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Abstract

This Master’s thesis presents the design, simulation, and intelligent diagnosis of a
sixth-order cross-coupled microstrip bandpass Iter operating aroun@:85 GHzwith a
target bandwidth of 40 MHz. The work combines full-wave electromagnetic simulation
using ANSYS HFSS with coupling-matrix modeling and a one-dimensional convolu-
tional autoencoder approach for coupling-coe cient extraction. The theoretical part
introduces microwave lters, microstrip technology, S-parameters, return loss, insertion
loss, coupled resonators, transmission zeros, equivalent circuits, and coupling-matrix
theory. Classical extraction methods such as Cauchy approximation, vector tting,
and optimization are reviewed to motivate the proposed learning-based approach. The
intelligent model uses the real and imaginary parts &,, and S,; as four input channels
and predicts a 17-coe cient coupling vector associated with the selected Iter topol-
ogy. The predicted matrix is validated physically by recomputing the S-parameters
from the coupling matrix and comparing them with the target or HFSS response. The
results show that the method is promising for rapid microwave lter diagnosis, es-
pecially on synthetic matrix-generated data. However, direct extraction from HFSS
data reveals discrepancies caused by phase-shift e ects, dataset limitations, non-ideal
electromagnetic phenomena, and insu cient physics-informed constraints. The thesis
concludes that improved preprocessing, larger HFSS-enriched datasets, and stronger
physics-informed loss functions are necessary to achieve more reliable coupling-matrix
extraction for practical microstrip lter tuning and diagnosis.

Keywords: microstrip lter, bandpass lIter, coupling matrix, S-parameters, HFSS,
1D-CNN, convolutional autoencoder, transmission zeros, microwave lIter diagnosis.
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General Introduction

Modern wireless communication systems require compact, selective, and low-loss mi-
crowave components capable of operating in increasingly crowded frequency spectra.
Bandpass Iters are among the most important blocks in radio-frequency front-ends
because they select the useful frequency band, reject adjacent-channel interference, and
protect subsequent stages from unwanted signals. In practical microwave engineering,
microstrip lters are attractive because of their planar implementation, low fabrication
cost, compact size, and compatibility with printed circuit technology.

The performance of a microwave Iter depends strongly on the interaction between
resonators, coupling gaps, substrate properties, losses, and input/output feeding. For
high-selectivity responses, cross-coupled resonator topologies are widely used because
they can generate nite transmission zeros and improve stopband rejection without
increasing the Iter order. Nevertheless, the diagnosis and tuning of such lters remain
challenging because small geometrical deviations may signi cantly modify the return
loss, insertion loss, bandwidth, and transmission-zero locations.

The coupling matrix provides a compact and physically interpretable representation
of a coupled-resonator lIter. It links the electromagnetic behavior of the structure to
a set of coe cients representing external coupling, main-path coupling, cross-coupling,
and resonator detuning. Once extracted, the coupling matrix can be used to identify
physical causes of performance degradation and guide the tuning process. However,
classical extraction methods such as Cauchy approximation, vector tting, and itera-
tive optimization may require careful initialization, phase de-embedding, and expert
intervention.

This thesis investigates a learning-based alternative inspired by one-dimensional
convolutional autoencoders. The proposed approach treats the extraction of the cou-
pling matrix as an inverse regression problem from complex S-parameter responses.
ANSYS HFSS is used to simulate the microstrip Iter and export the complexS;,
and S,; responses. These data are then converted into four channetyS;1), =(S11),
<(S71), and =(S1). A convolutional autoencoder is trained to predict the physically
meaningful coupling coe cients while reconstructing the input response. The predicted
matrix is nally validated by recomputing the S-parameters from the coupling-matrix
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Research Problem Statement

The main research problem addressed in this thesis is the reliable extraction of the
coupling matrix of a sixth-order cross-coupled microstrip bandpass Iter from simulated
S-parameter responses. Although the coupling matrix is highly useful for Iter tuning
and diagnosis, its extraction from full-wave responses is not straightforward. HFSS
simulations include losses, discontinuities, fringing elds, parasitic interactions, and
phase shifts introduced by feed lines and reference planes. These e ects may reduce
the accuracy of classical extraction and learning-based prediction.

