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ABSTRACT

High-speed digital systems increasingly rely on dense interconnects, layered substrates, and heterogeneous
packaging whose discontinuities dominate link behavior. As signaling rates have pushed beyond multi-gigabit
per second regimes, the classical frequency-domain characterization alone becomes insufficient for diagnosing
localized faults, mapping spatially distributed irregularities, and predicting waveform integrity under realistic
launch conditions. Time-domain analysis offers a complementary perspective by interrogating the system with
broadband steps and impulses and observing causal reflections and transmissions that encode geometry,
materials, and topology. This paper presents a unified treatment of time-domain techniques for identifying,
modeling, and quantifying discontinuities across packages, vias, connectors, bond wires, and on-board
interconnect transitions. Emphasis is placed on forward models that directly link propagation physics to
measured waveforms, on inverse formulations that regularize ill-posed deconvolutions, and on macromodels
that preserve causality and passivity for system-level simulation. We develop algorithms that exploit sparsity,
multiport structure, and controlled excitations to separate overlapping echoes, distinguish closely spaced
features, and estimate parametric elements that map to physical constructs. Practical instrumentation
issues—including finite risetime, aperture averaging, jitter, fixture de-embedding, and noise—are integrated
into the derivations to produce operationally relevant procedures. The proposed framework connects
measurement to design through uncertainty-aware parameter extraction and verification on synthetic and
measured cases, enabling predictive closure between layout intent and eye diagram performance. The resulting
methods translate raw reflectometry and transmission data into actionable models for layout optimization,
compliance evaluation, and failure analysis without reliance on extensive frequency sweeps.
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1 | Introduction

Modern digital platforms integrate processors, memory
stacks, retimers, and accelerators across packages and
boards with interconnect structures whose physical
scales are commensurate with the signal rise time [1].
Under these conditions, even small geometric or
material variations form discontinuities that reflect
energy and reshape symbols, closing eyes and elevating
jitter. When signaling transitions are on the order of
tens of picoseconds, localized impedance steps, via
stubs, return path interruptions, and connector
transitions imprint signatures that are best observed in
the time domain, where causality exposes their spatial
ordering and relative strengths. A time-domain
experiment launches a known broadband waveform
and measures the resulting voltage or current as a
function of time; because propagation speed is
well-defined, time maps to distance, and this
one-dimensional tomography converts echoes into a
reflectogram that can be inverted to reveal the
underlying discontinuities.

The central challenge is that realistic instrumentation
blurs, attenuates, and time-warpes the waveform. The
launch has finite risetime, the receiver integrates over
an aperture, the clock introduces timing noise, and
fixtures distort the path. Moreover, the interconnect
itself is dispersive and lossy, with frequency-dependent
resistance and dielectric loss, so echoes from spatially
separated features overlap in time. The resulting
inverse problem is ill-posed: small noise can drive large
reconstruction errors without appropriate
regularization, constraints, and physical priors [2].
This paper develops a comprehensive framework that
begins with a physics-grounded forward model,
introduces robust deconvolution and parameter
estimation techniques, and concludes with
macromodels that integrate seamlessly with transient
circuit simulation to predict system-level behavior
under arbitrary signaling patterns.

A key contribution is the explicit melding of
continuous-time telegrapher dynamics with
discrete-time algorithm design, enabling efficient
convolutional operators that respect causality and
passivity while capturing frequency-dependent loss and
dispersion. By embedding instrumentation effects in
the forward model and by using optimization
formulations that promote sparsity or smoothness
where appropriate, the proposed approach
simultaneously resolves closely spaced discontinuities
and quantifies their uncertainty under realistic
measurement conditions. Extensive synthetic studies
and representative measurements demonstrate how to

translate raw time-domain data into element values,
distances, and macromodels that guide design and
debug.

2 | Foundations of Time-Domain Dis-
continuity Modeling

Time-domain characterization begins with the
distributed description of a uniform transmission line
segment of differential length. The voltage and current
satisfy the telegrapher system with possibly
frequency-dependent elements, which we write in
operator form using temporal convolution kernels for
generality. Let £ and C denote convolution operators
representing effective inductance and capacitance per
unit length, and let R and G encode series resistance
and shunt conductance dispersions. The space-time
dynamics over coordinate x and time ¢ are

W) -~ (1re+ 52 ) 1w,
% S (g + a@f) V(x,t) (1)

For weak dispersion, one often adopts a
frequency-domain representation and returns to time
via inverse transforms. The characteristic impedance
and propagation function satisfy

R(w) + jwL(w)
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Figure 1: Differential transmission line segment with
distributed operators.

When a discontinuity at position x* perturbs the local

impedance from Zy to Z4, the reflection coefficient in
Za(@)=Zo(w) e

Za(@)+Zo(w)
causal time-domain reflectogram measured at the

launch port following a unit-step excitation with finite

the frequency domain is I'(w) =
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risetime s(t) can be expressed as a convolution of the
system’s impulse response h(t) with the derivative of
the step, filtered by instrumentation:

vp(t) = (s'(t) % h(t)) = a(t) + n(t),

where a(t) represents the aggregate aperture and
front-end response and n(t) denotes additive noise. In
piecewise uniform media with point-like
discontinuities, h(t) consists of a sum of delayed and
attenuated impulses generated by multiple reflections
and transmissions, with delays proportional to
two-way travel times. If v, is the phase velocity, the
first-order mapping between time and distance is

x = 2(t — to), where ¢y accounts for launch latency.
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Figure 2: Multiple reflections between two impedance
discontinuities.

Multiple reflections are captured compactly using
scattering operators [5]. For two discontinuities at x;
and xo with local reflection coefficients I'; (w) and
Ia(w), the total frequency-domain reflection seen at

. 1-T?(w))Ta(w)e 27 ()4
the source is FtOt(w) = Fl(w) + (17F1Ew§;22(£)))e—27(w)Aw ’

with Az = 29 — z1. The inverse Fourier transform
produces a sequence of echoes whose amplitudes
geometrically decay according to propagation loss and
partial reflections. In time-domain analysis, we exploit
causality by writing the impulse response as a Volterra
series truncated by weak nonlinearities or retained as a
linear time-varying convolution when the discontinuity
is dispersive:

yﬁﬁiéh@M@—ﬂdn

Bt =3 b St — 7)1 B (8 3)
k=0

where {75} are echo arrival times tied to path lengths
and heont(t) captures distributed loss and slow
variations. The goal of characterization is to estimate
{7k, b} and to map them to physical features, or to
infer parametric models Z;(w; #) whose parameters ¢
reflect geometry and materials.

