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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



Abstract

At data rates exceeding 112 Gbps, interconnects function as waveguides 
where energy travels in the dielectric space, not merely on the traces. This 
session explores the fundamental physics of signal degradation to demystify 
high-speed interconnect behavior. We will examine the anatomy of material 
losses, visualizing how dielectric polarization and conductor surface 
roughness dissipate energy. The discussion progresses to reflections, treating 
discontinuitiesτspecifically viasτas vertical waveguides with distinct 
radiation properties. Finally, we analyze crosstalk through the lens of 
electromagnetic field coupling and modal velocity differences. By shifting 
focus from simple circuit equations to physical field behavior, attendees will 
gain the insight needed to predict performance and mitigate signal integrity 
issues in next-generation designs.
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Outline

ÅIntroduction: Signal bandwidth and degradation factors

ÅAbsorption: Dielectrics and conductors

ÅReflections: Impedance and discontinuities

ÅCoupling: Dissipation and crosstalk

ÅConclusion
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Bandwidth for SI Analysis is Growing

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)

Ethernet (802.03), OIF, PCIe 5-8, GDDR 6, 7Χ

Bandwidth for the analysis may be further reduced by attenuation of high-
frequency harmonics
It may be not applicable to near-ŜƴŘ ŎǊƻǎǎǘŀƭƪΧ
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Bandwidth Brickwall: PSD of Realistic Link

Stimulus PSD

Response PSD

frq, Hz

448Gbps PAM4, 2ps rise time, PRBS9

5-inch strip line, W=12mil, H=20mil

Meg7 ï Wideband Debye: Dk=3.17, LT=0.001 

@ 1 GHz

Copper: RR=1.4, Roughness ï Huray- 

Bracken Model: SR=0.14 um, RF=8.7

1.5-2 x Nyquist may be required for 

accurate analysis

Formal pulse analysis can be used for better 

estimate (*)

Bandwidth for NEXT (crosstalk in vias) is 

practically the same as the stimulus L - 

maximal possible bandwidth must be used

High-frequency harmonics are attenuated but still 
required for accurate modeling

fn=112GHz

224GHz

Simbeor SDK

(*) Y. Shlepnev, How Interconnects Work: Bandwidth for Modeling and Measurements , Signal Integrity Journal, April 12, 2022
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Bandwidth Brickwall: PSD of Low-Loss Link

Stimulus PSD

Response PSD

frq, Hz448Gbps PAM4, 2ps rise time, PRBS9

5-inch strip line, W=12mil, H=20mil

Meg7 ï Wideband Debye: Dk=3.17, LT=0.001 

@ 1 GHz

Copper: RR=1.1, Roughness ï Huray- Bracken 

Model: SR=0.01 um, RF=8.7

2-4 x Nyquist may be required for accurate 

analysis

Formal pulse analysis can be used for better 

estimate (*)

Bandwidth for NEXT (crosstalk in vias) is 

practically the same as the stimulus L - 

maximal possible bandwidth must be used

More on achievable losses in Presentation #2020_03 

at Y. Shlepnev, In search of fundamental limits for 

electrical interconnects , January 2020.

fn=112GHz

224GHz

Simbeor SDK

(*) Y. Shlepnev, How Interconnects Work: Bandwidth for Modeling and Measurements , Signal Integrity Journal, April 12, 2022
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Signal Degradation Factors

üAbsorption (dispersion)  in dielectrics and conductors 
(app notes #2016_01, #2021_10 )

üReflections from impedance mismatches and 
discontinuities (app notes #2021_11, #2022_01)

üLeaks or dissipation into other interconnects, common 
mode, power distribution networks (PDNs), and free 
space (radiated) ς source of crosstalk and EMC/EMI

üCrosstalk ς interference from signals leaked from the 
other interconnects (app notes #2023_04, #2024_01)

App Notes are at https://www.simberian.com/AppNotes.php 

What effects are important at a 
particular data rate?

Are they accounted for by signal 
integrity software?

Are they all included into 
electromagnetic software?

