
Progress in Decompositional Electromagnetic 
Analysis of Digital Interconnects

Yuriy Shlepnev, Simberian Inc.



2Y. Shlepnev, Simberian Inc.

Who Am I?

ÅDeveloper of physics-based algorithms for 
decompositional electromagnetic analysis of 
high-speed digital interconnects

ÅCo-creator of Simbeor, the industry-proven 
electromagnetic signal-integrity platform built on 
those algorithms

ÅCo-creator of Simbeor Commander, the first 
autonomous AI signal-integrity engineer for 
compliance analysis, enabled by {ƛƳōŜƻǊΩǎ solvers 
and workflows

Yuriy Shlepnev
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Why DEA Matters Now

DR, Gbps BT or ST, ps RT, ps Fn, GHz BW, 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

112, PAM4 17.8571 10 32 101

128, PAM4 15.625 10 32 108

224, PAM4 8.92857 8 64 120

448, PAM4 4.46429 4 112 239

BT ς bit time for NRZ
ST ς symbol time for PAM4 
RT ς rise/fall time (0-100%)
Fn ς Nyquist frequency
BW ς bandwidth estimate is based on -25 dB 
spectrum drop-off (-20dB for 224 and higher)

Bandwidth for SI analysis is growing: Ethernet (802.03), OIF, PCIe 5-уΣ D55w сΣ тΧ

Å At these speeds, predicting interconnect behavior without accurate electromagnetic analysis is impossible. 

Å But full-board 3D EM is either not possible or computationally expensive.

Å This is exactly why Decompositional Electromagnetic Analysis, or DEA, is essential.



Why Decomposition Is the Right Physics

Y. Shlepnev, Simberian Inc.

Principles of microwave circuits / edited by C.G. 

Montgomery, R.H. Dicke and E.M. Purcell, MIT, 1948

V.V Nikolskiy, T.I. Nikolskaya, ñDifraction on stripline structures: 

Analysis of Microwave Integrated Circuitsò // ʀʟʚ. ʚʫʟʦʚ.

ʈʘʜʠʦʬʠʟʠʢʘ. 1981.ʊ. 24,ˉ 12. C. 1423ï1458.

Å Interconnects are waveguiding structures, so the most efficient 
modeling approach is partitioning into transmission lines + 
discontinuities.

ÅThis approach originated in microwave/mm-wave design and 
was adapted to PCB/PKG interconnects.

ÅDEA applies rigorous field theory to reduce problem complexity 
by following the physics of wave propagation.

ÅPartitioning enables separation of signal-degradation factors 
(loss, reflections, coupling), making pass/fail analysis fast and 
actionable.

History of decomposition/diakoptic applications to MICs/MMICs
wΦIΦ WŀƴǎŜƴΣ  !Φ WΦ !ŀŎƘŜƴΣ  ά5ŜǎƛƎƴ-ƻǊƛŜƴǘŜŘ ŜƭŜŎǘǊƻƳŀƎƴŜǘƛŎ ƳƻŘŜƭƛƴƎ ŦƻǊ aaL/ǎέΣ  
GAAS, Amsterdam, 1998. 
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Why Decompositional EM Analysis Emerged

Y. Shlepnev, Simberian Inc.

Å Before ~2000: Digital interconnect speeds were low; lumped via models and simple transmission-line models 
were sufficient, and full EM analysis was rarely needed.

Å As data rates exceeded 6 Gbps, interconnects entered microwave/mm-wave spectral ranges, and simplified 
models no longer correlated to measurements.

Å Engineers adopted general-purpose 3D EM solvers designed for RF/microwave and antenna problemsτ
accurate, but not optimized for PCB/PKG geometries or fast post-layout workflows.

Å This gap led to decompositional electromagnetic analysis (DEA, mid 2000s): a physics-based partitioning 
method treating digital interconnects as waveguiding structures composed of transmission lines and localized 
discontinuities.

Å [ŀǘŜǊ ǇŀǊǘƛǘƛƻƴƛƴƎ ŀǇǇǊƻŀŎƘŜǎ όάŎǳǘ-and-ǎǘƛǘŎƘέΣ άŘƛǾƛŘŜ-and-ŎƻƴŎǳǊέύ ƻŦǘŜƴ ŀǇǇŜŀǊŜŘ ƛƴŀŎŎǳǊŀǘŜ ŘǳŜ ǘƻ 
incorrect boundary conditions, port definitions, or use on non-localized structures.

Å Full-board 3D EM analysis without partitioning is now possible via formal domain decomposition, algebraic 
matrix reduction, and HPC, but remains a brute-force approach with significant practical disadvantages.

