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ABSTRACT

A new implementation of a broadband model for the generation of an accurate time-domain description of parasitic elements

from frequency-domain electromagnetic (EM) simulator results is here proposed. The model is designed to work simultaneously

at low and high frequencies, bypassing EM simulators limitations. A further investigation on the appropriate reference imped-

ance selection during the transformation of data from frequency to time-domain is conducted. The resulting model is validated

against measurement and applied to a practical design case, illustrating the operational steps of the novel workflow.

1 | Introduction

Considering the impact of parasitic elements in the early stages
of the development of modern electronic systems is essential to
ensure reliability and performance. Taking them into account
only after the design stage, in fact, may result in not meeting
certain requirements or performance specifications, making
necessary the full revision of the project. Given this, the use of
EM simulators in the parasitic identification becomes an essen-
tial step of the design process, as it represents the only way to
avoid additional iterations in the project development that would
increase the time-to-market and the overall costs.

The 3D tools are employed to handle structures with arbitrary
geometry and capture electromagnetic (EM) coupling in all spa-
tial directions [1]. Based on Maxwell's equations, these solvers
can be classified as quasi-static or full-wave depending on the
method and approximation of the adopted solution. The first
ones consider the quasi-static approximation of Maxwell's equa-
tions, relying on the assumption that the time variation of EM
fields is sufficiently slow, such that wave propagation effects can

be neglected [2-4]. Their solution is valid under the condition
that the wavelength of the EM wave A is very large compared
to the size d of the system: d < /10 [5]. Full-wave solvers are
instead based on the complete set of Maxwell's equations and
accurately capture high-frequency effects. They are affected
by the low-frequency breakdown problem, and the solutions
become less accurate when the frequency decreases [6-8]. To
address this issue, major EM simulation tools provide two dis-
tinct options, allowing EM analysis to be performed with the
most appropriate solver for the frequency range of interest. In
particular, ANSYS provides two distinct tools: HFSS for full-
wave high-frequency simulations and Q3D extractor for quasi-
static analysis. Similarly, Altair offers Feko and Flux, which
correspond, respectively, to the aforementioned categories.
COMSOL multiphysics allows the use of a dedicated module for
low-frequency simulations, the AC/DC one, while CST studio
suite provides the option to select the low-frequency solver for
quasi-static problem.

Alternatively, other studies have investigated computational
strategies based on different formulations of Maxwell's
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equations to overcome the low-frequency breakdown problem
and preserve numerical stability [9]. However, these methods
cannot be directly implemented in standard commercial soft-
ware because they require explicit access to the system ma-
trices obtained from the discretized equations, which are not
available to the user. As a consequence, achieving accuracy in
a broadband range of frequency, from DC to GHz simultane-
ously, is particularly challenging. This is, however, extremely
important for many applications. An example is power integ-
rity analysis, where a reliable and stable power delivery net-
work must be maintained across a wide frequency spectrum,
and impedance across frequencies must be minimized to en-
sure low voltage fluctuations. Another example is signal in-
tegrity analysis, where an accurate modeling of printed circuit
board (PCB) traces, connectors, vias, and so on, is essential to
take into account effects such as reflection, crosstalk, timing
jitter that are highly frequency dependent, thus enabling pre-
cise timing analysis.

The aim of this brief paper is to propose a clearly defined process
for developing an accurate model across a wide frequency range,
while at the same time ensuring consistency after time-domain
conversion. To the best of our knowledge, this has not been fully
addressed in the literature.

The paper is organized as follows. Section 2 provides a detailed
comparison with existing studies along with an explanation of
the proposed workflow. Then, in Section 3, the methodology to
perform the measurements and compare them with the results
of EM tools is explained. In Section 4, the workflow is detailed
explaining the procedure for generating the broadband model
and the conversion of the data from frequency to time-domain.
In Section 5, the results are outlined and an application of the
proposed model is compared to measurements data, finally the
conclusions are drawn.

TABLE1 | Comparison with existing solutions.