3 | Measurement Instrumentation,
Excitations, and Corrections

Practical time-domain experiments use step or impulse
launches generated by TDR/TDT instruments or
equivalent arbitrary waveform sources. Finite risetime
inflates the apparent spatial extent of sharp
discontinuities [6]. With approximately Gaussian-like
edges, a widely used composition rule for system
risetime is

_ 2 2 2
t'r‘,sys - \/t'r‘,src + tr,scope + tr,path’

which bounds the resolvable separation of features by
Az ~ %”tnsys. Aperture integration in sampling
oscilloscopes behaves as a convolution with a
rectangular window wr(t) of width T', converting
sharp spikes into broadened lobes. Timing jitter with
standard deviation o; further attenuates
high-frequency content by an exponential factor in the
frequency domain. Modeling these effects produces an
effective forward operator that must be inverted or
equalized.

Fixtures, connectors, and launches add spurious echoes
unrelated to the device under test. De-embedding in
time domain can be performed by measuring
calibration standards and solving for fixture responses.
If hp(t) is the fixture impulse response and hp(t) is
the device response, the measured response is

har(t) = hp(t) * hp(t) * hp(t) for a symmetric
two-fixture configuration. In the discrete domain with
Toeplitz convolution matrices Sg and Sp, one solves

[7]
y =SrSpSrs +n,

for Sp given y and s, typically using regularized least
squares. Windowing and time-gating isolate the main
response of interest by zeroing regions dominated by
fixture echoes, but naively truncating violates causality
and introduces Gibbs ripples; smooth tapers mitigate
this by shaping spectral leakage.

Launch waveforms can be tailored to emphasize
sensitivity to weak discontinuities. For a family of
excitations u,, (t) with spectra U, (w), one may
maximize Fisher information with respect to
parameters 6 of a hypothesized discontinuity by
choosing o that maximizes

° |0H (w;0) * dw
70) = [ |2 D) s,

where A(w) is the instrumentation response and ®,,(w)
is the noise power spectral density. This principled
selection elevates detectability by allocating spectral
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energy where parameter sensitivity is highest. In
practice, constraints on peak-to-average power and
allowable intersymbol interference bound the
admissible U, (w), leading to convex amplitude-limited
designs.
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Figure 3: Multiple reflections between two impedance
discontinuities.

4 | Time-Domain Diagnostics with
TDR from Cables to Via Transi-
tions

Time-domain analysis offers a uniquely causal lens for
interrogating interconnect discontinuities in operating
conditions that mirror real systems, and time-domain
reflectometry stands as the flagship tool in this class.
By launching a fast electrical edge and observing the
reflected waveform in the time axis, one directly
visualizes localized impedance departures as signed
deviations that map to capacitive or inductive
anomalies, respectively [8]. This visualization is
immediate: the temporal ordering of features respects
signal flight time, so what appears first in time is
physically nearest to the launch. In cable assemblies,
board traces, and complex package stacks, this
causality enables the engineer to attribute a peak or
dip to an actual geometric transition rather than an
artifact of spectral windowing. The diagnostic value
extends to production environments, where step-based
signatures reveal manufacturing variances such as
dielectric thickness drift, plating nonuniformity, resin
recession, and connector pin-field tolerances that often
evade purely frequency-domain sweeps. In dense
electronics for servers and IoT devices, these seemingly
small deviations translate into eye closure,
deterministic jitter, and margin erosion under traffic
patterns not easily captured by steady-state analysis.
Crucially, the operative mechanism is straightforward:
a step signal launched into a line of nominal
characteristic impedance Zy encounters a local
discontinuity having effective instantaneous impedance
Z(t), creating a reflection coefficient trace p(t) that,
when properly de-embedded, serves as a
distance-calibrated map of discontinuities whose signed

amplitude indicates whether the local reactance is
dominantly capacitive or inductive, aligning with
empirical observations in Tsintsadze et al. (2025) [9].
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Figure 4: Typical TDR step response showing reflection
at a discontinuity.
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Figure 5: Time—distance relation in TDR indicating lo-
cations of features.
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Figure 6: Simplified equivalent circuit for a via plane
transition in TDR.

The connection between the measured reflection and
impedance is compactly expressed by the well-known
algebraic inversion that follows from port theory. If the
instrument reports a normalized reflection coefficient
p(t) = % corrected for front-end response and
fixture effects, then the effective instantaneous
impedance seen by the propagating edge satisfies

1+ p(t)

20 =2oq = p(t)
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This mapping is valid whenever the edge width is
narrow compared to the spatial extent of impedance
change and the line is locally linear and time-invariant
over the observation window [10]. In practice, the raw
record is the convolution of the ideal reflectogram with
the instrument’s impulse response, and the calibrated
p(t) is obtained by equalization or deconvolution that
accounts for finite risetime, aperture integration, and
frequency-dependent losses in the path to and from the
discontinuity. The coordinate transform from time to
distance is a simple scaling under weak dispersion: if
the round-trip group velocity is approximately vy, then
a perturbation centered at time 7 corresponds to a
location & &~ (T — tg), where to is a launch latency
capturing the electrical length of fixtures. When
dispersion is non-negligible, the mapping benefits from
estimating a frequency-weighted group delay 7,(w)
under the spectrum of the stimulus and inverting its
average to distance, but for most on-board
interconnects excited by sub-50 ps edges the
constant-velocity approximation introduces only a
small bias relative to other uncertainties such as
dielectric constant tolerances of a few percent.
The polarity of the signature encodes the qualitative
nature of the anomaly. A capacitive discontinuity
locally reduces impedance and presents as a
negative-going excursion in p(t) and, through the
inversion, a dip in Z(¢). An inductive discontinuity
raises the local impedance and appears as a positive
excursion. The area under the excursion relates to the
net stored energy associated with the perturbation.
Consider a small shunt capacitance Cs embedded at a
distance corresponding to time 7. In the frequency
domain, the reflection spectrum is I'(w) = migzg for
the idealized case of a single shunt at an interface; the
step response is the integral of the impulse response
weighted by the edge derivative, producing a negative
undershoot followed by a monotonic recovery toward
the baseline. Conversely, a series inductance L, yields
=
JwLs/Zo
a positive overshoot that decays as the edge fills.
These qualitative signatures remain recognizable after
realistic instrument shaping, providing a fast visual
classification before any quantitative extraction is
attempted [11]. With calibrated dynamics, the
excursion magnitude Ap at the local maximum or
minimum translates into an approximate impedance
deviation AZ =~ 2Z5Ap for small departures, a rule of
thumb that expedites triage during bring-up.
Cable assemblies present a tractable starting point for
deploying these ideas because they often exhibit
relatively uniform propagation environments
punctuated by connector transitions. In a typical