Y. Shlepnev, "Decompositional electromagnetic analysis of digital interconnects", 2013 IEEE Int. Symp. 

on EMC, Denver, CO, USA 2013, pp. 563-568.
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DEA Step 1: Identify Waveguiding Structures 
& Discontinuities

Y. Shlepnev, Simberian Inc.

ÅFollow the actual signal propagation path and 
define the waveguiding channel around the 
trace.

ÅIdentify all changes in reference conductors Ҧ 
classify each as transmission line or discontinuity 
(e.g., vias, launches).

ÅDetect coupled segments or adjacent vias for 
potential crosstalk analysis.

ÅAllow only dominant modes between adjacent 
domains; define wave boundaries and ports.

Launches for SMA Connectors

Traces

Vias

Example: Pathological structure on CMP-28 
validation platform from Wild River Technology 
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Reference conductors are shown only 
around vertical transitions (vias)



DEA Step 2: Extract Transmission-Line & 
Discontinuity Models

Y. Shlepnev, Simberian Inc.

ÅExtract per-unit-length RLGC / modal parameters 
for each unique t-line cross-section (use 2D 
quasi-static or 3D EM solver).

ÅExtract de-embedded S-parameters for each 
unique discontinuity (vias, launches, pads) using 
fast or full 3D EM solvers.

ÅParameterize vertical transitions (multi-vias) for 
reuse across links and possible optimization.

ÅInclude all reference conductors inside the signal 
space όҒς60dB power-flow pink boundary).

Parameterized 3D EM models 
of launches and vias

Transmission line models 
(2D or 3D EM)

Waveguiding channel for the pathological 
link on CMP-28 platform
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DEA Step 3: Build the Linear Multiport 
Network Model

Y. Shlepnev, Simberian Inc.

CMP-28 Pathological Link
4 multiport with 2 unique multi-via geometries
44 transmission line segments with 13 unique cross-sections 

Launches

ViasNarrow trace

Wider traces with slots or 
additional ref. conductors

Narrow trace

ÅConnect all extracted t-line segments and 
discontinuity models into a single 
multiport network.

ÅUse wave ports (quasi-TEM) in all directions 
to ensure well-defined voltages/currents 
and eliminate fixture-related reflections.

ÅEnable frequency-domain and 
time-domain simulation using rational 
compact models (RCMs) for seamless 
FD TD transitions.

ÅReuse identical transitions and 
cross-sections to accelerate analysis across 
multiple links.

10



Why DEA Works (Physics & Efficiency)

Y. Shlepnev, Simberian Inc.

ÅLong planar traces are computationally expensive to solve 
with brute-force 3D EM due to current singularities.

ÅDEA isolates localized 3D discontinuities and models long 
traces with modal TL parameters, improving both accuracy 
and speed.

ÅDecomposition separates loss, reflection, and coupling 
ƳŜŎƘŀƴƛǎƳǎ Ҧ ŜƴŀōƭƛƴƎ Ŧŀǎǘ pass/fail analysis and targeted 
troubleshooting.

ÅProvides a scalable EM workflow suitable for complex 
PCB/PKG interconnects without whole-board brute-force 
simulation.

ÅLong-range coupling is neglected, but is possible to account.

ÅNot so popular, because of it is inversed geometry 
identification problem that is difficult to implement on 
άSwiss-cheeseέ ƻǊ άǎǇŀƎƘŜǘǘƛέ ōƻŀǊŘǎΦ

11

IL, RL and TDR for CMP-28 Pathological Link 
presentation in Simbeor SI Compliance Analyzer
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DEA EM Solvers Overview

Y. Shlepnev, Simberian Inc.

Å DEA utilizes two 3D EM solvers for discontinuity S-parameter 
extraction and one 2D quasi-static solver for transmission lines. 

Å The 3D EM Method of Lines (MoL) solver (3DML) initially modeled 
both transmission lines and discontinuities. 

Å A 2D quasi-static MoM solver (SFS) accelerates transmission line 
extraction and supports broadband material models. 

Å A 3D EM Trefftz Finite Element (TFE) solver (3DTF) was added in 
2015 for micron-size HBM and interposer interconnects. 

Å Both MoL and TFE solvers analyze discontinuities with de-embedded 
ports and extract modal parameters of transmission lines.

