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Abstract — In the realm of PCB and packaging interconnect
design, electromagnetic analysis tools have transitioned from
optional to essential over the last two decades, as data rates soared
beyond 6 Gbps. Today, with standard data rates eclipsing 6 Gbps
and reaching thresholds of 448 Gbps, these tools are indispensable
for designing reliable interconnects. The goals of the interconnect
analysis are simple: identify interconnects that may fail at the
target data rate and allow troubleshooting and fixing the problem.
The most efficient approach to such pass-fail analysis is the
Decompositional Electromagnetic Analysis (DEA). It allows
separation of the signal degradation factors for faster analysis and
troubleshooting. This paper outlines the basic elements of DEA,
discusses conditions for its accuracy and underscores its
significance in the future of interconnect design.

I. INTRODUCTION

Data rates in PCB and packaging (PKG) interconnects are
increasing in all signaling protocols (PCle, DDR, Ethernet,
USB, SAS, CEI, OIF, UCle, 5G...). Most of those high-speed
signaling standards have one-lane data rates over 6 Gbps (or
GT/s) and some up to 448 Gbps with signal spectrum spanning
into microwave and mm-wave bandwidths. It is practically
impossible to predict behaviour of such interconnects without
an accurate electromagnetic (EM) analysis. The goal of such
analysis is to identify and fix possible data transmission
problems by verifying compliance conditions in frequency and
in time domains.

By intent, the interconnects are waveguiding structures and
the most efficient way to model them is with the partitioning or
decomposition into multiport models of transmission lines and
discontinuities. That approach was introduced first for the
analysis of closed waveguiding systems [1]. The partitioning
was successfully used for design of microwave (MICs) and
mm-wave integrated circuits (MMICs) in decompositional EM
analysis [2] and in the similar design-oriented EM modelling
[3] of open waveguiding systems (microstrip and striplines).
The digital PCB/PKG interconnects are also the open
waveguiding structures similar to (M)MICs. Though, until
early 2000s, most of the signal integrity (SI) analysis tools used
mostly transmission line models with simplified models of
discontinuities and, some of them, with additional transmission
plane models. The accuracy of these tools became insufficient
as the data rates reached 6 Gbps. Accurate models for such
interconnects required analysis that correlates to measurements
up to 20 GHz. It was not possible to achieve it with the existing
SI tools. Existing 3D EM tools developed for antennas and
microwave problems were difficult to use for developers of
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digital electronics. To address it, Decompositional
Electromagnetic Analysis (DEA) [2] was used to develop a
commercial 3D electromagnetic software tool specifically for
signal integrity applications [23]. It was introduced together
with a systematic approach to the analysis to measurement
validation for PCB interconnects in [4]. The essential elements
of the Decompositional Electromagnetic Analysis were
provided in [5] and the systematic approach for design of
predictable PCB interconnects was further formalized as “sink
or swim” approach in [6] and later in [7]. The decompositional
approach is rigorous field theory technique that allows problem
complexity reduction by taking into account the physics of
wave propagation. It also allows separation of the signal
degradation factors that enables faster pass/fail electromagnetic
analysis and troubleshooting even on a laptop computer. This
paper covers some recent advances in analysis of digital
interconnects with DEA.

Partitioning approaches similar to DEA appeared later in the
other SI tools (“cut and stitch”, “divide and concur”, “HFSS
regions”). However, it is usually perceived as an approximate
technique. The accuracy depends on the structure under the
analysis and the implementation, as further discuss in this
paper. In particular, leaky interconnects with severe violation
of localization at vertical transitions or vias cannot be
accurately analysed with DEA and may require either whole
board analysis (difficult) or enforcement of localization (easy)
as further discussed in the paper.

3D EM analysis of interconnects without partitioning was
recently enabled by use of formal domain decomposition in
finite element methods [8] and formal algebraic matrix
reduction in integral equation methods [9], [10] and by
availability of high-performance computing. Those are
remarkable achievements, but it is also the “brute force”
approach. It is computationally and financially expensive and,
thus, not accessible to the majority of the electronics designers
who are still relying on design rules or legacy SI software.

The rest of the paper is organized as follows. Section II
describes the main elements of automatic post-layout DEA.
Section III provides important details of electromagnetic
solvers used in the DEA implementation. Section IV describes
multi-pass approach to PCB and packaging interconnect
analysis that ensure possibility of DEA analysis. Section V
outlines the conditions under which DEA is accurate and allows
design of predictable interconnects. Section VI provides
conclusion and discusses possible future of DEA.An earlier
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preprint version of this work has been made available on ArXiv
[24].