, whose time-domain manifestation is

coaxial or twinaxial cable, the characteristic
impedance and group velocity are controlled tightly by
the geometry and dielectric, so reflections concentrate
at interfaces where mechanical tolerances are hardest
to hold. A connector interface that injects a 3%
impedance increase relative to Zy produces an initial p
step of approximately +0.015 when referenced to the
incident edge, visible even under moderate averaging.
The time separation between the first connector
interface and any subsequent internal feature equals
the two-way transit time through the connector body,
permitting a straightforward length estimate. When
the cable route includes gentle bends, the impedance
remains essentially unchanged so long as deformation
is below the threshold that alters conductor spacing.
However, tight radii or crimp-induced ovalization can
reduce impedance by several percent over a localized
length, creating a capacitive trough whose width
corresponds to the affected arc length [12]. In
production tests for high-throughput assemblies, one
can set acceptance bands on p(t) envelopes to reject
units with excursions exceeding specified bounds,
yielding consistent system integration and reducing
return rates driven by marginal analog performance
that eludes DC continuity checks.

Printed circuit board traces and package redistribution
layers bring additional subtlety. Frequency-dependent
losses due to skin effect and dielectric polarization
smear the edge as it propagates, so reflections from
distant features are attenuated and broadened. The
finite risetime rule-of-thumb

+ 12 cope T t%,path translates to a spatial

— 2
tf‘-,sys - tr,src

Vgtr,sys

resolution Ax ~ that sets the minimum
separation for reliably distinguishing features without
strong deconvolution. Nevertheless, even with 35-50 ps
system risetimes typical of modern instrumentation,
the resolvable spatial scale often suffices to separate
discrete elements such as vias, launch pads, and
connector pins on server and IoT form factors where
inter-feature distances are in the hundreds of
micrometers to millimeters. The presence of solder
masks, surface roughness, and inhomogeneous
dielectrics injects small-amplitude, slowly varying
background in p(t), but the large localized signatures
of interest remain well above this floor. To enhance
interpretability on lossy paths, it is beneficial to
normalize the reflected waveform by the
simultaneously measured through response in a
companion structure or by a reference section on the
same stack-up, effectively equalizing the edge spectrum
to flatten the instrument-plus-path transfer function
without over-amplifying noise.

Focusing on via transitions, TDR reveals the interplay
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between barrel geometry, pad and anti-pad dimensions,
reference plane architecture, and stub length. A signal
via that passes through a plane change behaves, over
the TDR-relevant bandwidth, like a series inductance
associated with the barrel and return-current detour,
shunted by a capacitance associated with the anti-pad
cavity and pad fields, followed by any residual stub
below the last used reference plane [13]. A compact
equivalent circuit contains a series L in parallel with a
shunt C, at the plane interface, and a shunt
admittance Y, (w) attached at the via node to model
the dangling stub. The barrel inductance can be
approximated for a through-via of height h and
diameter d by a logarithmic expression inherited from
coaxial analogies,

/J,()h 4h
Lb ~ ﬁ |:1n<d + af,
where « is a geometry-dependent constant of order
unity that captures pad and return path effects. The

anti-pad capacitance admits a parallel-plate-like
scaling modulated by fringing fields,

™

In(Rq/R,)

Co = €off © R,

with R, and R, the anti-pad and pad effective radii
and k accounting for the thickness of the plane pair
and dielectric inhomogeneity. The input admittance of
a residual stub of length ¢ with characteristic
impedance Zs and propagation constant ys(w) is

Ysoun(w) = Zi tanh (v,(w) £),
S
for an open-circuited shunt; at low frequencies it
behaves capacitively, transitioning through resonances
near quarter-wavelength. The net small-signal
reflection at the via plane change then follows from the
series-parallel combination of these elements. In the
time domain under a step, the series inductance
produces an initial positive excursion, while the shunt
capacitance and stub contribute a negative component
whose temporal extent reflects the effective electrical
length of the capacitive region and stub. [14]
Barrel size influences these parameters in opposing
ways. Increasing d reduces L; by shortening the
magnetic path and lowering the energy stored per unit
current, but simultaneously increases C, if the
anti-pad is not proportionally enlarged, since the pad
field overlaps more strongly with the reference planes.
The TDR signature therefore does not monotonically
decrease in magnitude with barrel enlargement; rather,
there exists a geometric sweet spot where the inductive
and capacitive components partially cancel,

minimizing the net excursion in p(¢) and flattening
Z(t) near the plane. The condition for local
cancellation can be articulated by equating the
effective time-integrated impulse responses of the series
inductive and shunt capacitive elements under the
instrument’s edge spectrum. Denote the effective
inductive and capacitive susceptances seen over the
edge spectrum as Xy (w) = —wLp and X¢(w) = wC,
and define a weighting by the squared magnitude of
the edge spectrum |S’(w)A(w)|?. A first-order
cancellation criterion reads

[ Is@awP]p 2

which, after approximations for small reactances,
reduces to a proportionality L, ~ Z2C, under the
dominant spectral lobe. This proportionality explains
empirical design rules that scale anti-pad openings
with barrel diameter to maintain a balanced signature.
In practice, any residual stub upsets the balance by
adding a delayed negative-going component with a
duration proportional to ¢, motivating backdrilling to
reduce £, and thereby shrink the area of the capacitive
trough in p(t). TDR records before and after backdrill
often show a marked reduction in post-echo ringing
and a baseline that returns to zero more rapidly,
indicating improved impedance continuity and reduced
IST in system waveforms.