Å MoL and TFE solvers use interpolative frequency sweep ς frequency 
points are added to improve the quality of RCM 

Å MoL and TFE solvers are accelerated with the domain 
decomposition and distributed computing (frequency points)

13

As implemented in Simbeor software

MoL

MoM

TFE



MoL Solver (3DML)

Y. Shlepnev, Simberian Inc.

ÅModels use an equidistant XY-plane mesh 
alongside multiple Z-axis levels adapted to 
stackup layers.

ÅDǊŜŜƴΩǎ ŦǳƴŎǘƛƻƴ ƻƴ ƎǊƛŘ όƳŀǘǊƛȄύ ƛǎ ŎƻƳǇǳǘŜŘ 
using Toeplitz-Hankel decomposition 

ÅMagnetic currents are used in mostly metallized 
layers, with electric currents used elsewhere. 

ÅCapacitive Absorbing Boundary Condition (CABC) 
terminates XY-plane boundaries to eliminate 
resonances. 

De-embedded Coaxial Port

De-embedded 
Microstrip Port

CABC

Magnetic 
Currents (cyan)

Electric 
Currents (red)
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Domain Decomposition in MoL

Y. Shlepnev, Simberian Inc.

ÅTreating layers as separate domains converts problem 
matrices into manageable block band matrices. 

ÅBlock-frontal LDL algorithms significantly reduce both RAM 
usage and solution times. 

ÅSolution complexity scales linearly with the number of 
stackup layers. 
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CMP-28 launch problem matrix has 5 block diagonals, 29 subsections, 
and 70 blocks όǊŀƴƪ Ғ35k).
Direct LDU factorization: ~9.7GB RAM and 294s per frequency point.
Block-frontal LDL (tiled) algorithm: reduces to ~2.2GB RAM and 8.4s 
per frequency point.
Result: ~35× speed-up and 4× lower memory for the same geometry.



TFE Solver (3DTF)

Y. Shlepnev, Simberian Inc.

CMP-28 launch problem uses 8 EM sub-domains with equidistant XY 
mesh and adaptive Z-mesh.
Solves a sparse system with ~4.55M variables.
Requires about 6 min per frequency point on a 20-core workstation.
Memory usage is approximately 43GB RAM for this discontinuity 
model.

Å Finite elements in TFE use plane-wave basis functions inside 
the elements (similar to Ultra Weak Discontinuous Galerkin 
Wave Elements).

Å Unique field visualization capability (E, H, currents, power 
Ŧƭƻǿ ŘŜƴǎƛǘȅΣΧύ

Å Current version uses structural adaptive mesh ς it restricts 
complexity of geometry.

Å Accelerated with DD similar to MoL (needs wave basis 
functions between domains for further acceleration)

Power Flow Density at 10GHz for CMP-
28 launch discontinuity (animated)
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MoL vs. TFE

Y. Shlepnev, Simberian Inc.

RL

IL

MoL - brown *
TFE - red and blue x

### **Overall SPS Metrics**
ǉ ǉǉ/ÖÅÒÁÌÌ 303 3ÃÏÒÅ ƽʦʣʣ˧ "7ƾƙǉǉ ʭʧƚʬʦ˧ γ ǉǉ!ÃÃÅÐÔÁÂÌÅǉǉ
ǉ ǉǉ/ÖÅÒÁÌÌ 303 3ÃÏÒÅ ƽʭʣ˧ "7ƾƙǉǉ ʭʫƚʭʭ˧ γ ǉǉ!ÃÃÅÐÔÁÂÌÅǉǉ

### **S - Parameter Similarity (SPS) Matrix**
| S - Par.     | SPS (100% BW) | Rating (100% BW) | SPS (80% BW) | Rating (80% BW) |
| : ---        | : ---           | : ---              | : ---          | : ---             |
| **S(1,1)** | 95.48%        | Good             | 96.87%       | Good            |
| **S(1,2)** | 82.71%        | Acceptable       | 86.88%       | Acceptable      |
| **S(2,1)** | 82.71%        | Acceptable       | 86.88%       | Acceptable      |
| **S(2,2)** | 92.22%        | Good             | 96.63%       | Good            |

CMP-28 Coaxial Launch
Analysis with completely different methods
Different boundary conditions (CABC vs. ABC)
Different meshing
Though, very similar results

CPW=8, CPWL=50, No solder mask
MoL ς 2 mil vertical discretization 

unlocalized
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Reference Integrity  

Y. Shlepnev, Simberian Inc.

ÅPass 1 (Reference Integrity): Focuses on finding and fixing 
critical discontinuities in reference conductors as well as via 
localization problems - Electrical Rule Checking (ERC) mode. 

ÅCritical violations, such as cutout in reference 
conductors and vias lacking adequate reference or 
stitching vias, prevent interconnect predictability and 
must be eliminated immediately. 