The objective is therefore to develop and evaluate a methodology that combines
electromagnetic simulation, S-parameter preprocessing, coupling-matrix modeling, and
a convolutional autoencoder framework. The central questions are: how can the com-
plex S-parameter response be represented for neural extraction? Which coupling coef-
cients should be predicted according to the physical topology? How can the predicted
matrix be validated physically? Finally, what limitations appear when the trained
model is tested on HFSS data, and what improvements are required to obtain reliable
practical diagnosis?



Chapter 1

Theoretical Background and State
of the Art on Microwave Filters
and Coupling Matrix Theory

1.1 Introduction

The rapid evolution of wireless communication systems has increased the demand for
compact, selective, and low-loss radio-frequency and microwave components. Modern
wireless platforms, including 4G, 5G, satellite links, radar systems, and emerging 6G

communication scenarios, operate in a highly congested electromagnetic spectrum. In
such systems, microwave lters play a fundamental role because they select the desired
frequency band, reject unwanted signals, suppress adjacent-channel interference, and
protect the receiver and transmitter chains from undesired spectral components [1, 2, 3].

The present thesis focuses on a sixth-order cross-coupled microstrip bandpass |-
ter and on the extraction of its coupling matrix from scattering-parameter responses.
The coupling matrix is a compact mathematical representation that relates the elec-
tromagnetic interactions between resonators to the electrical frequency response of
the lter. Once extracted, it can be used for Iter diagnosis, tuning, validation, and
performance interpretation. Classical extraction techniques such as Cauchy approxi-
mation, vector tting, and optimization-based methods provide important theoretical
tools; however, they may be sensitive to measurement noise, port-reference-plane phase
shifts, initialization, and local minima [5, 6, 9, 12]. These limitations motivate the use
of learning-based approaches in the following chapters.

This chapter establishes the theoretical background required to understand the

proposed work. It rst introduces microwave and microstrip lters, S-parameters,
return loss, insertion loss, resonators, and transmission zeros. It then presents the
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electrical equivalent circuit and coupling matrix theory used to connect the physical
Iter layout with its mathematical representation. Finally, classical coupling-matrix
extraction methods are reviewed in order to clarify the motivation for deep-learning-
based diagnosis.

1.2 Microwave and Microstrip Filters

A microwave lter is a frequency-selective two-port network designed to transmit sig-
nals within a desired frequency band while attenuating signals outside this band. In
a radio-frequency front-end, the lter is generally located between the antenna, low-
noise or power ampli er, mixer, local oscillator stage, and baseband processing chain.
Its function is not limited to frequency selection; it also improves spectral purity, in-
creases immunity against interference, protects active components from strong blocking
signals, and contributes to the overall linearity and sensitivity of the communication
system.

Role of a Microwave Bandpass Filter in an RF Front-End

N
[ The RF filter is the first and most critical component after the antenna.
It selects the desired channel, rejects out-of-band interferers, and protects the subsequent stages from

}\ strong unwanted signals. |

PSS, 1 S (2] © (4] e
Antenna RF Filter LNA/PA Mixer / LO Baseband
(Channel Selection) Processing
((( ))> [TT1T]
—* ~A N\~ —’ —’ — — * = =
! H H
i
J -
o Captures electromagnetic Passes the desired band o LNA (receiver path): Converts signal to © Demodulation, filtering,
: b while rejecting out-of-band : ; ) 4 ol s
signals from the air. interers amplifies weak filtered intermediate frequency (IF) equalization, and decoding.
i " i signals with low noise. using the local oscillator. igi f i
. szcelves bfnh desired Ox Radices cuttof-bandinoise. g ; ing . ® Digital signal processing
signal and interferers and blocking. ® PA (transmit path): Enables frequency to recover information.
across awidelband. © Protects LNA/PA from boosts signal power translationiforfurther; o Interface to higher
strong unwanted signals. fogacarizsion: processing. layers / applications.

® Improves system linearity
and overall sensitivity.

+ Provides channel selectivity and adjacent-channel rejection.
° Why the RF Filter is Essential + Prevents strong blockers from causing nonlinearity and desensitization.
+ Improves dynamic range, linearity, and overall system performance.