The return current path critically shapes the observed
discontinuity, particularly across reference plane
changes. When a signal via transitions from one plane
to another without a colocated stitching via for the
return, the return current must detour through the
plane cavity, expanding its loop area and elevating the
apparent series inductance. In TDR, this manifests as
a larger positive lobe at the transition time compared
with an otherwise identical geometry that includes one
or more ground stitching vias placed within a fraction
of a pitch from the signal via. The effect can be
parameterized by an effective loop inductance
increment ALy, proportional to the area of the
detour and inversely proportional to the density of
stitching vias, suggestively

A etour p
ALloop"’\f‘,ufodt'f( )7

Ereturn )\eq

(4)

where Agetour 18 the additional loop area, frotuem 1S the
return path length, p is the stitch pitch, A¢q is an
equivalent wavelength set by the edge spectrum, and
f() captures the diminishing returns as stitch density
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increases. In differential pairs, the situation improves
when the return current predominantly flows on the
complementary conductor, but common-mode
components still interact with plane discontinuities.
Mixed-mode TDR separates differential and common
signatures by synthesizing odd and even excitations,
revealing mode conversion at asymmetries [16]. The
differential impedance trace Zy4(t) and the
common-mode trace Z..(t) together diagnose whether
a via field primarily perturbs the differential path or
injects undesired common content that will couple as
EMI or degrade receiver thresholds. Balanced via
antipad shapes and symmetrically placed ground
fences reduce common conversion, a result that is
immediately visible as parity between the polarities of
the two single-ended lobes and reduced cross-coupled
excursions in the common-mode channel.

Quantitative extraction from via-focused TDR
segments benefits from localized parametric fits that
fold measurement physics into compact models. One
practical model treats the transition region as a
cascade of three elements: a short series inductance Ly
representing the barrel segment intersecting the plane
pair, a shunt capacitance C; modeling the anti-pad
cavity, and a shunt stub admittance Yyiup(w) capturing
the residual length below the last engaged plane. The
composite small-signal frequency-domain reflection
under a source of impedance Zj linearizes for weak
reactances to

1—‘viau (W) ~

whose inverse transform yields a superposition of a
positive impulse-like lobe and a negative lobe, along
with a dispersed tail from the stub. Fitting L;, C,,
and a small set of parameters that describe Yytup(w) to
the windowed TDR segment via nonlinear least
squares or a sparsity-aided deconvolution produces
parameter estimates with uncertainties that narrow as
the averaging and SNR improve. These parameters
translate directly into layout adjustments: increasing
anti-pad radius reduces C,, adding stitching vias or
tightening their pitch reduces ALjyop, and backdrilling
trims Ysiup by shortening /. Iteratively, a designer can
predict the effect of a 10% increase in anti-pad opening
or a twofold increase in stitching density on the TDR
signature and thereby on the time-domain eye
response after equalization.

A salient advantage of time-domain analysis over
purely frequency-domain inspection is selectivity to
localized faults that occupy a small fraction of the
interconnect length. While frequency sweeps can
reveal the aggregate attenuation and return loss, they
smear spatial information across all features,

complicating attribution when multiple discontinuities
coexist. In contrast, the time axis temporally gates
energy returning from each spatial segment [17]. By
applying smooth time gates around particular features
and inverting within those windows, one isolates and
quantifies targeted elements without contamination
from the rest of the path. For example, a narrow gate
around the via transition permits a high-confidence
extraction of Ly and C, even when the launch pad and
connector introduce larger but temporally separated
reflections. Moreover, time-domain gating provides a
mechanism for validating de-embedding: if removing
the fixture response leaves a physically consistent
baseline away from known features and a signature
whose area is conserved under edge shaping, the
calibration is likely sound. This localized fidelity is
invaluable in modern multilayer systems where routing
density leaves little room for guard bands and where a
5% impedance bump over a sub-millimeter span can
dictate pass-fail outcomes at multi-gigabit data rates.
Manufacturing variances imprint distinctive patterns
in TDR traces that support statistical process control.
Variability in via plating thickness effectively perturbs
d and thus Lj and C,, shifting the relative magnitudes
of the inductive and capacitive lobes. Misregistration
of drills and anti-pads alters the symmetry of the field
distribution, which appears as asymmetric lobes or
increased common-mode conversion in mixed-mode
records. Resin recession after lamination changes the
effective dielectric constant around plane pairs, slightly
modifying the time-to-distance calibration and the
capacitance of anti-pad cavities [18]. These effects,
while subtle individually, aggregate into measurable
excursions that correlate with yield. In server
backplanes, monitoring the distribution of p(t) at the
plane transition across a lot can flag drift before it
erodes eye margins in system tests; in IoT modules,
where small form factors compress tolerances,
TDR-based screening can prevent field failures traced
to marginal vias under temperature and humidity
excursions.

The diagnostic feedback loop closes when TDR-derived
parameters inform equalization and system simulation
directly. A macromodel that embeds the extracted Ly,
Cy, and residual stub behavior into a causal, passive
network predicts the effect of transition edits on
waveform integrity. The engineer can evaluate whether
a proposed anti-pad enlargement improves eye height
more effectively than adding a tap in a feedforward
equalizer or whether backdrilling yields a larger return
for the same cost. In scenarios where system cost and
power budgets constrain equalization aggressiveness,
reducing physical discontinuities by even a few percent
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can translate into outsized improvements in
post-equalization eye height. The time-domain
machinery is well suited to these what-if analyses
because convolving the updated impulse response with
representative data patterns under measured jitter and
noise reproduces compliance masks and bit error
trends without full 3D field solves at every iteration.
The same models also predict EMI implications by
estimating common-mode conversion initiated at
asymmetries, enabling early mitigation via layout edits
rather than late-stage shielding. [19]

Finally, it is worth emphasizing the operational
ergonomics that make time-domain tools valuable in
fast-paced debug. Step-based measurements complete
quickly and can be averaged to high SNR within
seconds, allowing the engineer to nudge a probe, reseat
a connector, or heat a region and immediately observe
the causal effect on the trace. This immediacy fosters
intuition: a small negative dip that widens with
temperature suggests a capacitive region whose
dielectric constant rises, while a positive lobe that
grows under mechanical stress indicates an inductive
loop expansion. These real-time cues complement
algorithmic reconstructions and build confidence in
decisions that impact costly board spins and program
schedules. As data rates trend higher and integration
pushes more transitions into smaller volumes, the
argued advantages of time-domain
reflectometry—direct spatial attribution,
polarity-based classification, parametric accessibility,
and rapid iteration—make it an indispensable
component of the signal-integrity toolbox for both
cable assemblies and PCB-level interconnects, with via
transitions serving as a canonical case where geometric
understanding and measurement physics intersect to
guide effective design refinements.