ÅDiscontinuities remain predictable up to their specific 
"localization frequency," beyond which the structures 
gradually lose localization, leak energy and become 
unpredictable in general. 

19

Defects must be identified and fixed using fast, inexpensive EM 
models prior to running costly broadband analysis. 

ERC: Reference integrity violations on 
CMP-28 validation platform

ERC: Via localization violation on EvR-1 
validation platform



Evaluation of Localization

Y. Shlepnev, Simberian Inc.

╟▀░▼▼░▬╪◄▄▀В▓╢▓ȟ  ╟░▪ 
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Super-linear increase of the dissipated power indicates either loss of energy at 
the boundaries (unpredictable loss of localization) or resonances (also bad)
The lost energy can be used to estimate the worst-ŎŀǎŜ ŎǊƻǎǎǘŀƭƪΧ

╟▀░▼▼░▬╪◄▄▀ ὖ ╟╪╫▼║╒ 

PFD @ 50GHz 
(animated)



Impedance Continuity & Crosstalk

Y. Shlepnev, Simberian Inc. 21

Å Pass 2 (Impedance Continuity & Local Coupling): Aims 
to identify and correct obvious trace and via impedance 
deviations and discover local coupling (ERC mode).

Å Impedances are evaluated against target metrics at 
a single frequency point (e.g., the signal Nyquist 
frequency) to address major sources of reflection. 

Å Crosstalk is evaluated for each coupled segment.

Å Pass 3 (Link-Level Crosstalk Evaluation): Evaluates 
crosstalk caused by parallel trace coupling  - Fast SI 
analysis mode.

Å This pass utilizes coupled transmission line models, 
completely avoiding the need for computationally 
heavy 3D EM models. 

Å Also evaluates impedance with TDR

ERC: Local crosstalk evaluation on 
CMP-28 validation platform

FSI: Crosstalk  evaluation on 
CMP-28 validation platform



DEA with 3D EM Models

Y. Shlepnev, Simberian Inc.

ÅPass 4 (3D SI Compliance Analysis): Utilizes 3D 
EM models for discontinuities in both frequency 
and time domains to evaluate overall losses, 
reflections and crosstalk across the signal 
bandwidth. 

ÅThis 3D EM analysis should only proceed 
after localization, impedance, and local 
coupling problems have been identified 
and corrected. 

ÅWhile final pass-fail conclusions require 
evaluating the channel with signal conditioning, 
DEA effectively diagnoses why a passive 
channel might fail before equalization is applied. 

L.aΩǎ tƭŀǎƳŀ 
Benchmark PKG

3D EM analysis is applied to discontinuities 
only (Adaptive Discontinuity Selectors)



Outline

ÅIntroduction

ÅCore Elements of DEA

ÅDEA Solvers

ÅMulti-Pass Interconnect Design Enabled by DEA

ÅDEA Accuracy and Validation

ÅConclusion

Y. Shlepnev, Simberian Inc. 23



CMP-28 Validation Platform

24

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

[80, 90) Acceptable; [90, 99) Good; [99, 100] Excellent; 

Y. Shlepnev, Simberian Inc.

Y. Shlepnev, Evaluation of S-Parameters Similarity with Modified Hausdorff Distance, EPEPS2021.

https://www.wildrivertech.com/
https://www.wildrivertech.com/
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/AppNotes/Shlepnev_SPS2021_rev2.pdf
https://www.simberian.com/AppNotes/Shlepnev_SPS2021_rev2.pdf
https://www.simberian.com/AppNotes/Shlepnev_SPS2021_rev2.pdf
https://www.simberian.com/AppNotes/Shlepnev_SPS2021_rev2.pdf
https://www.simberian.com/AppNotes/Shlepnev_SPS2021_rev2.pdf


CMP-28 
Pathologic Link

Y. Shlepnev, Simberian Inc.

### **Overall SPS Metrics**
ǉ ǉǉ/ÖÅÒÁÌÌ 303 3ÃÏÒÅ ƽʦʣʣ˧ "7ƾƙǉǉ ʭʮƚʧʦ˧ γ ǉǉ!ÃÃÅÐÔÁÂÌÅǉǉ
ǉ ǉǉ/ÖÅÒÁÌÌ 303 3ÃÏÒÅ ƽʭʣ˧ "7ƾƙǉǉ ʮʧƚʩʩ˧ γ ǉǉ'ÏÏÄǉǉ

| S - Par.     | SPS (100% BW) | Rating (100% BW) | SPS (80% BW) | Rating (80% BW) |
| : ---        | : ---           | : ---              | : ---          | : ---             |
| **S(1,1)** | 89.21%        | Acceptable       | 92.44%       | Good            |
| **S(1,2)** | 92.56%        | Good             | 93.22%       | Good            |
| **S(2,1)** | 92.56%        | Good             | 93.21%       | Good            |
| **S(2,2)** | 89.60%        | Acceptable       | 92.89%       | Good            |
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Analysis vs. Measurement 
ŦƻƭƭƻǿƛƴƎ ά{ƛƴƪ ƻǊ {ǿƛƳέ 
approach