II. DEA PROCESS AND ELEMENTS

The DEA is the domain decomposition (DD) technique that
is based on the physics of the wave propagation. DEA is
basically the wave approach to the DD. The DEA process can
be divided into three steps as follows:

1) Identify waveguiding structures and discontinuities:

e Find all changes in reference conductors along signal
traces of a link and identify them as either transmission
lines (t-lines) or discontinuities.

e Find all coupled segments for potential crosstalk analysis.
Allow only dominant waves between the adjoint domains.
Define boundaries and ports between the domains and
external components (external 1Os).

2) Extract geometries and build frequency-domain models

for transmission line cross-sections and for discontinuities (vias

and pads).

e  Extract per-unit-length frequency-dependent RLGC or
modal parameters for all unique t-line cross-sections with
either 2D static or 3D EM solvers.

e Extract de-embedded S-parameters for dominant modes
for all unique discontinuities with either fast EM or 3D EM
solvers.

3) Connect all multiport models (t-line segments and

discontinuities) into final multiport model of the link with

possible coupling to other links and simulate it in frequency and
time domains.

A link in this context is either single-ended or differential
connection between two or more components for PCB or
between chips for packages and interposers (chiplets). The first
step in DEA is to identify structures that can be simulated with
the t-line models and structures that require 3D EM analysis. It
can be done by following the signal propagation direction
between components within some boundaries around signal
conductors (waveguiding channel) and setting wave boundaries
between all elements. It is a pattern recognition problem that
requires fast algorithms to convert polygonal conductors into
EM models similar to MMICs in [11].

taunches for SMA Connectors

467,

Traces x4

ig. 1. Patholoical link from CMP-28/32 validation platform — the plane
layers are reduced to metal islands with anti-pads around vias for visibility.

To illustrate the DEA process, elements and results,
pathological link from CMP-28/32 validation platform [12]
shown in Fig. 1 is used. The PCB has 28 test links in 8-layer
stackup with dimensions and dielectric and conductor
roughness models identified and described in [6].

Parameterized 3D EM models
of launches and vias

Transmission line models

(2D or 3D EM)

Fig. 2. Identified DEA models for the pathological link with some
simulation results on mini-plots.

The pathological link connects two SMA connectors (pins
J65 and J66) with traces and vias. The signal propagation path
is identified by red arrows in Fig. 1. The waveguiding channel
is defined by signal space around the traces as illustrated in Fig.
2 by pink lines. The signal space is defined as an area across
the trace with power flow density decrease by about
-60dB. All reference conductors within the waveguiding
channel (pink lines in Fig. 2) are included either in t-line or into
discontinuity models (vias in this case). Coupling to the other
links within a specified coupling distance can be also included
in such model with either coupled t-lines or coupled
discontinuities (pads or viaholes). All extracted t-line and
discontinuity models are connected in a linear network as
illustrated in Fig. 3.

Launches
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Fig. 3. Linear network-ﬁlodel Wifh-trénsmission line (2D) and discontinuity
models (3D EM) extracted for analysis of the pathological link shown in Fig 2.

To facilitate the geometry optimization, vertical transitions
are identified and parameterized as multi-vias or groups of
signal via(s) with reference vias as illustrated in Fig. 2 and 3.
That allows comparison and model reuse to accelerate the
analysis of multiple links (usually, most of the transitions to the
same layer are identical). Models for the transmission lines are
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also compared and re-used. Discontinuity boundaries and
boundary conditions, wave ports between the discontinuities
and t-lines, external component ports are automatically defined.
The t-line ports are created both for transitions to planar t-lines
in the XY-plane and for the Z-directed transitions to BGA or
connector pins. To ensure well-defined voltages and currents,
ports are established using a TEM (or quasi-TEM) mode. The
ports in all directions then undergo full de-embedding - where
the excitation port voltages and currents are mathematically
transformed into the voltages and currents of the propagating
quasi-TEM modes, to remove specific fixture effects and
eliminate reflections between the domains [13]. Comparing to
the analysis with lumped component ports, the wave ports in all
directions extend the accuracy of the DEA to higher
frequencies. For the pathological link example, 4
discontinuities were identified as 2 unique multi-via geometries
(two coaxial launches and two vias in the middle) and 44 t-line
segments with 13 unique cross-sections as illustrated in Fig. 3.