2 | Simulation Workflow and Design Procedure

As introduced, parasitic elements plays a critical role in the design
process and must be carefully considered. To address this chal-
lenge, several studies have proposed high-level design approaches.

In Table 1, a comparison with the current state of the art is pre-
sented. The various approaches are analyzed, highlighting the
aspects in which these methodologies exhibit limitations.

Thus, a more general and rigorous procedure is required to ensure
simulation results are accurate and meaningful within the con-
text of the specific application under investigation. Considering
the need to employ commercially available EM solvers for a practi-
cal and computationally feasible analysis, it thus becomes evident
that, given the inherent validity constraints of each solver, adopt-
ing a multitool strategy is essential to obtain an accurate model
over a wide frequency range. The results obtained from quasi-
static and full-wave solvers must be combined to construct a uni-
fied description valid over the entire frequency range of interest.
It can subsequently be transformed into a time-domain model, to
perform transient cosimulation with circuit level components, re-
quiring that the resulting netlist accurately preserves the original
frequency-domain behavior to ensure reliable results.

The novel workflow can therefore be defined as schematized in
Figure 1.

3 | Evaluation Method of PCB Parasitic Elements
With Simulations and Measurements

To perform a comprehensive and detailed analysis of the para-
sitic elements, a customized two-layer PCB has been developed,
with a substrate made of FR4 and a thickness of 1.6 mm, a copper

Methodology  Reference Approach Considerations
QS-FW [10-12]. Comparison of the results with Two separate models are needed, depending
different models obtained with quasi- on the frequency range of interest. Each model
static and full-wave simulators. is accurate within its validity region, but a
consistent time-domain analysis can not be
performed without a unified description.
EM-simulation [13]. Step of EM simulation: creation of the Preliminary approach, no broadband frequency
physical model, setup of simulation, considerations. By obtaining only S-parameters,
postprocessing of results. transient analysis can not always be executed or
accurately resolved using SPICE-based tools.
Cosimulation [13-16]. Example of the applications of the model of Details on how to obtain a time-domain
parasitic elements for design considerations. model are not provided. If considerations on
reference impedance and passivity are not
addressed the resulting model can be entirely
inaccurate or lead to unstable behavior.
EM model Proposed Procedure to obtain accurate broadband Single broadband model with controlled
workflow time-domain model starting from accuracy. Based on the same EM simulations as

EM simulations to cosimulations.

previous approaches but adding a reprocessing
of results. It enables the possibility of
conducting precise time-domain analysis.
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Creation of the physical model
(define geometry, assign materials)

EM simulation with quasi-static
solver (port assifnment:sinklsource)

Generation of S-matrix.
EM simulation with fullwave solver
l (port assignment: differential port).

Transformation of S-parameters
from ports referred to a common net to
differential ports to have a consistent
description of the parameters with
different simulators.

Generation of S-matrix.

Generation of a broadband model considering the appropriate
frequencies limitations and interpolating resultsbetween full-
wave and quaststatic analysis data with the new ports definition.|

with proper considerationof the

Generation of time-domain model
optimal choice for the value ofZ.

Co-simulation between the obtained
parasitic model and electrical circuit.

FIGURE 1 | Proposed flow for the generation of an accurate time-
domain model of parasitic suitable for SPICE-like circuit simulation.

trace with a height of 0.035 mm, width of 1.8 mm, and a length
of 770 mm; at the ends of the trace, vias are employed to provide
a connection to the underlying ground plane. In order to cor-
rectly measure the impedance of the trace, a shunt through mea-
surement is performed, which is the standard method capable of
capturing very low impedance values up to very high frequen-
cies [17, 18]. With this methodology, S-parameters are measured
using vector network analyzer (VNA), in particular Bode 100
that works up to frequencies equal to 40 MHz and Rigol RSA
3030N, used for measurements at higher frequencies, starting
from MHz range up to 3 GHz. However, the ground connection
of the VNA creates an unwanted alternative path for the cur-
rent signal, resulting in a measurement error [19]. To address the
issue associated with ground loop problems, a common mode
transformer is inserted to block the common mode current. The
described test configuration is illustrated in Figure 2.