If all effects are included, will 
model correlate with 
measurements?

https://www.simberian.com/AppNotes.php
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Interconnect Balance of Power (*)

ὖ В ȟὛȟ  ὖ

ὖ ὥ  ὡὸȟὥ π

ὖ Ὓȟ  ὖ

ὖ Ὓȟ  ὖ

╟▀░▼▼░▬╪◄▄▀ includes energy absorbed by materials 

(╟╪╫▼╜╪◄) and by boundary conditions (╟╪╫▼║╒)

ὖ ρ В Ὓȟ  ὖ  

(*)Y. Shlepnev, How Interconnects Work: Reflections from Discontinuities , Simberian App Note #2022_01, January 10, 2022.

ὖ  ὖ ὖ  

╟▫◊◄ ╟░▪ ╟►▄█■▄╬◄▄▀╟▀░▼▼░▬╪◄▄▀╟■▄╪▓▄▀╟╬▫◊▬■▄▀

ὖ  В ȟὛȟ ὖ



Outline

ÅIntroduction: Signal bandwidth and degradation factors

ÅAbsorption: Dielectrics and conductors

ÅReflections: Impedance and discontinuities

ÅCoupling: Dissipation and crosstalk

ÅConclusion
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Absorption: The Dominant Mechanism of Signal Degradation

Ὁ  ὖ Ὕz  ὐȾὦὭὸ

ὖ  ὡὸ 

ὖ ςz ὖ  ὡὸ

ÅAll signal energy is ultimately converted into heat in 
dielectrics, conductors, and terminations.
ÅEven with perfect matching (S11=0), absorption remains.

ÅAt 50Gbps NRZ: 
Å 0.4pJ/bit minimum (1V, 100Ohm, Ptot=20mW, Tbit=20ps); 
Å²ƛǘƘ 9ǉǳŀƭƛȊŀǘƛƻƴ όƳƛǘƛƎŀǘƛƻƴ ƻŦ ǎƛƎƴŀƭ ŘŜƎǊŀŘŀǘƛƻƴύ Ҧ рpJ/bit (*); 

ÅEach 2× ƛƴ Řŀǘŀ ǊŀǘŜ ό5wύ Ҧ ол҈ ƭŜǎǎ pJ/bit (*);
Å But ratio of Eeq/Ebit isstill growing;

ÅMostly absorption drives power consumption and IO 
complexity.

Ὁ ὈὙ 5 πzȢχ  ὴὐȾὦὭὸ

(*) D.R. Stauffer, Progress and Challenges for Next Generation 400G Electrical Links, OIF 2014

(no reflections)

http://www.ethernetalliance.org/wp-content/uploads/2014/06/Panel-2-Speaker-2_D.-Stauffer.pdf
http://www.ethernetalliance.org/wp-content/uploads/2014/06/Panel-2-Speaker-2_D.-Stauffer.pdf
http://www.ethernetalliance.org/wp-content/uploads/2014/06/Panel-2-Speaker-2_D.-Stauffer.pdf
http://www.ethernetalliance.org/wp-content/uploads/2014/06/Panel-2-Speaker-2_D.-Stauffer.pdf
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Power Flow Density (PFD)

ὖ Ὁ Ὄ

ὖ ρπẗÌÏÇ
ὖ

ὖ

W/m^2

ὴ ὖẗὨȇί

ὴ ὺẗὭ

ὖ
ρ

ς
Ὁ Ὄᶻ

- circuit theory

Longitudinal component outside 

of conductors dominates

Ὁ

Ὄ

ὖ

Power flow (Poynting vector) is energy passing through unit area in 1 sec

ὡ
ρ

ς
‐ὉẗὉ

ὡ
ρ

ς
‘ὌẗὌ

at 1 GHz

Ralph Morrison: ά9ƴŜǊƎȅ ǘǊŀǾŜƭǎ ƛƴ ǘƘŜ ǎǇŀŎŜǎΣ 
ƴƻǘ ƛƴ ǘƘŜ ǘǊŀŎŜǎΦέ
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PFD in Stripline: Signal Space and Absorption 

f=0.1 MHz

More power flows along the line closer to strip 
edges at higher frequency

dBP

Peak value of power flow density [W/m^2]

Conductor interior

freeJ

f=10 MHz
sd=0.82 mil
t/sd=1.46

f=30 GHzdBP

ÅDielectric properties dominate propagation

ÅConductor dominates absorption

freeJ

Energy passing through conductor boundary 
is absorbed by the conductor
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Energy Absorbed by Materials
Dielectric polarization losses Conductor losses ς resistivity and roughness