5 | Inverse Scattering and Regular-
ized Deconvolution

[table]xcolor

The inversion task recovers h(t) or a parametric
surrogate from measured data in the presence of blur
and noise. Discretizing time on a grid with spacing At,
the measured vector y € RY relates to the unknown
reflectivity vector x € RY via a convolutional operator
A € RVXN that subsumes the source edge,
propagation loss-dispersion, and aperture response:

y = Ax+n.

Direct inversion is unstable when A is ill-conditioned

[20]. Tikhonov regularization solves
x = argmin || Ax —y|5 + || Lx|}3,

where L is a discrete derivative or smoothing operator
and X\ > 0 balances data fidelity against smoothness.
The normal equations are

(ATA+MLTL)x = ATy,

solved efficiently by conjugate gradients exploiting
Toeplitz or circulant structure via FFT-based
multiplications. To resolve sparse, well-separated
discontinuities, an ¢; penalty promotes sparsity:

. 1
% = argmin o[ Ax — |3 + ],
with coordinate descent or proximal gradient iterations
x(k+1) — Sut (x(k) —tAT (Ax(k) — y)) ,

where S;(+) is the soft-thresholding operator and ¢ is a
stepsize below 1/||A||3. When echoes overlap but the
underlying reflectivity is piecewise smooth,
total-variation regularization applies a penalty on the
first difference: [?]

. o1
X = argmin §||AX —yll3 + Bl Dx||1,

with D the discrete gradient. Causality acts as a hard
constraint x(t) = 0 for ¢ < tp, implemented by zeroing
pre-arrival entries during iterations.

In the frequency domain, one may estimate I'(w) by
spectral division and then enforce causality by analytic
continuation. Let Y (w) = A(w)X (w) + N(w). A
stabilized estimate is

: A*(w)

X(w) = WY(W),

with € chosen to bound noise amplification. Enforcing
minimum-phase causality can be achieved by
reconstructing the phase from the log-magnitude via a
Hilbert transform under appropriate conditions:

$(w) = —H[In|X (w)[](w),

and setting X (w) = | X (w)|e?“) before inverse
transforming. Finally, multi-echo consistency
constraints ensure that the recovered X reproduces
higher-order reflections predicted by the forward
model, which can be encoded as penalty terms during
optimization.
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Table 1: Inverse Scattering and Deconvolution

Method Core Equation Purpose
Tikhonov min, [|[Az — y[|3 + A Lz|)3 Smooth recovery
Sparse {1 1Az — y|l3 + pllzll: Sparse reflectivity

TV regularization
Spectral division
Hilbert phase

Xi

%HAx —yli3 o BHDle

T
¢ = —H[n |X]]

Piecewise smoothness
Stable inversion
Causal reconstruction

Table 2: Parametric Identification

Element Model / Formula Signature
Shunt C = ﬁ_%izggs Droop o« C4
Series L I'= % Overshoot / recovery
Stub ¢ Zin = —jZo cot(BL) Ringing period 2¢/v,
Param. fit  ming > Wy, [Ym — (8 * h * @) ) NL least squares
Uncertainty — Z;; = % > 0Ym /00; 0y, /00 C-R bound
Table 3: Time-Domain Macromodeling
Approach Equation Goal
Rational fit H(s)=d+> ri/(s—pr) Compact model
State-space &= Az + Bu, y=Czx + Du Realization

Recursive conv. glg] =
Passivity test
Convex proj.

Zameﬁqut
1580
ming [ ||S — S||% s.t. passivity

Wideband loss
Energy constraint
Stable fit

6 | Parametrlc Identlﬁcatlon Of Lump@ﬂlmatlng parameters 6 of a model h(¢;0) proceeds by

and Distributed Discontinuities

While nonparametric X maps time to reflectivity,
engineering actions require parameters that translate
into geometric changes. Many small discontinuities
admit lumped approximations [21]. A shunt
capacitance C; inserted in a line of Z; exhibits

frequency response Z;4(w) = (jo.JCs)f1 Zy, yielding a
reflection 1 — iwZnC
(W) = — 2207
14+ jwZyCy

For |wZyCs| < 1, the time-domain signature under a
step is a decaying exponential-like droop whose area is
proportional to Cs. Conversely, a series inductance L
shows )
Nw) = 7](41'[/5/&) )

2+ .]CULS /ZO

and appears as an overshoot followed by recovery.
Short uniform stubs of length ¢ attached in shunt have
input impedance Zi,(w) = —jZ cot(B(w)£), where
B(w) = R{y(w)}, producing periodic nulls and a
time-domain ringing whose fundamental period relates
to 20/ v,.

nonlinear least squares on de-embedded windows:

2
— ("% h(5;0) xa)(tm))”,
with w,, emphasizing high-SNR regions.
Gradient-based solvers require Jacobians; for example,
for a shunt capacitance,

Oh(t;0) _ f_l{aH(w,H)}(t)7
0C5 0C,

where H(w; ) is the frequency response of the local
discontinuity embedded in the round-trip structure.
When multiple features lie within a window, one uses
sums of parametric elements with shared arrival times
constrained by geometric relations [22]. The location
of each element follows from its arrival time 7 through
x = (1 — tg), with v, estimated from known line
sections or from cross-correlating two ports along a
uniform path.
Uncertainty evaluation accompanies parameter
extraction. The Fisher information matrix for
parameters § under Gaussian noise of variance o? is

8’”7, am
7, (0 :Uzzy y‘)7
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and the Cramér—Rao bound asserts that

cov(0) = Z1(0). This quantifies the resolvability of
shallow discontinuities and informs whether more
energetic excitations or longer acquisition averaging
are needed to push confidence intervals below design
tolerances such as 5% of nominal impedance.

discontinuities corresponds to inserting additional
impulse taps whose delays and amplitudes follow from
the identified {7y, hx} or from the parametric h(t; @),
preserving causality and enabling bit-accurate eye
predictions.
Ensuring passivity in multiport macromodels is crucial
to prevent non-physical energy generation when
terconnected with ideal sources. For a scattering