For the two-port network, the S-parameter measurements can
be translated into an impedance measurement as follows [20]:

S, =22 22 _ _%Sn
AT Vi+LZ, 22+7Z, 21-S,)’

@®

where V) , represent the voltages across the two ports and I, is
the current entering port one. Z, corresponds to the reference
impedance, while Z is the impedance of the device under test.
The parasitic resistance and inductance are derived by extract-
ing, respectively, the real (Re) and imaginary (Im) part of the
obtained impedance:

R = Re(2), L=Im<%>. )

For the comparison with simulation results, both a quasi-static tool,
Q3D, and a full-wave one, HFSS, from Ansys environment, were
employed to achieve accurate solutions across different operating

FIGURE 2 | Measurement setup with Bode 100 (and Rigol RSA
3030N) as VNA, J2102B Common Mode Transformer, two-port probe
P2102A and PCB layout.

conditions. The first one was used under the low-frequency ap-
proximation previously explained, whereas the latter was adopted
to accurately model the EM behavior at higher frequencies.

With the Ansys quasi-static simulator, for each conductor, a
sink and multiple sources can be defined. To obtain the self-
inductance/resistance values between the sink and each source,
the sink of the interested net must be closed to the reference
ground terminal, and in this configuration, the Z-matrix can be
computed to subsequently derive the values [21]. With the full-
wave simulator instead, it is not possible to obtain partial para-
sitic inductance and resistance between two specific points (i.e.,
sink and source in Q3D), but only loop values can be computed;
thus, loop values of parasitic components are obtained starting
from the matrix of Y-parameters as follows:

1 1
wene(y) emlsm) o

In this condition, the parasitic values of inductance and resis-
tance of the described PCB are measured and simulated.

As illustrated in Figure 3, the results of the low frequencies sim-
ulation with Q3D align perfectly with the experimental measure-
ments with Bode 100. Instead, when the frequency is higher than
v,/(10d) ~ 20 MHz, where v, = ¢/ \/Er is the propagation velocity
in a medium, with ¢ equal to the speed of light and ¢, is the rela-
tive dielectric constant of FR4, the quasi-static limit is exceeded
and the measurements performed with the Rigol VNA closely
match the HFSS results, which, by contrast, at low frequencies
exhibit a relative error between 20% and 40% for inductance and
resistance values.

4 | Generation of Accurate Time-Domain Model of
Parasitic Element

4.1 | Broadband Model Implementation

A second PCB, with the same material definition, trace width,

and thickness as the previous one, is then realized to consider a
n-port device (Figure 4a), where, in this case, n is equal to 7. As in
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the previous case, for the EM analysis, differential ports are set in
HFSS, while in Q3D, a sink or a source is located where in the full-
wave solver, the positive and negative terminal of the differential
port is present (Figure 4b). Therefore, in HFSS, an S-matrix with n
differential ports is obtained, while the port configuration in Q3D
leads into a 2n ports S-matrix referred to a common net. To trans-
form the Q3D matrix in the same format as HFSS, the Keysight tool
ADS is used, and the new S-parameters are extracted forcing the
reference net of the terminal to the corresponding sink or source
present in the Q3D EM simulation (Figure 4c). In this way, a model
directly comparable with HFSS is obtained, the S-matrices from
the two different tools are now described in the same format, and
it is possible to generate a broadband model valid from DC to GHz,
using a hybrid approach.