The analysis of the t-lines, discontinuities and the final linear
network is done in the frequency-domain (FD) first. For digital
interconnects the time-domain (TD) analysis is also required
both at the system-level and at the level of each discontinuity.
The extracted multiport models require seamless transition
between FD and TD. The approximation of S-parameters with
rational functions or rational compact models (RCM) enables
such analysis in both domains [5]. It is used to accelerate the
frequency sweeps by selecting frequencies only where they
improve the quality of RCMs. This interpolative sweep reduces
the number of frequency points and produces frequency-
continuous RCM models for each discontinuity and for entire
link. At the system-level RCMs are used directly for both FD
and TD analyses, to remove the model dependency on the
discretisation and the limited bandwidth.

The main reason for the decomposition into t-lines and
discontinuities is to increase the accuracy and accelerate
analysis of long traces. It is computationally expensive to
achieve high accuracy in the analysis of long planar t-line
segments with the “brute force” approach due to singularities
of current distribution in strips. It is faster and often more
accurate to extract modal characteristic impedances and
propagation constants for multiconductor t-lines and use them
to model the segments. The results and accuracy of the
decompositional approach are further discussed in section V.

III. DEA 2D AND 3D EM SOLVERS

The current implementation of DEA has two 3D EM solvers
for extraction of S-parameters of discontinuities and one 2D
quasi-static solver for t-lines. The Method of Lines MoL solver
[14] was used in the first implementation of DEA [4] both for
t-line and discontinuity modelling. To accelerate t-line model
extraction, 2D quasi-static field solver was developed on the
base of Method of Moments (MoM) with support of broadband
dielectric and conductor roughness models [5]. To address the
need for analysis of micron-size interconnects in HBM and
interposers applications, 3D EM Trefftz Finite Element (TFE)
solver was implemented in 2015 on the base of algorithm from
[15]. Both MoL and TFE solvers can be used for analysis of

discontinuities with de-embedding of t-line ports as well as for
the extraction of modal and lineic parameters of t-lines and
periodic structures with the method of simultaneous
diagonalization [13], [16].

The major element of PCB and packaging interconnects are
vertical transitions or vias through multi-layered media. Such
structures require fast and accurate analysis and optimization.
Extracted geometry of the coaxial to microstrip transition or
launch for CMP-28/32 platform together with MoL model is
shown in Fig. 4. The discontinuity contains coaxial port along
the Z-axis and microstrip port along the Y-axis. To terminate
XY-plane boundaries without causing non-physical
resonances, we introduce a novel Capacitive Absorbing
Boundary Condition (CABC) that augments standard ABCs
with capacitance to emulate parallel-plane behavior and absorb
leaked energy. Equidistant mesh with cell size 1.6875mil is
used in the XY-plane (8 mesh cells per trace width) with 52
levels along the Z-axis. Magnetic currents are used in mostly
metallized layers (cyan areas in Fig. 4) and electric currents
elsewhere (red lines in Fig. 4).

Giid 98 by 90, dk=1 6875, =1 6675, 52wt D€-eMbedded Coaxial Port

SuperGrid: ProgressiveGrid, max 1dx by 1dy

12 Feb 2025, 10:41:38, Simberian Inc.
Fig. 4. Coaxial to microstrip via transition (launch) for CMP-28/32 platform
— extracted geometry overlapped with MoL model.

3D View Mode [press <E> b

Solution of linear equations both for MoL and TFE solvers
is accelerated with the domain decomposition and frontal
matrix factorization algorithm. The layers are treated as
separate domains with the wave channels defined at cutouts in
the partially metallized layers (cyan areas in Fig. 4). That turns
the matrices describing the whole problem into block band
matrices with five block diagonals. Matrices describing blocks
are fully populated in the MoL solver and are sparse in the TFE
solver. The launch problem shown in Fig. 4 has matrix with 5
block diagonals divided into 29 subsections with 70 blocks
total. The matrix rank is 35,734. Direct solution of such matrix
with LDU factorization requires 9,743 MB of RAM and 294
sec per frequency point solution time on a laptop computer with
16 cores. Use of block-frontal LDL algorithm base on the tiled
solution approach [17] reduces RAM to 2,211 MB and solution
time to 8.4 sec per frequency point. The TFE solver uses 8 sub-
domains for the same problem and for the same equidistant
mesh in the XY -plane and adaptive mesh along the Z-axis takes
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about 6 min per frequency point and 43 GB of RAM to solve
sparse system with 4,551,120 variables on a desktop computer
with 20 cores. The complexity of both solutions grows linearly
with the number of layers in the structure. For production
boards with number of layers up to 40, the DD with frontal
matrix solvers accelerates analysis up to two orders of
magnitude and substantially reduces the memory requirement.
Magnitudes of S-parameters of launch computed with two
completely different methods are very close as illustrated in
Fig. 5. Regular ABC are used in TFE solver (too pessimistic)
and capacitive ABC are used in MoL solver (more realistic).

