
 
 
 
 

 The process should be automated… 
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Possible way to compare S-parameters 
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S-parameters must be identically sampled or require interpolation 

Feature Selective Validation (FSV) is an alternative 
Recommended by IEEE Standard 1597.1/2 for automated validation 
Relatively complicated and can be applied for amplitudes only 



New Way to Look at S-parameters 
Nyquist/Polar Plots 

Real-Imaginary-Frequency or RIF Space –  
NO INTERSECTIONS – can be used for comparisons 

Bode Plots 
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3D Spiral Plots 
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Distance Between 2 S-Parameters in RIF Space 
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Modified Housdorff Distance(MHD) 
for S-Matrix Element i,j 

MHD for S-Matrix NxN: 

( ) ( )( ), ,, min , , , 1,..., %i j i jSPS SA SB SPS sa sb i j N= =

( ) ( )( ), , , ,, 100 max 1 , ,0 %i j i j MH i j i jSPS sa sb d sa sb= ⋅ −

S-Parameters Similarity (SPS) Measure: 

1,1sa

Frequencies are divided by fnorm – it defines unit along the frequency axis 
(compresses it) and allows comparison of non-identically sampled data sets 

7 

Distance in RIF space between 
point and curve 

Fr
q/

fn
or

m
 



CMP-28: 2-inch strip segment 
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S11: 

model – blue 

meas. – brown 

S21: 

model – blue 

meas. – brown 
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Designed and Measured 
by Wild River Technology 
Modeled with Simbeor 
Guide to CMP-28/32 
Simbeor Kit, CMP-28 
Rev. 4, Sept. 2014. 

https://www.simberian.com/Presentations/CMP-28_Simbeor_Kit_Guide.pdf
https://www.simberian.com/Presentations/CMP-28_Simbeor_Kit_Guide.pdf
https://www.simberian.com/Presentations/CMP-28_Simbeor_Kit_Guide.pdf
https://www.simberian.com/Presentations/CMP-28_Simbeor_Kit_Guide.pdf


CMP-28: 2-inch Strip Segment - S11 
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Normalization Frequency and Sampling 
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Identical sampling in model and measurement:  
(5000 points from 10 MHz to 50 GHz), frqmax=35GHz 

Adaptive model sampling (1525 points from 10 MHz to 50 GHz), 
equidistant measurement (5000 points from 10 MHz to 50 GHz), 
frqmax=35GHz 

Small dependency on fnorm with the 
identical sampling 

Small dependency on fnorm from 100 MHz 
to 1 GHz with the non-identical sampling 

fnorm defines unit along the frequency axis 
and allows comparison of non-identically 
sampled data sets 

CMP-28: 2 inch strip line case 
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( ) ( ), ,MH absd sa sb d sa sb= if fnorm = 1 



Analysis to Measurement SPS for CMP-28 

8/19/2021 EPEPS 2021 

Designed and Measured 
by Wild River Technology 
Modeled with Simbeor 
Guide to CMP-28/32 
Simbeor Kit, CMP-28 
Rev. 4, Sept. 2014. 

Tiers: [0, 80) Bad; [80, 90) Inconclusive; [90, 99) Acceptable; [99, 100] Good;  
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https://www.simberian.com/Presentations/CMP-28_Simbeor_Kit_Guide.pdf
https://www.simberian.com/Presentations/CMP-28_Simbeor_Kit_Guide.pdf
https://www.simberian.com/Presentations/CMP-28_Simbeor_Kit_Guide.pdf
https://www.simberian.com/Presentations/CMP-28_Simbeor_Kit_Guide.pdf


CMP-28: SPS vs FSV for 35 GHz Bandwidth 
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FSV, 35 GHz SPS, 35 GHz 

Inconsistencies in cases 20-22 with high losses |Sij|<0.1 – see analysis in  A. Duffy, G. Zhang, Y. 
Shlepnev, Comparison of Interconnect Model Validation with FSV and SPS Metrics , IBIS Virtual Summit 
with DesignCon 2021, San Jose, California August 19, 2021. 