The matrix of S-parameters extracted with Q3D is employed for
the low-frequency region, while the matrix extracted with HFSS is
adopted for the high-frequency region. In order to correctly com-
bine the two systems, Q3D data are considered starting one decade
before the quasi-static limit equal to v, /(10d) to ensure the validity
of low-frequency data. Beyond this limit, we can also ensure that
HFSS data are correct since the low-frequency breakdown prob-
lem is no longer present. The intervals under consideration are
highlighted in Figure 3. In the remaining decade of frequencies
between these two systems, spline interpolation is applied to pro-
vide a smooth and precise transition between the values, ensuring

4 , : ,
=== Bode 100 |
=== RIGOL VNA
2 F|= =HFSS
—==Q3D i
T ==
=0
=
D H 4
quasi-static _ Jfull-wave,
> T
I
4 - ‘ -
10° 10* 10° 108
Frequency [Hz]
(a)

FIGURE 3 |
and Rigol RSA 3030N VNA and with simulation employing Q3D and HFSS.

PAD1
PAD 2

(a)

FIGURE4 |
(c) ADS for the translation in the same format.

that the connection of the two systems is continuous and consis-
tent. This procedure enables the derivation of a model composed of
asingle S-matrix that accurately characterizes the system behavior
across the entire frequency range.

4.2 | Time-Domain Conversion

The last step required to enable time-domain simulation is the
transformation of the model from frequency to time-domain.
This final part of the workflow ensures that the system can
be accurately integrated into circuit simulators that operate
in time-domain, such as SPICE-based tools. The S-parameters
data must then be verified for passivity, as nonpassive models
can lead to instability in time-domain simulations. Additionally,
causality must be preserved, which is necessary to maintain its
physical meaning. Moreover, it is essential that the transforma-
tion guarantees a high level of accuracy of the system behav-
ior; otherwise, the reliability and performance of the model are
compromised.

To this end, simulators capable of converting S-parameters into
their time-domain representation must be employed. In order
to achieve an accurate conversion, let us make some consider-
ations. According to [22] the reflection coefficient can be written
as follows:

=== Bode 100
=== RIGOL VNA
- =HFSS
—==Q3D

quasi-static

10°
Frequency [Hz|

(b)

Comparison between parasitic (a) inductance and (b) resistance of the described PCB, obtained with measurement using Bode 100

I_T_lPAD 1 rII{FSS slp
Portl
Term1
[L=_f] raD2 — Jlref 1
_;
Q3D s2p
[ sink [[PAD 1 !
Term1
[source]| PAD 2 =l [P

=

(b) (c)

(a) N-ports PCB, and different port configuration, considering one port as example, between (b) HFSS and Q3D for EM analysis and
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z9_2z,
_ “in
@

i

) ’
Z)+ 7,

with z® equal to the input impedance at port i looking into the
m
matching section.

In Figure 5a, the behavior of S;; in (4) is illustrated by fixing
the reference impedance to 50Q while varying both the real
and imaginary components of Z;,.. It is evident that the behav-
ior of the reflection coefficient is strongly influenced by vari-
ations in the real part of Z,,. Specifically, when that quantity
becomes much larger than the value of Z, as highlighted in
the region labeled as “A”, the magnitude of the reflection coef-
ficient consistently converges towards 1. As a result, values of
the real part of Zi(ri‘) very different from each other lead to very
similar values of the magnitude of S;;. Instead, when the real
part of Zi(r? approaches the reference impedance value, as de-
picted in the second region “B”, a bending occurs in the curve
representing|S;;|, meanwhile the increase of its imaginary part
determines a slight increase in the reflection coefficient am-
plitude. Therefore, the range of the represented S-parameter
expands significantly. In a different point of view, the preci-
sion required during the fitting process strongly depends on
the region in which the analysis is performed. Let us estimate
the resolution associated with the fitting process by computing
the difference between the minimum and the maximum quan-
tity of the absolute value of the reflection coefficient in each
region as follows:

65‘“ = (lSiilmax - |Sii|min)  €ge (5)