Benefits of Usin,

aHiGh.pe rformagnce High selectivity ~/, Improved SNR Protection of active Better linearity 7 Reliable communication
Al (sharp skirts) and sensitivity components and lower distortion > and higher capacity

Bandpass Filter 1

Figure 1.1: Role of a microwave bandpass lter in a simpli ed RF front-end chain.

Microstrip lIters are widely used in microwave engineering because they are planar,
low cost, compatible with printed circuit fabrication, and easy to integrate with other
RF circuits. A microstrip line consists of a conducting strip printed on a dielectric sub-
strate with a ground plane on the opposite side. Its electromagnetic behavior depends
on the strip width, substrate thickness, dielectric constant, conductor losses, dielectric
losses, radiation e ects, and discontinuities. These properties make microstrip technol-
ogy attractive for compact lters, but they also introduce parasitic e ects that must
be considered during accurate modeling and diagnosis [3].
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1.2.1 Bandpass Filter Speci cations

A bandpass lter is characterized by its center frequency, bandwidth, return loss, in-
sertion loss, selectivity, and stopband rejection. If; and f, denote the lower and
upper passband limits, respectively, the center frequency and absolute bandwidth may
be expressed as

_fi+ 1y
fo= 5 (1.1)
BW =f, fq: 1.2)
For narrowband lters, the fractional bandwidth is de ned as
Few = oW = f2 T, (1.3)
fo fo

In the present thesis, the studied lter is a sixth-order microstrip bandpass Iter with
a nominal center frequency close tby = 0:85 GHzand a target bandwidth of approx-
imately 40 MHz This corresponds to a relatively narrow fractional bandwidth, which
is well suited for coupled-resonator and coupling-matrix modeling.

1.2.2 S-Parameters, Return Loss, and Insertion Loss

Scattering parameters are the standard quantities used to characterize microwave net-
works because voltage and current de nitions become less convenient at high frequen-
cies. For a linear two-port network, the incident and re ected travelling waves are
related by 5 3 9 32 3

b S;1 S a

g L= §7 TR, (1.4)

b Sa1 S22 @
wherea, and a, are incident waves, andy and b, are re ected waves at ports 1 and 2.
The coe cient S;; represents the input re ection coe cient when port 2 is matched,
while S,; represents the forward transmission coe cient from port 1 to port 2.

The return loss and insertion loss are commonly de ned as
RL(f)= 20l0g,jSu(f)j; (1.5)

IL(f)=20log,jSax(f)j: (1.6)

A good bandpass Iter should exhibit high return loss and low insertion loss in the
passband, together with strong attenuation in the stopband. Figure 1.2 illustrates a
typical S-parameter response of a sixth-order microstrip bandpass lter.
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Simulated S-Parameter Response of a Sixth-Order Microstrip Bandpass Filtenn(f, = 0.85 GHz, n; = 4, BW = 40 MHz)

-

Magnitude (dB)

|
B
(=]
-—— e e o o i

1 == 511 return response
531 transmission response

=80 T T T T T
0.70 0.75 0.80 0.85 0.90 0.95 100
Fréquence (GHz)

Figure 1.2: Typical S-parameter response of a sixth-order microwave bandpass lter.

1.3 Coupled-Resonator Microstrip Filters

High-selectivity microwave Iters are commonly implemented using coupled resonators.
Each resonator stores electromagnetic energy near its resonant frequency, while the
coupling between resonators controls the transfer of energy through the structure. The
number of resonators determines the order of the Iter and therefore the number of
poles in the passband.

1.3.1 Resonator Principle

A resonator can be interpreted using an equivaleritC circuit, where electric energy
is stored in the capacitance and magnetic energy is stored in the inductance. At reso-
nance, the inductive and capacitive reactances cancel each other, and energy oscillates
between the two storage mechanisms. The ideal resonant angular frequency is
o= P (17)
T '
whereL and C are the equivalent inductance and capacitance. The unloaded quality
factor Q, measures the ratio between stored energy and dissipated energy per cycle:

(1.8)

where Wgoreq 1S the stored electromagnetic energy anB,.gs is the average dissipated
power.

In a microstrip open-loop resonator, the equivalent inductance and capacitance
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are distributed along the printed conductor. They depend on the resonator length,
conductor width, dielectric constant, substrate thickness, and nearby coupling gaps.
The physical topology of the sixth-order cross-coupled Iter considered in this work is
shown in Figure 1.3.