FSV: 
[0, 0.1]    Excellent 
(0.1, 0.2] Very Good 
(0.2, 0.4] Good 
(0.4, 0.8] Fair 
(0.8, 1.6] Poor 
(1.6, inf)  Very Poor 

SPS: 
[99, 100]   Good 
[90, 99)     Acceptable 
[80, 90)     Inconclusive 
[0, 80)       Bad 
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EvR-1 Validation Platform 
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SPS Brackets: 
[99, 100] Good 
[90, 99)   Acceptable 
[80, 90)   Inconclusive 
[0, 80)     Bad 

M. Marin, Y. Shlepnev, 40 GHz PCB Interconnect Validation: Expectation vs. Reality, DesignCon2018, January 31, 
2018, Santa Clara, CA. - #2018_01 at https://www.simberian.com/AppNotes.php 
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https://www.simberian.com/AppNotes.php


EvR-1: C5_VIAS – No Localization 
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SPS(30)=80.98 |S11| 

|S12| 
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EvR-1: Meander – Sensitivity to Delay 
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   95.3805   80.7767 
   80.7744   96.0296 

SPS(30) 
|S11| |S12| 

Meas. 

Meas. Model 

S12 Phase Delay 

Model 
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Other Applications: Finding Port Mapping 
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   93.8649   35.9115   34.2403   97.6833 
   35.9042   94.3134   97.9695   34.3053 
   34.2412   97.9843   94.7716   35.8398 
   97.7408   34.3058   35.8304   95.2950 

bottom_5cm vs. BOTTOM_5CM_2_4MM: 
SPS=34.2403% 

Wrong port mapping 
or no mapping 
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1 (1) 

2 (3) 

3 (2) 

4 (4) 
Modeled: 1—3, 2—4;  
Measured: 1—2, 3—4;  

   93.8649   98.1029   97.4252   97.6833 
   98.1014   94.7709   97.9843   95.8049 
   97.4376   97.9695   94.3135   98.0679 
   97.7408   95.8234   98.0640   95.2950 

bottom_5cm vs. BOTTOM_5CM_2_4MM: 
SPS=93.8649% 

With correct model port mapping 
1->1,2->3, 3->2, 4->4  



Other Applications: Finding Measurement Matching Model 

EPEPS 2021 

The largest SPS values are for models that created for corresponding measured 
structures – SPS(30) with fnorm=1GHz 
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All are 2-port S-parameters 

Alternatively, the most different S-parameters can be found – outliers, corner 
cases,… 



Conclusion 
 A new S-parameters similarity (SPS) measure is defined through 

modified Hausdorff distance in 3D RIF space 
 The metric is simple, straightforward to implement, and intuitive 
 Tiers or levels can be introduced for a particular application domain 
 It may compliment FSV as the first-pass quick and easy evaluation 

of S-parameters similarity 
 See more details and code snippets are in  

Y. Shlepnev, S-Parameters Similarity Metric, May 24, 2021, Simberian App Note #2021_05 
Y. Shlepnev, Analysis to Measurement Validation with S-Parameters Similarity Metric, IBIS Virtual 
Summit at 2021 Virtual 2021 IEEE EMC+SIPI Workshop August 12, 2021. 
A. Duffy, G. Zhang, Y. Shlepnev, Comparison of Interconnect Model Validation with FSV and SPS 
Metrics , IBIS Virtual Summit with DesignCon 2021, San Jose, California August 19, 2021. 

EPEPS 2021 19 


	Evaluation of S-Parameters Similarity with �Modified Hausdorff Distance
	Outline
	Why do we care?
	Analysis to Measurement Validation
	Possible way to compare S-parameters
	New Way to Look at S-parameters
	Distance Between 2 S-Parameters in RIF Space
	CMP-28: 2-inch strip segment
	CMP-28: 2-inch Strip Segment - S11
	CMP-28: 2-inch Strip Segment – S21
	Normalization Frequency and Sampling
	Analysis to Measurement SPS for CMP-28
	CMP-28: SPS vs FSV for 35 GHz Bandwidth
	EvR-1 Validation Platform
	EvR-1: C5_VIAS – No Localization
	EvR-1: Meander – Sensitivity to Delay
	Other Applications: Finding Port Mapping
	Other Applications: Finding Measurement Matching Model
	Conclusion


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.7

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages false

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages false

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages false

  /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 <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /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 <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /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 [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