A tolerance factor e, expressed as a percentage of this range, is
applied to reflect the desired level of precision required for the
model. Considering e, = 0.01 and assuming both regions cover
the same number of decades (i.e., region “A™: 5-107°-5-10~1Q
and region “B”:5 - 10715 - 10°Q), we can compute &g that is the
value we require to set in the fitting process as absolute toler-
ance. In the first region, it is approximately equal to 1.8 - 1074,
instead in the second region g ~1.8 - 1072 It is clear that this

second option substantially reduces the required tolerance
error, maintaining the same precision of the fitted parameters.
Thus, the optimal value of Z, to be selected during the creation
of the model is such that it closely approaches the real part of
Z;,- Relaxing the tool error tolerance during the fitting process
is not only beneficial in terms of numerical simulation but also
results in a less complex time-domain circuit netlist; conversely
increased structural complexity may lead to a violation of the
constraints on passivity and, in turn, could prevent the final
simulation to converge. Additionally, the tool may not be able to
achieve the level of precision required in the first region, degrad-
ing model accuracy.

A critical aspect is that the value of Z;, is influenced by the
specific circuit configuration and the selected value of the ref-
erence impedance used to terminate the other ports during its
computation. Consequently, once the S-parameters have been
obtained from the EM simulation, it is possible to see Z;, vari-
ation for each port i, by changing the reference impedance of
the derived S-parameters and then the input impedance value
can be evaluated by inverting Equation (4). Taking as example
the broadband S-parameters previously derived from the EM
analysis of the n-port PCB, in Figure 5b, it is possible to ob-
serve the behavior of the real part of Zi(;) varying the frequency
and the reference impedance Z;. Intersecting this curve with a
plane equal to the reference impedance magnitude, that is the
one used in the computation of the S-parameters from which
Zi(;) was derived, it is possible to identify a region outlined in
red, before the system approaches its resonance frequency, in
which it is more advantageous to select the reference imped-
ance value during the fitting process, since the quantities cor-
responding to the real part of the input impedance and to Z,
are close to each other.

In this way, it is possible to optimize the process and reduce the
fitting error during the transformation of the parameters from
frequency to time-domain. As a consequence, the procedure can
be more effectively controlled, allowing for improved precision
in the generation of the model and leading to an overall increase
in the reliability of the results.

Re{Z},’}
100 Intersection
=) plane
—~—
8 £ 50
N
(W
Q
o
0
40 )

10°

20
Zo[ o

10°
o Frequency [Hz]

10
(b)

FIGURE 5 | (a) Magnitude of the variation of the reflection coefficient S;; in (4) varying the real and imaginary part of Z;,, fixing the reference
impedance Z; to 50Q. (b) Variation of the real part of Z;, looking from port P1 (Figure 4a) as a function of frequency, varying Z,, and intersection with

plane Z = Z, highlighted in red.
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5 | Model Comparison

Finally, a comparison between the derived model and measure-
ments is carried out, with the aim of experimentally validating
the model and verifying its accuracy. The two-port shunt through
method is applied to the n-port PCB, placing the two-port probe
across the positive and negative terminal of Port 1, considering the
port definition in Figure 4a, short-circuiting Ports 2—-4 and leaving
the other ports open, to isolate and make a comparison of the par-
asitic contributions of the remaining portion of the loop. As in the
case of the one-port PCB, the values of parasitic components are
obtained starting from the measurement of the parameter S,,. For
the simulation results, instead, the previously derived broadband
model is adopted, and the software IdEM was employed for the
generation of the time-domain netlist. As illustrated in Figure 6a,
two netlists are derived using different reference impedances. For
Z,equal to 50Q, the magnitude of the represented S-parameter re-
mains close to 1 below the resonance frequency. As a consequence,
minor fitting variations in the S-parameter cause significant
changes in the extracted parasitics value. Hence, higher tool accu-
racy is required, resulting in a more complex and nonpassive net-
list. Conversely, the second netlist derived using an optimal value
of Z, yields a passive and accurate model. Enforcing passivity,

== (riginal S-par with Zy=50¢2
0.2 f|= =Netlist derived with Zy=501 ||
== Original S-par with Z,=0.2(2
07— -Netlist derived with Zy=0.2Q

10 10° 108
Frequency [Hz]
(a)

thus, becomes necessary for the first netlist, resulting, however,
in a further reduction of accuracy, which can be observed in
Figure 6b, where the parasitic inductance derived from the mod-
els is compared with measurements. The proposed technique, in-
stead, accurately describes the behavior of parasitic components
throughout the entire frequency range, with reliable results even
after the transformation of S-matrix into time-domain, oppositely
if Z, is not properly selected the accuracy degrades significantly.