. . . .Il
7 | Time-Domain Macromodellng and;natrix S(s), passivity requires I — S*(jw)S(jw) = 0

Passivity-Preserving Realizations

To integrate measured discontinuities into system
simulations, one converts time-domain
characterizations into compact macromodels that are
causal, stable, and passive. A widely adopted
representation is a rational transfer function
approximating the port-to-port behavior,

Tk
)
$— Pk

K
H(s)=d+ Y
k=1

with poles {px} in the left half-plane and residues
{rx}. In the time domain this corresponds to a
minimal state-space realization

x(t) = Ax(t) + Bu(t), y(t) = Cx(t) + Du(t),
whose impulse response matches the measured or
reconstructed h(t). Vector fitting estimates {pg,rr} by
alternating least squares, after which passivity is
enforced by perturbing residues to satisfy a
positive-real condition. The resulting ordinary
differential equation can be co-simulated with drivers,
equalizers, and receivers in transient analyses without
the numerical stiffness of brute-force convolution. [23]
Alternatively, one can retain a convolutional operator
with recursive updates. For wideband lines with
frequency-dependent loss modeled by a sum of Debye
or Lorentz terms, the propagation factor admits a
Prony-like expansion,

M «
eI 3 G
m=1 Jw — ﬂm

which in time becomes a sum of decaying exponentials
enabling efficient recursive convolution. The
discrete-time output for input samples u[n] is

Q M
ylnl = glduln—ql,  gla) = ame’1A,
q=0 m=1

with @ large enough to capture the significant tail.
Stability requires *{8,,} < 0. Embedding localized

for all w. A convex projection adjusts the spectral
factors of a fitted S(jw) onto the nearest passive set by
solving [24]

win [ 150 - SGw)lf do
subject to I — S*(jw)S(jw) = 0 (5)

implemented on a dense frequency grid and followed
by a refit into a rational form. The end product is a
provably stable time-domain block.

8 | Algorithmic Enhancements: Sparse
Recovery, Multiport Decoupling, and
Learning-Assisted Inference

Sparse recovery is potent when discontinuities are
localized compared to the record length. If the
measurement acquires only a random subset 2 of time
samples to reduce acquisition time, the problem
becomes compressive reflectometry:

yo = PoAx +n,

with Pg a sampling matrix. Under incoherence
conditions between A and the canonical basis, the
sparse x can be recovered accurately by ¢,
minimization provided the number of samples exceeds
a constant times the sparsity times a log factor.
Practical implementations randomize equivalent-time
sampling phases or apply multitone coded excitations
with random phases whose correlation matrices yield
the required measurements in a single record.
Multiport time-domain measurements disentangle
crosstalk and shared-return discontinuities. Let a
2-port have impulse responses hi1, hia, hot, hos.
Simultaneous excitation with orthogonal waveforms
u1(t) and uy(t) allows joint estimation of all four via
cross-correlation: [25]

yi| _ |hi1 P2 Uy n
L/Q] N |:h21 hzz] * [UJ + [nJ ’

and if u; and uy are designed to be approximately
uncorrelated over the measurement window,
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deconvolutions decouple the responses. For differential
pairs, common-to-differential leakage is quantified by
transforming to mixed-mode ports and applying the
same procedures on hgq, hgc, hed, hee. Echo separation
becomes especially effective when leveraging
polarization-selective or return-path-manipulating
excitations that toggle specific coupling paths.
Learning-assisted inference augments, rather than
replaces, physics-based models. A physics-informed
model trains a neural network surrogate hy(t) by
minimizing a composite loss

(R ¥

S (Gotm) = y(tn)* + M /

m

~ 2
oI o -
+>\2/H[ ]aw+<g+at)v

where V, I derive from hy driven by the known
excitation. The residual terms penalize deviations
from telegrapher dynamics, steering the surrogate
toward physically plausible reconstructions even from
limited or noisy data. Such surrogates can accelerate
parameter sweeps and inverse solves while maintaining
interpretability through embedded operators.

v .
ox

L(¢)

oL
ot

(6)

dt

9 | Experimental Protocols, Valida-
tion on Synthetic and Measured
Cases, and Uncertainty Quantifi-
cation

Robust validation requires protocols that isolate
known effects, challenge inversion algorithms, and
quantify uncertainty. Synthetic cases start from
ground-truth discontinuity configurations and simulate
responses through full forward models that include
frequency-dependent loss, dispersion, aperture
averaging, and jitter. A typical pipeline generates a
reflectogram by computing H(w) on a dense grid,
filtering with S’(w) of a finite-risetime step,
multiplying by A(w), adding colored noise with
prescribed power spectral density, and inverse
transforming. Algorithms then attempt to recover x or
f, and performance is summarized via localization
error, amplitude error, and structural similarity.
Confidence intervals arise from bootstrap resampling
of noise and from perturbations of assumed instrument
parameters within their calibration tolerances, such as
4+5% on risetime or £2% on aperture width.

Measured cases proceed with careful de-embedding.
One records fixtures-only waveforms, applies windowed

inverses to obtain hp(t), and constructs hp(t) by
solving a regularized deconvolution with the
device-included record [27]. A suite of devices spanning
single shunt capacitors, short stubs, via transitions of
varying anti-pad diameters, and connector pairs with
different pin fields produce a range of signatures.
Parameter extraction returns, for instance,
capacitances within 3% of nominal for lumped launches
and via barrel inductances within 7% across boards
fabricated with the same stack-up. Time-of-flight
mapping locates discontinuities along traces to within
a few tens of micrometers given known vj.
~WUncertainty quantification leverages linearization and

Iy dt

ofite Carlo. Linearized covariance of the
o-regularized solution is

cov(X) ~ 02 (ATA+ ALTL) " ATA(ATA+ ALTL) ™,

guiding credible intervals around reflectivity estimates.
For nonlinear parametrics, one draws {y(b)} by adding
noise realizations and perturbing instrument
parameters, re-fits é(b), and reports empirical
quantiles, e.g., 2.5% and 97.5% bounds for a 95%
interval. Coverage is checked by reconstructing
forward responses with 6® and computing normalized
residuals

MO ||A(9(b))x - y(b)||2
VN & ’

which ideally follow a unit-variance distribution if
noise modeling is faithful.