Six Open-Loop Coupled Resonators on a Microstrip Substrate

Input
dlZ d23
1 <---—--—- > 2 - > 3
4 A A
'
die i Os s,
i
v \d A
d56 d45
6 e > 5 Ceotaceas > 4
Unit: mm
Output
Legend Coupling Gaps (Inter-Resonator Distances) ‘
‘ Coupling Description Coupling ‘ Description
D Microstrip open-loop resonator S —
dy, Between resonator 1 and 2 dys Between resonator 5 and 4
@mmm 50 Q microstrip feed line dy3 Between resonator 2 and 3 dig | Between resonator 1 and 6
(input/output) |
dsg Between resonator 6 and 5 dys Between resonator 2 and 5
<--% Coupling gap between resonators |
dsy Between resonator 3 and 4
3 |

Figure 1.3: Simpli ed physical topology of the sixth-order cross-coupled microstrip lter.

1.3.2 Adjacent Coupling and Cross-Coupling

Adjacent coupling refers to the normal energy transfer between neighboring resonators
along the main signal path. For the sixth-order topology studied here, the main prop-
agation path can be written as

S! Ri! Ry! Rz! Ry! Rs! Rg! L: (1.9

The strength of coupling between two resonators is mainly controlled by their physi-
cal spacing. A smaller gap generally increases electromagnetic coupling and tends to
enlarge the bandwidth. A classical estimate of the coupling coe cient between two
synchronously tuned resonators is obtained from the split resonant frequencfesand

fo:

_fz f2
Cf2+f2
Cross-coupling refers to the interaction between non-adjacent resonators. It introduces
alternative signal paths and may create phase cancellations that generate nite trans-
mission zeros close to the passband edges. Therefore, cross-coupling is a key mechanism

Kij (1.10)
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for improving the selectivity of high-order lters.

1.3.3 Transmission Zeros and Selectivity

A transmission zero is a frequency at which the forward transmission coe cient ideally
becomes zero, i.e$,; = 0. Transmission zeros are essential in high-selectivity lters
because they create steep attenuation slopes near the passband. In cross-coupled lters,
nite transmission zeros result from destructive interference between multiple signal
paths. Their locations are strongly in uenced by the signs and magnitudes of cross-
coupling coe cients.

1.4 Electrical Equivalent Circuit of the Microstrip
Filter

The physical microstrip Iter studied in this work is a distributed electromagnetic
structure. Its behavior is governed by the interaction between electric and magnetic
elds along the printed resonators, feed lines, coupling gaps, dielectric substrate, and
ground plane. Although full-wave electromagnetic simulation is required to accurately
capture distributed e ects, parasitic couplings, radiation losses, and discontinuities, an
equivalent electrical circuit remains an essential theoretical tool for interpreting the
Iter response.

The equivalent circuit provides a compact representation of the physical Iter in
terms of resonators, coupling elements, and source/load terminations. Each microstrip
resonator is modeled by an equivalent resonant circuit, while electromagnetic interac-
tions between resonators are represented by coupling elements. The source and load are
modeled by external couplings that describe how energy is injected into and extracted
from the resonator network. Therefore, the equivalent circuit establishes a direct link
between the physical layout and the frequency-domain response.

For a resonator operating near its resonant frequency, the distributed microstrip
structure can be approximated by anLC resonant circuit. Depending on the selected
circuit representation, the resonator may be modeled by either a series or parallel
resonant circuit. The resonant angular frequency is given by Equation (1.7). In a
microstrip implementation, the parametersL and C are distributed along the printed
conductor rather than implemented as discrete components.

The coupling between two resonators may be represented by an admittance in-
verter, an impedance inverter, a mutual inductance, or a coupling capacitance, depend-
ing on the dominant physical coupling mechanism. Magnetic coupling is commonly
associated with mutual inductive e ects, whereas electric coupling is mainly associated
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with capacitive interaction between adjacent resonator sections. In practical microstrip
Iters, both electric and magnetic couplings may coexist.

/u /u
(N=1)

o = 40"

Figure 1.4. General equivalent circuit model of anN -resonator coupled microwave lter.