A circuit suitable for time-domain simulator is consequently ob-
tained and can be used in transient analyses by connecting it to
the electrical components, allowing cosimulation between pure
circuit schematic and EM simulation results.

Taking a practical case of study as an example, the equivalent
circuit of the described n-port PCB can be employed for a de-
tailed analysis of a DC/DC buck converter design. An analo-
gous representation of the standalone converter is obtained, as
can be seen in Figure 7, wherein now the broadband parasitic
model is also included by attaching all electrical components to
it, and the voltage at each port corresponds to the voltage across
the connected component [23, 24]. It is now possible to carry out
time-domain simulations to achieve a precise and optimized

o
= 0—=Bode 100
= ——Rigol VNA
-0.5 1 Netlist derived with:
" Zy=50Q+passivity
By Netlist derived with:
" Zy=0.2Q-+passivity
10* 10° 10
Frequency [Hz]

(b)

8

FIGURE6 | (a)Comparison between original and derived S-parameters obtained from the time-domain netlist when Z; is equal to 50Q and when

it is close to Z;, seen from port P1 (Figure 4-a). (b) Comparison of the parasitic inductance estimated from measurements with Bode 100 and Rigol
VNA and evaluated from the netlist with different Z,, after ensuring passivity for both.

DC/DC Buck converter

Broadband Parasitic Model

I
1
I
{ iM()S_. }
i / —~ 1 b_a
I T 1 as— IV YY H
! / ! b, :4|l
| 1 Mg |+ } b diT)
H Vin C Vo D N i 70
I in PWN } C .
oul
I : 2 R[
I I
L___ i - -
70V 2.4A
v 1 / - / 1 Losa
-7V T T T -0.9A
1.74ms 1.78ms 1.82ms 1.86ms 1.90ms

FIGURE7 | Schematic of Buck converter and final equivalent model adding the netlist that reproduce EM simulation results. With this approach,
cosimulation between pure electrical and parasitic components can be performed within a time-domain simulator; in this case, LTspice is employed

and the main voltage and current waveforms of the converter are represented.
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design of the device. Observing the voltage waveform across the
inductor allows for the identification of the contribution of para-
sitic elements to voltage overshoots and high-frequency ringing,
particularly during switching transients. In the same way, it is
possible to analyze the voltage spikes that occur across critical
components such as the transistors and the diode. This, in turn,
enables a more accurate evaluation of whether these devices are
operating within their respective safe operating areas (SOAS).
Moreover, computing the voltage and current across the switch-
ing element with the inclusion of parasitic effects allows for a
more realistic estimation of power losses, which are essential
for thermal management and efficiency optimization. It is also
possible to better evaluate the output voltage ripple for selecting
appropriate output filtering components and ensuring stable
operation of the converter. Finally, accurately modeling input
current allows for an effective design of input electromagnetic
interference (EMI) filter, ensuring compliance with electromag-
netic compatibility (EMC) standards.

6 | Conclusions

Given the limitations of EM simulators, a quasi-static and full-
wave tool are employed. The obtained S-parameters are combined
to derive a broadband model that shows accuracy both at low and
high frequencies. A detailed analysis of the choice of the reference
impedance to be selected during the frequency-to-time domain
transformation was conducted, deriving a broadband model suit-
able for time-domain simulation. Performing measurement on two
different PCBs, the model is validated and then implemented to a
practical case. The method is expected to remain well-controlled
and effective even when applied to more complex structures, since
it does not depend on geometry. Similar considerations on the
transformation of the model from frequency to time-domain can
also be applied to very high-frequency signals; however, further
analysis to validate it under these conditions will be conducted.
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