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Introduction 
 Analysis of PCB and packaging interconnects for 10-30 Gbps 

systems is a challenging problem 
 Extremely broad frequency bandwidth from DC to 20-50 GHz 
 No frequency-continuous dielectric models available from manufactures 
 No conductor roughness models available from manufacturers 
 Boards are routed in old-style based on rules and approximate models (with 

violations of localization) 
 Boards are not manufactured as designed – variations and manipulations by 

manufacturers 

 There is only one IPC industry standard for identification of 
broadband models for PCB/packaging dielectric 
 IPC-TM-650 #2.5.5.12 – Short Pulse Propagation (SPP) technique 
 Originally promoted and supported by IBM 
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Broadband material models 

 Common PCB dielectric models: 
 
 
 
 
 

 Common conductor surface roughness models: 
 
 
 

 Parameters for the models are not available and must be identified  
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Continuous-spectrum model  
Requires specification of DK and LT at 
one frequency point (2 parameters) 

Wideband Debye (aka Djordjevic-Sarkar): 
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Modified Hammerstad (2 parameters): Huray snowball (1-ball, 2 parameters): 
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Requires specification of value at infinity and 
poles/residues or DK and LT at multiple 
frequency points (more than 2 parameters) 

Multi-pole Debye: 
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Empirical macroscopic temporal 
dispersion models for LTI 
PCB/packaging dielectrics 



Material model identification techniques 
 For test structures … 

 Transmission line segments 
 Patch or parallel-plate resonators or slab 
 Resonators coupled or connected to a transmission line 

 … take measurements … 
 S-parameters measured with VNA 
 TDR/TDT measurements 
 Combination of both 

 … and correlate with a numerical model 
 Analytical or closed-form 
 Static or quasi-static field solvers 
 3D full-wave solvers 
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Material Model Identification  
with GMS-Parameters 

See details at: Y. Shlepnev, PCB and package design up to 50 GHz: Identifying dielectric and conductor 
roughness models, The PCB Design Magazine, February 2014, p. 12-28. 

L 

Optimization loop – red line; 
Automated in Simbeor software; 
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The GMS-parameters technique is  
the simplest possible for interconnects 
 Needs measurements for 2 t-lines with any geometry of cross-section 

and transitions 
 No extraction of propagation constants (Gamma) from measured data 

(difficult, error-prone) 
 No de-embedding of connectors and launches (difficult, error-prone) 
 Works with single-ended and differential lines 

 Needs the simplest numerical model 
 Requires computation of only propagation constants from cross-section 

(accuracy of the model is very important!) 
 No 3D electromagnetic models of the transitions 

 Minimal number of smooth complex functions to match 
 One parameter for single and two parameters for differential 
 All reflection and modal transformation parameters are exactly zeroes 
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Conductor effects such as roughness, skin and proximity effects as well as high-frequency dispersion have to be appropriately accounted for in the electromagnetic model for accurate identification



Material Model Identification with  
Short Pulse Propagation (SPP) 

Low frequency values are 
identified separately due 
to TDT limitations 

TDT pulse responses of 2 line 
segments -> Gamma 

Iterative matching of measured 
and computed Gamma -> 
Dielectric Model  
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G. A. Katopis, B. J. Chamberlin, R. S. Krabbenhoft, Extraction of   and  
for printed circuit board insulators up to 30 GHz using the short-pulse 
propagation technique, IEEE Trans. on Adv. Packaging, vol. 28, 
2005, N 1, p. 4-12. 



Comparison of SPP and GMS techniques 
 Measure pulse response 

(TDT) for 2 line segments 
 Extract complex propagation 

constant (Gamma) 
 
 
 
 

 Build model of t-line cross-
section 

 Change material model until 
measured and modeled 
Gamma are matched 
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 Measure S-parameters for 2 
line segments 

 Extract reflection-less S-
parameters (GMS-
parameters) of difference   
 
 
Gamma can be extracted 

 Build model of t-line cross-
section and compute GMS-
parameters of segment 

 Change material model until 
measured and modeled 
GMS-parameters are 
matched 
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Commonalities and differences of GMS and SPP 
 Commonalities: 

 Same test fixture can be used (2 segments) 
 Numerical transmission line model is used in both techniques 
 Resistance measurement at DC can be used to identify bulk resistivity in both 

techniques 

 Differences: 
 Measured S-parameters are used to extract GMS-parameters (VNA), but short 

pulse TDT measurements are used in SPP technique to extract complex 
propagation constants 