ACMP-28-SICA Multivia(1). 3DML; B:CMP-28-SICA MultiVia(1).3DTF;
DBMagnitude(S). [dB]
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11 Feb 2025, 12:43:25, Simberian Inc. Frequency. [GHz]
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Fig. 5. Return loss (RL) and insertion loss (IL) of the launch from CMP-28/32
platform shown in Fig. 4 computed with MoL (brown *) and TFE (red and blue
x) methods (the frequency points are selected to improve RCM).

The DEA analysis and acceleration techniques outlined here
are implemented in a commertial EDA tool [23]. It enables
design exploration and interactive or automated post-layout
analysis even on a laptop — no HPC is required! To reduce
further the simulation time, 3D EM solvers are accelerated with
the distributed computing. The analysis of frequency points is
parallelized in a local or a cloud network of computers.

IV. MULTI-PASS INTERCONNECT DESIGN WITH DEA

Digital interconnects should be designed as the waveguiding
structures with the constant characteristic impedance and
minimized effect of localized discontinuities. In reality, it is
often not the case. Before running an expensive broadband EM
analysis, possible defects should be found and fixed first with
inexpensive and fast EM models. The decompositional
approach described in the previous section enables a multi-pass
approach to interconnect design with the following four steps
or passes [18]:

1) Reference integrity analysis: find and fix critical

discontinuities in reference conductors and via localization

problems.

2) Impedance continuity analysis: find and fix obvious

trace and via impedance deviations.

3) Evaluation of crosstalk in parallel trace segments.

4) Compliance analysis with 3D EM models in FD and

TD with possible coupling in parallel traces and local

coupling of viaholes.

If critical violations are found at the pass one, the accuracy of
analysis at pass four is compromised and should not be done.
Local discontinuities in reference conductors, such as small
cutouts within the signal space, can be simulated either as t-line
or discontinuity models. Those are considered as minor
violations of the reference integrity. However, if the reference
conductors for two connected traces are changed and they are
not connected within the signal space, the violation is
considered as a critical. Most often it happens at the vias that
do not have reference or stitching vias, have stitching vias too
far, or have insufficient number of them. Those structures
prevent predictability of interconnects with any method and,
thus, should be identified and eliminated during the first pass.
It can be done by evaluating localization frequency for each via
and discontinuity in reference conductors. The discontinuities
are predictable with higher confidence over the frequency
bandwidth up to the localization frequency. They are also
relatively independent from the boundary conditions used to
solve the problem in isolation. The leakage from the
conditionally localized structures grows with the frequency and
the localization frequency can be formally defined as the
frequency where dissipated power exceeds some threshold as
discussed in details in [19]. To illustrate the localization
concept, dissipated power (DP) for the via and launch from the
pathological link is shown in Fig. 6.

A:CMP-28-SICA Multivia(1). 3DML: B:.CMP-28-SICA Multivia(2). 3DML:
Dissipated Power, [Wi]
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— AS[1,1];—© BS[1L1]

Fig. 6. Dissipated power with 1 Watt excitation of port 1 for launch and via
from the pathological link from Fig. 2.

Approximately linear growth of DP with frequency
corresponds to mostly dielectric and conductor losses. At
frequencies above about 40 GHz, the DP increase rate is super-
linear — that is where the localization is gradually broken and
the structures leak the energy. The behaviour of leaky vias is
not predictable in isolation from the rest of the board [19]. In
cases of high data rates, it may be physically impossible to
localized vias on PCBs and we usually need to build models
with the bandwidth exceeding the localization limit.
Absorption of the lost energy with the low impedance boundary
conditions is required to model such structures with the gradual
loss of localization. ABC with additional capacitance are used
in MoL solver. That approximates the behaviour of the power
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delivery planes and also eliminates the resonances caused by
PEC or PMC boundary conditions.

The most common reasons of interconnect failure are
reflections. The major contributors to the reflection are the
impedances of traces, pads and viaholes. The impedances can
be computed and compared with the target impedance at just
one frequency point (signal Nyquist frequency for instance) at
pass 2. The problems discovered during such analysis should
be addressed immediately after or simultaneously with the
reference integrity pass 1.

During an optional third pass, the local coupling between
parallel traces can be simulated with the coupled transmission
line models — such analysis does not require 3D EM models.
The local coupling between adjacent vias can be also evaluated
separately at this pass. If the local coupling exceeds a coupling
compliance condition, it should be fixed.