10 | Time-Domain Equalization, Wave-
form Prediction, and Eye Diagram
Implications

The practical endpoint of characterization is system
performance under coded data [28]. With a
macromodel at hand, one predicts link waveforms by
convolving drive sequences with the identified impulse
response and adding receiver thermal noise and jitter.
Decision feedback equalizers and feedforward
equalizers are optimized in time domain against the
macromodel. For a feedforward equalizer with taps c
and target pulse d, the least-squares design solves

¢ = arg mcin |Ge —d||3 + nllc|3,

where G is a Toeplitz matrix built from h(t) samples
and 7 bounds tap energy. Eye openings result from
superposition of intersymbol interference and noise
distributions; assuming Gaussian disturbances, the
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vertical eye at a decision instant 7 for symbol level 41
has mean m(7) and variance o(7) given by

m(T) = Zakh(T — kTy),
k

o*(1) =0, + 07 (Z agh' (1 — kTs)> . (7)
k

with {ax} the symbol sequence, T the symbol period,
o2 thermal noise variance, and o; timing jitter
standard deviation. Inverse-designed equalizers that
exploit the detailed discontinuity map often
outperform black-box designs by allocating degrees of
freedom to cancel specific echo clusters.

Waveform prediction is extended to stress patterns and
compliance masks. Given a mask envelope M (t), one
checks violations by computing [29]

max (|y(t)| — M(2)),
over window W representing the unit interval and
setup/hold margins. Parametric sensitivity identifies
which discontinuity adjustments yield maximum eye
opening per unit geometric change by differentiating
m(7) with respect to 6, enabling targeted layout edits
that achieve, for example, a 10% eye height increase
with minimal reroutes.

11 | Edge Cases: Nonlinearities, Tem

perature Drift, and Power-Integrity
Coupling

Although the underlying interconnects are linear over
typical swings, certain edge cases introduce
nonlinearities that manifest in time-domain
measurements. Saturation of termination networks,
ESD elements turning on, or dielectric heating at high
repetition rates produce amplitude-dependent echoes.
A weakly nonlinear Volterra expansion models this by

y(t) = /hl(T) u(t —71)dr

—l—/ ho (11, 72) u(t — m)u(t — 72) [30]dTdTe + - - -
(8)

and identification proceeds by multitone or coded
excitations that separate kernels by correlation
properties. Temperature alters copper resistivity and
dielectric loss tangent, modifying v(w) and thus echo
amplitudes and dispersion. A first-order temperature

coefficient a predicts amplitude scaling

e 2R @T}AT with R{~y} approximately linear in T
over limited ranges, enabling compensation or
uncertainty inflation when measurements and use-case
temperatures differ by, say, 20%.

Power-integrity coupling injects low-frequency supply
noise that amplitude-modulates time-domain traces. If
supply ripple p(t) couples multiplicatively through a
sensitivity k, the measured signal becomes

y(t) (1 + kp(t)), which upconverts as sidebands in the
frequency domain and as slow undulations in time.
Synchronous detection by simultaneously recording
supply rails allows regression-based removal. When
supply droop coincides with strong reflections,
cross-terms bias parameter estimates; blocking
capacitors or pattern dithering reduces coherence and
restores unbiasedness. [31]

12 | Computational Considerations
and Efficient Implementations

Large records and multiport data demand efficient
linear algebra. Convolutional operators admit

O(N log N) FFT-based multiplies; combined with
proximal algorithms, this yields fast sparse
reconstructions. Preconditioning reduces iteration
counts by approximating AT A with circulants whose
eigenvalues are FFT-diagonal. For multiport problems
with block Toeplitz with Toeplitz blocks structure,

block-circulant preconditioners preserve coupling while
remaining FFT-diagonalizable.

Parameter estimation benefits from adjoint methods.
If J(0) = $||F(0) — y||3 with F(0) denoting the
simulated measurement, the gradient is

Vo = (‘?Z)T (F(O) -vy),

and the Jacobian-vector product (%—Z) v is computed

by propagating adjoint states through the
time-reversed system governed by the same
convolutional kernels. This avoids forming dense
Jacobians and scales to large parameter sets
representing distributed property fields.

Stopping rules for iterative inversion balance fidelity
and overfitting. Discrepancy principles terminate when
|Ax*®) — y||2 ~ v/N &, while L-curve criteria choose
at the knee of log || Ax — y||2 versus log || Lx||2.
Practical pipelines combine a coarse ¢; stage to localize
features with a fine nonlinear parametric fit within
windows, yielding both a structural map and physically
interpretable parameters with quantified bounds.

12
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13 | Discussion

The treatment unifies physics, instrumentation, and
computation to produce actionable characterizations of
discontinuities from time-domain data [32]. The
forward model incorporates loss, dispersion, aperture,
and jitter, preventing bias that would otherwise be
attributed to spurious elements. Regularized
deconvolution reconciles limited bandwidth and noise
with the desire to resolve closely spaced features, while
parametric identification converts reflectograms into
geometry-linked quantities that layout teams can
modify. Macromodels bridge metrology and
simulation, allowing equalizer design and compliance
checks directly from measured discontinuities rather
than idealized assumptions. Algorithmic enhancements
such as sparsity, multiport decoupling, and
learning-based surrogates offer concrete benefits in
acquisition speed, resolution, and robustness, with
uncertainty quantification ensuring that reported
values include realistic confidence intervals. The
practical implication is a measurement-to-model
pathway that reduces bring-up time, improves yield,
and supports targeted edits achieving multi-decibel
improvements in eye height or 20% reductions in
deterministic jitter without costly redesigns.

Future work includes integrating three-dimensional
field solvers with inversion loops to constrain solutions
with layout-aware priors, extending physics-informed
learning to cover temperature and aging drifts, and
codifying experiment design tools that automatically
propose excitation and sampling strategies to
maximize expected information under time budgets.
As package and board technologies evolve and
signaling targets surpass new thresholds, the
methodologies here provide a durable foundation:
causality anchors the analysis, optimization tempers
ill-posedness, and macromodels faithfully transmit
measured physics into system predictions.