Resonant 
absorption in 
Nickel (~2.7 GHz)

All absorbed energy becomes heat τ this is the root cause 
of IO power scaling
Transmission parameters (S21) include all effects of 
absorption and dispersion associated with it

See more in Material WorldΧ tutorial - #2016_01 at www.simberian.com -> Technical Presentations

http://www.simberian.com/
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Modeling Dielectrics: Wideband Debye
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Aka Djordjevic -Sarkar or Swensson -Dermer

More in Material Worldé 

tutorial (DesignConô16)



17

Dielectric Losses: Impact on Reach

Å At 28 GHz (112 Gbps PAM4 

Nyquist):
Å Ultra-low-loss dielectric 

(LTå0.001): ~5 dB/m

Å Standard FR-4: >100 dB/m  

essentially no usable signal 

above 20-30Gbps

Å Dielectric selection directly 

determines:
Å Maximum channel reach

Å Required equalization

Å Overall power per bit

Å Even ñultra-low-lossò PCB dielectrics are still far more lossy  than cable dielectrics.

Å Dielectric attenuation grows approximately linearly  with frequency.
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Lossy Dielectrics Change 
Delay and Impedance

ÅAny dielectric must  exhibit dispersion ð this is a direct 

consequence of causality  (KramersïKronig relations).

ÅAs frequency increases:
Å Dk decreases  Ÿ phase velocity increases

Å Impedance changes  Ÿ reflections and ISI

ÅHigh-loss dielectrics show stronger dispersion , causing:
Å Harmonic misalignment

Å Eye closure

Å Increased equalization power

ÅAccurate modeling requires wideband Debye  or 

multi -pole causal models  - constant-Dk/LT models are 

non-physical.
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Conductors and Roughness: 
Dominant Loss Mechanism at High Frequencies

Å Conductor loss comes from 
Å Finite resistivity
Å Skin-effect confinement of current 
Å Skin-effect on rough surface.

Å At mm-wave frequencies (28ς112GHz), surface 
roughness dominates conductor loss.

Å Even with ultra-low-loss dielectrics, roughness sets 
the practical lower bound on PCB attenuation.

Å Smooth copper + wider traces + lower Dk are 
required to approach cable-like performance.

~sqrt(f)

Roughness models: Huray-Bracken, k=1, r=SR

( ) ( )
1

1 1 1 1
2

s
sr k

k i

K RF i
r

d
-å õå õ

æ ö= + - Ö + -æ ö
æ öç ÷ç ÷
ä ( )

1/2

s fd p m s
-

= Ö Ö Ö
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Roughness-Induced Dispersion: Causality in Action

Smooth copper

Copper with HVLP surface, 
SR=0.14um, RF=8.7

Copper with HVLP surface, 
SR=0.14um, RF=8.7

Smooth copper

Copper roughness models are identified with GMS-parameters from measurements

Can be up to 2 Ohm for 
smaller cross-sectionsΧ 

Phase delay

In addition to increase of losses, conductor roughness also increases signal delay and impedance
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Increase of Absorption and Inductance by Roughness

7/24/2026

Cut plane along the PPW through the posts
Magnetic field intensity [A/m]
Peak values at 100 GHz

Larger H between the ñmushrooms ò
Smaller H inside the ñmushrooms ò

Parallel -plate waveguide with one ideal 
conductor and another with 1 um 
ñmushroomsò (1.5 by 1.5 um cap, 0.5 um 
stem)  at 0.5 um distance

Y. Shlepnev, Unified approach to interconnect conductor surface roughness modelling, EPEPS2017
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Parallel -plate waveguide with one ideal 
conductor and another with 1 um 
ñmushroomsò (1.5 by 1.5 um cap, 0.5 
um stem)  at 0.5 um distance

3 cut planes along the PPW through the 
ñmushrooms ò and between
Current flow density [A/m^ 2]
Peak values at 100 GHz

Currents are on both sides of 
ñcapò in opposite directions

Y. Shlepnev, Unified approach to interconnect conductor surface roughness modelling, EPEPS2017

Increase of Absorption and Inductance by Roughness
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Predictability of Losses and Dispersion
ÅDepends on availability of  frequency-continuous ultra-broadband models for dielectric 

and conductor roughness

ÅDielectric data from laminates manufacturers can be used to construct such models with 
sufficient accuracy for preliminary analysis