 SPP uses measurements at 1 MHz to have low frequency asymptotes of 
dielectric constant - not needed with the GMS-parameters if S-parameters are 
measured starting from sufficiently low frequency 

 If S-parameters are used to extract Gamma through GMS-
parameters, such technique may be considered as a variation of 
SPP methodology – “SPP Light” 
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Separation of dispersion from dielectric and 
roughness 
 Conductor roughness effect causes signal degradation (dispersion and loss) 

that are similar to the signal degradation caused by dielectrics 
 Conductor roughness and dielectric models can be constructed as follows 

 Identify dielectric model and do not use any additional conductor roughness 
model (suitable for high-loss dielectrics and if cross-section is not changed); 

 Define dielectric model with the data available from the dielectric 
manufacturer and then identify only the roughness model ( simplest, works 
well with reliable data from manufacturers); 

 Use segments with flat copper to identify parameters in dielectric model and then 
use segments made with rough copper to identify the conductor roughness 
model; 

 Identify dielectric and conductor roughness models simultaneously using multiple 
segment pairs with multiple trace width (most complicated and ambiguous); 
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Example of material model identification 
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From Isola FR408 specifications 

10.5 (11) mil strip lines; microstrips 13.5 (14.5) mil; 
Use measured S-parameters for 2 segments (2 inch 
and 8 inch); No data for conductor roughness model; 

CMP-28 channel modelling platform from  
Wild River Technology http://www.wildrivertech.com/ 



Example from CMP-28 platform 
 Identification results: 

 Dielectric: Wideband Debye dielectric model with 
Dk=3.8 (3.66), LT=0.0117 @ 1 GHz; 

 Conductor roughness: modified Hammerstad 
model with SR=0.32 um, RF=3.3 
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GMS-parameters Gamma (SPP Light) 

Models are usable above 50 GHz! 



Examples of practical material models 
identification with differential lines 
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Conclusion 
 Broadband dielectric and conductor roughness models must be 

identified or verified to have meaningful analysis in EDA tools 
 Technique with GMS-parameters is accurate and simplest possible and 

may be considered as variant of SPP technique 
 GMS or SPP light techniques can be also used to identify parameters of 

 Models of dielectric mixtures or mixture components 
 Permittivity of anisotropic dielectric models (in or off plane) 
 Macroscopic fiber weave effect models 

 Sensitivity of GSM-parameters to geometry variations is investigated at 
app. note #2010_03 at http://www.simberian.com/AppNotes.php  

 See more references on the next slide 
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Backup slides 
 Details of GMS-parameters algorithm 
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Measure S-parameters of two line segments 

 S1 and T1 for line with length L1 
 

 
 

 
 S2 and T2 for line with length L2 

 

1 1S T→

2 1 [S1/T1] 

2 2S T→

2 1 [S2/T2] 

L1 

L2 

T1 and T2 matrices are scattering T-parameters 
(computed directly from S-parameters) 
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Extract Generalized Modal T-parameters (GMT) 
and then GMS-Parameters (1-conductor case) 

2 1 [TA] [TB] 2 1 [T1] 

1T TA TB= ⋅

1 [TA] [GMT] 2 1 [T2] 

2T TA GMT TB= ⋅ ⋅

[TB] 2 

Segment L1 

Segment L2 

GMT is non-reflective modal T-matrix (normalized to 
the unknown characteristic impedances of the modes) 

2 1dL L L= −

( )12 1GMT eigenvals T T −= ⋅

1 12 1T T TA GMT TA− −⋅ = ⋅ ⋅

Easy to compute! 
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For 1-conductor line we get: 

Just 1 complex function! 
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The line in TRL must be close to 50-Ohm and the next step would be extraction of Gamma as solution of transcendent equations and error blocks as eigenvectors of the T2*T1^-1. The latest procedure is very sensitive to the measurement noise and to geometrical differences of the launches and lines.



 Solve Maxwell’s equations for 1-conductor line: 
 
 

 
 

 Match to measured data: 
 
 
 
 

 Measured GMS-parameters of the segment can be matched with the 
calculated GMS-parameters for material parameters identification 

 Phase or group delay can be used to identify DK and insertion loss to identify 
LT or conductor roughness! 

 Technique is extended for N-conductor case – see the paper 

dL

Identifying dielectrics by matching  
GMS-parameters (1-conductor case) 
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Only 1 complex function! 
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