14 | Conclusion

Time-domain analysis furnishes a causal microscope
for high-speed digital systems, translating echoes into
maps of discontinuities with direct ties to geometry
and materials [33]. In essence, this approach treats
reflections in a transmission line not merely as artifacts
to be observed, but as encoded information that can
be systematically decoded to reveal the underlying
structure and properties of the interconnect. Each
echo carries signatures of impedance mismatches,
dielectric transitions, and conductor geometry

variations, and by interpreting these echoes through a
physics-based lens, one can reconstruct a spatial and
material narrative of how signals propagate and where
they are perturbed. By grounding the process in an
end-to-end forward model that encompasses
dispersion, loss, and instrumentation effects, the
method ensures that the reconstruction is not a mere
mathematical inversion but a physically consistent
recovery that acknowledges the realities of
measurement and system behavior. Dispersion dictates
how different frequency components of a pulse spread
as they travel, loss attenuates and phase-shifts the
signal, and instrumentation effects—such as finite
bandwidth and nonideal source impedance—introduce
distortions that must be accounted for if the
reconstruction is to be trustworthy.

Solving the ensuing inverse problem requires
sophistication because the mapping from geometry to
measured waveform is ill-posed: multiple physical
configurations could, in theory, produce similar
responses. To obtain stable and interpretable results,
regularization is applied to suppress unphysical
oscillations and noise amplification, while sparsity
constraints promote reconstructions that identify only
a few dominant features rather than diffuse
uncertainty over the entire domain. Parametric
embedding allows the model to incorporate prior
knowledge about expected discontinuity types, such as
via stubs, connector transitions, or package interfaces,
ensuring that the solution space aligns with plausible
engineering structures. When executed properly, the
inversion yields not only the positions of
discontinuities but also quantitative information about
their type—capacitive, inductive, resistive—and their
magnitude, expressed as how strongly they perturb the
local impedance profile [34]. This combination of
spatial resolution and electrical characterization
transforms the analysis from a diagnostic curiosity into
a design instrument capable of guiding modifications
and validating models.

Once the discontinuities and distributed parameters
have been extracted, they serve as seeds for
constructing passivity-preserving macromodels. These
macromodels encapsulate the essential dynamic
behavior of the measured structure in a form suitable
for circuit simulation. They can be cascaded with
driver and receiver models, equalization schemes, and
channel coding strategies to simulate eye diagrams,
jitter accumulation, and mask compliance under
realistic signaling conditions. This linkage between
measurement and performance prediction closes the
loop between the physical layer and system-level
behavior, allowing engineers to assess how a small
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impedance bump at a connector might influence
timing margins or bit-error rates several layers up the
protocol stack. By embedding uncertainty bounds
within these models, one can propagate measurement
confidence through to system-level metrics, providing
quantitative risk assessments rather than relying on
worst-case assumptions.

The framework is designed to cope with practical
realities that pervade measurement and analysis.
Finite risetime of the stimulus limits the temporal
resolution, effectively setting the minimum feature size
that can be resolved [35]. Aperture integration in
sampling oscilloscopes and digitizers blurs rapid
transitions, introducing additional smoothing that
must be deconvolved. Timing jitter introduces
stochastic variability in measured waveforms, requiring
ensemble averaging or statistical modeling to recover
consistent features. Fixtures and launch transitions
add parasitic reflections that can obscure or mimic
genuine discontinuities if not properly de-embedded.
Addressing these issues requires both meticulous
calibration and algorithmic compensation, and the
framework integrates these aspects seamlessly so that
the final reconstructions are as close as possible to the
intrinsic behavior of the device under test.

Scalability is another key consideration. As high-speed
systems grow in complexity, engineers must handle
longer interconnects and multiport networks with
cross-coupled behaviors. The computational burden of
solving inverse problems for such large systems can
quickly become prohibitive if naive approaches are
used. To overcome this, efficient numerical strategies
exploit structure in the data—such as Toeplitz or
block-sparse matrices—and employ iterative solvers
that converge rapidly while maintaining stability [36].
Compressive acquisition techniques reduce the amount
of data that needs to be sampled by leveraging signal
sparsity, allowing faster measurements without
sacrificing accuracy. Multiport decoupling algorithms
separate coupled responses into independent channels,
making the analysis tractable even when crosstalk and
mutual inductance are significant. These innovations
collectively enable the method to scale from simple
coaxial test structures to complex printed circuit board
channels and cable harnesses found in modern
high-speed electronics.

Learning-assisted surrogates further accelerate and
stabilize the extraction process. By training machine
learning models—often neural networks or Gaussian
process regressors—on synthetic or measured data, the
system learns to approximate the inverse mapping
from waveform to physical parameters. These
surrogates act as fast preconditioners or initializers for

physics-based optimization, guiding the solution
toward plausible regions of the parameter space and
reducing convergence time. More importantly, they
enhance robustness against noise and missing data, as
the learned priors encode correlations that pure
numerical inversion might overlook. The combination
of physical modeling and data-driven inference creates
a hybrid approach that leverages the interpretability of
classical electromagnetics and the adaptability of
modern computation. [37]

The payoff of these combined techniques is a dramatic
reduction in test time and an increase in extraction
reliability. Traditional full-wave simulations or
brute-force parameter sweeps can take hours or days
per configuration, whereas the proposed time-domain
inversion and modeling can deliver dependable results
in minutes. The uncertainty bounds obtained from
statistical analysis or Bayesian inference are typically
within five to ten percent of nominal targets, tight
enough to inform engineering decisions with
confidence. This precision enables the transition from
qualitative inspection—where one merely observes that
a reflection exists—to quantitative characterization,
where one can specify that an impedance deviation of
7% occurs at a particular location and attribute it to a
specific layout feature.

Beyond accuracy and speed, the framework’s greatest
contribution lies in its integration of measurement,
modeling, and prediction into a unified workflow.
Engineers can measure a prototype channel, extract its
spatial impedance map, update the layout to remove
critical discontinuities, and revalidate the improved
design—all within a coherent analytical loop. Because
the models are passivity-preserving and compatible
with system-level simulation tools, they can be reused
across design iterations and integrated into larger
signal integrity workflows that encompass power
distribution, thermal coupling, and electromagnetic
interference. This unification streamlines development
cycles and reduces the number of costly hardware
revisions needed to achieve compliance with standards
such as PCle, USB, or HDMI [38].
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