ÅDielectric models for higher data rates and for better accuracy must be identified

ÅParameters for conductor roughness models are usually not available and must be 
identified

ÅPossible identification techniques with separation of dielectric and conductor loss and 
dispersion
ÅIdentification with GMS-parameters (Shlepnev, EPEPS 2015) ς 2 t-line segments
ÅIdentification with SPP Light (Shlepnev, Choi, Cheng, Damgaci, EPEPS 2016) ς 2 t-line segments

More at: Y. Shlepnev, A. Manukovsky Tutorial: How to Design Predictable Interconnects for 448Gbps, 
5ŜǎƛƎƴ/ƻƴΩнлнс - #2026_01 at https://www.simberian.com/TechnicalPresentations.php 

https://www.simberian.com/TechnicalPresentations.php


Outline

ÅIntroduction: Signal bandwidth and degradation factors

ÅAbsorption: Dielectrics and conductors

ÅReflections: Impedance and discontinuities

ÅCoupling: Dissipation and crosstalk

ÅConclusion
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ὖ  ὖ ╟►▄█■▄╬◄▄▀ὖ

hƴŎŜ ŀōǎƻǊǇǘƛƻƴ ƛǎ ǳƴŘŜǊǎǘƻƻŘΣ ǘƘŜ ƴŜȄǘ ƳŀƧƻǊ ǎƛƎƴŀƭ ƭƻǎǎ ƻǊ ŘƛǎǘƻǊǘƛƻƴ ŦŀŎǘƻǊ ƛǎ ǊŜŦƭŜŎǘƛƻƴΧ
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Reflections: Signal Losses and Distortion (ISI) 
ÅReflection sources

ÅTrace/transmission line and terminations impedance mismatch
ÅDiscontinuities ς vias, transitions, AC caps, cutouts in reference 
ǇƭŀƴŜΧ

ÅPeriodic discontinuities ς cut outs, fiber-ǿŜŀǾŜ ŜŦŦŜŎǘΣΧ

ÅAll reflections are included into transmission S-parameter 
(insertion loss and delay)

ÅReturn Loss (RL or |Sii|) is usually used as a compliance 
metric for link quality control

ÅEffective Return Loss (ERL) ς also convenient reflection 
metric in time domain

ÅTime Domain Reflectometry (TDR) is often used (or misused) 
for impedance control

ÅInsertion to Reflection Loss Ratio (IRR) can be also used for 
link quality control

ὠ  Ὓ

ὖ Ὓȟ  ὖ

ὖ Ὓȟ  ὖ

ὖ  ὖ ╟►▄█■▄╬◄▄▀ὖ
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ÅPCB and Packaging traces Ҧ quasi-TEM planar waveguides
ÅVias Ҧ strong discontinuities, should be short vertical waveguides
ÅPads, balls, stubs, neck-downs, AC caps Ҧ local discontinuities
ÅReflection = mismatch between impedances of adjacent waveguide sections

Reflections: A Waveguiding Perspective 
PCB/PKG interconnects are open waveguides (striplines and microstrips). 
Any change in the waveguide geometry or modal impedance produces reflections.



Reflection From T-Line Impedance Mismatch
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Incident Waves: Reflected Waves:

FR408 ς Wideband Debye: Dk=3.8, 
LT=0.0117 @ 1 GHz;
Copper: RR=1.2, Causal Hammerstad 
Roughness Model: SR=0.4, RF=2
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5 cm about 50.5 Ohm strip line segment; 
FR408 ς Wideband Debye: Dk=3.8, 
LT=0.0117 @ 1 GHz;
Copper: RR=1.2, Causal Hammerstad 
Roughness Model: SR=0.4, RF=2

Reflections at high frequencies

Reflections at lower frequencies

TDR

|S11|

|S21|

More in app note #2009_04

28

Reflection From Almost Matched T-Line (Real)