CMP-70 Validation Platform
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XTALK-70 Validation Platform from Wild River Technology 
https://wildrivertech.com/ 

All solutions are available in Simbeor Kit for CMP-70: 
CMP-70_Simbeor_Kit_2025/Dec2025

https://drive.google.com/open?id=1JqE62aMjKA0CG4c-wYS2-
H1wCevwNjQ_&usp=drive_fs 

Detailed description: A. P. Neves, K. Skytte, J. Phillips, F. Zavosh, E. Bogatin, Free signal integrity? 
How understanding anisotropic materials and tolerances could increase performance at 
112/224Gbps and beyond, DesignCon 2025

Used in Tutorial:
Y. Shlepnev, A. Manukovsky Tutorial: How to Design Predictable Interconnects 
for 448Gbps, DesignCon 2026. Santa Clara, CA - #2026_01 at 
https://www.simberian.com/TechnicalPresentations.php  

Y. Shlepnev, Simberian Inc.

https://wildrivertech.com/
https://drive.google.com/open?id=1JqE62aMjKA0CG4c-wYS2-H1wCevwNjQ_&usp=drive_fs
https://drive.google.com/open?id=1JqE62aMjKA0CG4c-wYS2-H1wCevwNjQ_&usp=drive_fs
https://drive.google.com/open?id=1JqE62aMjKA0CG4c-wYS2-H1wCevwNjQ_&usp=drive_fs
https://drive.google.com/open?id=1JqE62aMjKA0CG4c-wYS2-H1wCevwNjQ_&usp=drive_fs
https://drive.google.com/open?id=1JqE62aMjKA0CG4c-wYS2-H1wCevwNjQ_&usp=drive_fs
https://www.simberian.com/TechnicalPresentations.php


CMP-70 Analysis-to-Measurement Correlation

27

[ŜǘΩǎ ŎƻƳǇŀǊŜ ŀ ŦŜǿ ƛƴǘŜǊŜǎǘƛƴƎ ŎŀǎŜǎΧ

No Caps 

Y. Shlepnev, Simberian Inc.



J62J63 ς MSL SE Via Resonator

28

Solution ..\CMP-70_Simbeor_Kit_2025\Dec2025\CMP-70-SE(3)

Note: Compare it with the results obtained with Cadence Clarity in 
άCǊŜŜ ǎƛƎƴŀƭ ƛƴǘŜƎǊƛǘȅΚ Iƻǿ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ŀƴƛǎƻǘǊƻǇƛŎ ƳŀǘŜǊƛŀƭǎ ŀƴŘ 
ǘƻƭŜǊŀƴŎŜǎ ŎƻǳƭŘ ƛƴŎǊŜŀǎŜ ǇŜǊŦƻǊƳŀƴŎŜ ŀǘ ммнκннпDōǇǎ ŀƴŘ ōŜȅƻƴŘέΣ 
DesignCon 2025

Via Resonator (Stub)

Y. Shlepnev, Simberian Inc.



J62J63 ς MSL SE Via Resonator

29

Solution ..\CMP-70_Simbeor_Kit_2025\Dec2025\CMP-70-SE(3)

~2% shift in resonance;
No Anisotropy 

IL &RL
TDR

Phase Delay

Y. Shlepnev, Simberian Inc.



L999 9t{ .ŜƴŎƘƳŀǊƪΥ L.aΩǎ tƭŀǎƳŀ tYD

Y. Shlepnev, Simberian Inc.

Nets:All nets in L3_CP_PP_CL3_CLK3 group 
(L3_CP_PP_CL3_CLK3_CLOCK, 
L3_CP_PP_CL3_CLK3_DAT_00-DAT017)
Decompositional Model:1943 unique cross-sections, 40 
discontinuity models. 3DSI analysis time: 58min on laptop

https://www.packaging-benchmarks.org/
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Potential

Potential

Actual, FEM+DD

Actual, BEM 
+O(Nlog(N)) solver

Actual, BEM