Only after the localization, impedance, and local coupling
problems are identified and corrected, more accurate broadband
analysis with 3D models of discontinuities is used to evaluate
the overall losses caused by material absorption and the
reflection over the bandwidth of the signal. Again, if problems
are detected, they have to be fixed before the final analysis of
multiple links with possible local vias and t-lines coupling. If
the localization of viaholes is not sufficient, the distant
crosstalk has to be evaluated and fixed. Though, it is difficult
and may be not possible on real boards [19]. Note that the key
in that multi-pass approach is the localization. The
improvement of localization makes interconnects more
predictable with any method, including DEA. To support the
multi-pass approach to interconnect analysis SI compliance
analyzer tool was implemented in the aforementioned
commercial software [18]. It allows finding and fixing the
problems without resorting to the “brute force” 3D EM
analysis.

Although a final pass-fail compliance conclusion requires
evaluating the channel with signal conditioning (FFE, DFE,
CTLE) via COM scripts or IBIS-AMI models, DEA focuses on
the critical task of diagnosing why a passive channel may fail
before equalization is applied.

V. DEA ACCURACY AND VALIDATION

In context of PCB/PKG interconnect analysis, the accuracy
can be defined as a possibility to predict interconnect
behaviour. Three major elements define interconnects
predictability [7]: sufficient localization, availability of
broadband material models, and manufacturing
adjustments and variations. The localization condition was
discussed in the previous section. The broadband dielectrics
and conductor roughness models were required even for 10-20
Gbps links [4]. To address this need, the broadband material
model identification with Generalized Modal Scattering (GMS)
parameters was introduced [20]. It enabled automatic model
identification with separation of dielectric and conductor
roughness losses and building statistical material models as was
demonstrated in [21]. Such models include material and some
geometric manufacturing variations and are essential for
predictability of PCB and packaging interconnects. Possible

manufacturing adjustment are also important for the
predictability as was demonstrated in [7], where the systematic
“sink or swim” approach to the accuracy validation was used to
validate the implemented DEA solvers.. Analysis to
measurement correlation for the pathological link from CMP-
28/32 platform is illustrated in Fig. 7 and 8. The simulation of
the link with MoL models of vias and launches took about 6
min on a laptop computer with 16 cores. The dielectric and
conductor roughness models for this analysis were identified
with GMS-parameters in [6].
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Fig. 7. Comparison of the pathological link model shown in Fig. 2 with
measured data. Magnitudes of S-parameters are compared at the top plot and
phase and group delay of transmission parameter at the bottom plot.

Visual comparison of measured and simulated data on plots
can be subjective. To formalize and facilitate the validation
process, the S-parameters similarity (SPS) metric was
introduced in [22], based on the Hausdorff distance applied to
S-parameters in 3D real-imaginary-frequency space. The SPS
for the pathological link is 97% for 10 GHz bandwidth, 95%
for 35 GHz bandwidth, and 88% for 50 GHz bandwidth (90%
is considered the acceptable level [22]). SPS values for all other
structures on CMP-28/32 are also provided in [22], with all
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simulations done without additional adjustments of geometry
and material models [6].

Currently, there are no published reports of a similar
systematic validation of other SI tools for all structures on
CMP-28/32 or for a similar validation platform. Typically,
validation involves comparing a model with measured
parameters for a few structures with “tuned” material model
parameters, which does not provide a comprehensive scope of
predictability.
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link shown in Fig. 2.
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VI. CONCLUSION AND FUTURE OF DEA

Since the introduction of DEA for digital interconnects 12 years
ago [5], it has evolved into a fully automatic analysis process,
as described in this paper. This advancement allows
compliance analysis automation from design geometry import
to pass-fail reports [16], [ 18]. While the main limitation of DEA
is the neglect of distant coupling or radiation, the multi-pass
approach effectively mitigates this by eliminating structures
with potential distant coupling prior to the final analysis.
Consequently, the "brute force" analysis of the whole board—
which is computationally costly and often impractical—is
rendered unnecessary for the majority of designs.

Looking forward, DEA opens significant possibilities for
"compliance by design" through Artificial Intelligence. First,
the fast models used in DEA passes 1-3 enable model-driven
routing and concurrent layout analysis. Also, DEA is perfectly
suited for the creation of AI Agents. DEA decomposes
complex signal integrity problems into logical, discrete
components (transmission lines and discontinuities). This
structured breakdown provides an environment that is easily
interpretable by Large Language Models (LLMs), allowing
them to reason about the design, troubleshoot specific
segments, and execute complex workflows autonomously. This
agentic capability has now been realized with the recent release
of a commercial Al agent system for signal integrity analysis
[23]. By bridging rigorous electromagnetic physics with the

logic-processing power of LLMs, DEA is paving the way for
the next generation of intelligent design automation.
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