Maxima at ὰ ɤȾτ ὲɤȾς

Minima at ὰ ὲɤȾς

ÍÁØὛȟ
ὤ ὤ

ὤ ὤ ςẗὤẗὤẗὸὬ‌ẗὰ
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Wideband Debye: Dk=3.5, LT = 0.002 @ 1.0e9, 
Copper 0.5Oz, Huray-Braken: SR = 0.1 um, RF = 9;

32 Ohm

56 Ohm

Attenuation vs. Impedance @ 10 GHz

Optimal Characteristic Impedance H

H

Y. Shlepnev, How Interconnects Work: Impedance and Reflections, Simberian App. Note #2021_11
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Å No design or poor design: via barrels, pads, antipads, and 
reference changes are rarely engineered as the impedance-
controlled waveguides

Å Stubs are the worst offenders: open-ended via stubs behave as 
˂κ4 resonators, driving reflection to maximal value

ὤÉÎO πᵼὛ ᴼ ρ

Å High sensitivity: small variations in pad and antipad shape and 
size, or layer stackup cause large changes in via impedance

Å Large impedance deviation: planar -> vertical transition 
produces a modal mismatch (quasi-TEM Ҧ coax-like 
TEM/TE11)

Å Higher-order mode excitation: TE11 onset in the via cavity 
creates additional reflection and leakage

Reflection From Vertical Transitions (Vias)

Examples of via design from CMP-
70 Validation Platform from Wild 
River Technology
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Too Inductive

Inductive

Almost Matched Capacitive

Too Capacitive

Examples of via designs from CMP-70 Validation 
Platform from Wild River Technology

Vertical Transitions (Vias) are Major Discontinuities
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Y. Shlepnev, A. Manukovsky, Waveguiding Approach to Via Design with Bandwidth over 120 GHz, EPEPS 2025.
A. Manukovsky, Y. Shlepnev, J. Nutzati, A. Kuntsevych, I. Peleg, S. Mordooch Via Design for 112 Gbps and Beyond: Theory and Reality, DesignCon 2025

Waveguiding Approach to Via Design
Design vias as wideband waveguidesΣ ƴƻǘ ŀǎ άŘǊƛƭƭŜŘ ƘƻƭŜ ǿƛǘƘ ǎǘƛǘŎƘƛƴƎέΧ

1.Middle section = waveguide
1. Use SICW (substrate-integrated coaxial waveguide) or SITW (twinax)
2. IƛƎƘ ¢9мм ŎǳǘƻŦŦ Ҧ ǿƛŘŜ ǎƛƴƎƭŜ-mode bandwidth
3. {ǘǊƻƴƎ ƭƻŎŀƭƛȊŀǘƛƻƴ Ҧ ƳƛƴƛƳŀƭ ƭŜŀƪŀƎŜ

2.End sections = TEM-to-TEM transitions
1. Vertical-to-Horizontal or to Vertical-to-Vertical transitions (VHT, VVT)
2. Simple, minimal mode conversion to TE11

3.Geometry must be stackup-agnostic
1. Same XY geometry works across different layer counts
2. Verified by PFD or dissipated power metrics to minimize possible 

crosstalk
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Substrate Integrated Coaxial Waveguide (SICW)

Ὢ
ςὧ

“Ὠ Ὀ ‐

Single-mode limit is 

defined by mode TE11:

d

D

Dk = 3, Dvia=8mil, Dst=40mil, s=21mil

E. R. Pillai, "Coax via technique to reduce crosstalk and enhance impedance match at vias in high-frequency multilayer packages 

verified by FDTD and MoM modeling," in IEEE Transactions on Microwave Theory and Techniques, vol. 45, no. 10, pp. 1981-1985, 

Oct. 1997.

Bozzi, M.; Georgiadis, A.; Wu, K. "Review of substrate-integrated waveguide circuits and antennas". IET Microwaves, Antennas & 

Propagation, 2011 5 (8): 909.

Ὢ ωφȢτ ὋὌᾀ

Dk = 3, Dvia=4mil, Dst=20mil, s=7.8mil Ὢ ρωω ὋὌᾀ

(<AWG30)

(<AWG36)

Coaxial -> Substrate Integrated 

Coaxial Waveguide (SICW)

Dst

s

d

Dap

Ὀ ὨɇὩ

ὈίὸὈ
Ὠ

πȢωυzί

Ὀ Ὀί πȢτ‗