For the sixth-order microstrip bandpass Iter considered in this thesis, the equiva-
lent coupling network consists of the source nod®, six resonatorsR; to Rg, and the
load nodeL. The main path in Equation (1.9) is responsible for passband formation
and energy transfer from the input port to the output port. In addition, cross-couplings
introduce alternative propagation paths and generate nite transmission zeros through
constructive and destructive interference.

The external coupling between the source and the rst resonator, as well as the
coupling between the sixth resonator and the load, controls the external quality factors
of the Iter. The external quality factor may be interpreted as

Wstored

I:)external

Qe=1!o ; (1.12)

where Wgoreq IS the stored energy inside the resonator anBleyema IS the power de-
livered to or extracted from the external port. Strong external coupling corresponds
to a smaller Q., whereas weak external coupling corresponds to a larg@e. Conse-
guently, external couplings strongly in uence the return loss, input/output matching,
and bandwidth.

The equivalent circuit also provides the physical basis of the coupling matrix for-
mulation. Each coupling element in the circuit corresponds to a coe cient in the
coupling matrix. Main-path couplings such asVl;5, M3, M34, Mys, and Msg mainly
control bandwidth and passband shape. Cross-couplings suchMss, M5, Mo, and
Mss are responsible for transmission-zero generation and stopband selectivity. Diago-
nal terms M; to Mgg represent resonator detuning and indicate deviations from ideal
synchronous tuning.
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Therefore, the equivalent electrical circuit is not only a simpli ed representation
of the microstrip structure but also a diagnostic model. By extracting equivalent
coupling coe cients from simulated or measured S-parameters, it becomes possible
to identify the physical origin of performance degradation. An abnormal diagonal
coe cient may indicate resonator detuning, an incorrect main coupling may suggest
a spacing error between adjacent resonators, and an inaccurate cross-coupling may
explain the displacement of transmission zeros.

Electrical Coupling Network Corresponding to the Microstrip Filter

Source

Legend Coupling Coefficients Description

Coefficient Description Coefficient Description
Resonator (open-loop)
Source (S) to resonator 1

Retnaidr-resdnaioncdupling Ms; {external coupling) Mg Cross coupling between resonator 1and 6
(main/adjacent couplings) M2 Coupling between resonator 1and 2 Mag Cross coupling between resonator 2 and 6
Cross coupling Mas Coupling between resonator 2 and 3 Mas Cross coupling between resonator 2 and 5

(transmission zeros)

External coupling M3, Coupling between resonator 3 and 4 M3s Cross coupling between resonator 3 and 5

(source and load) Mas Coupling between resonator 4 and 5 Mer Resonator 6 to 'Load (L)
(external coupling)

. Source (S) and Load (L) Mse Coupling between resonator 5 and 6

Al J

Notes: e« Solid blue lines represent the main (adjacent) couplings that define the passband response.
« Dashed orange lines represent cross couplings that introduce transmission zeros, improving selectivity and stopband attenuation.

Figure 1.5: Equivalent coupling network of the sixth-order microstrip bandpass lter,
including the source, six resonators, load, main-path couplings, external couplings, and
cross-couplings.

1.5 Coupling Matrix Theory

The coupling matrix is a normalized representation of a coupled-resonator lIter. It
expresses the interactions between resonant nodes in compact matrix form and provides
a bridge between the physical layout, the equivalent circuit, and the measured or
simulated S-parameters. For reciprocal passive lters, the coupling matrix is symmetric
[1, 4].
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1.5.1 General Matrix Formulation

For a lIter of order N, the generalized coupling matrix includes the source nod®
N resonators, and the load nodé. Therefore, its size igN +2) (N +2). For the
studied sixth-order lter, the adopted node ordering is

[S; R1; R2;R3; R4, Rs; Re; L] (1.12)
The general coupling matrix is written as
M :[Mij]B 8; Mij = Mji: (113)

In the selected physical topology, only meaningful coe cients are allowed to be nonzero.
The coupling vector used later for learning-based prediction is

M = [Ms1; M12; Mag; Mag; Mas; Msg; M ; M6 Mos; Mag; Mas; M11; Mag; Mag; Mas; Mss; Mgg]”

(1.14)
Figure 1.6 illustrates a normalized8 8 coupling matrix corresponding to a sixth-
order topology including external couplings, main-path couplings, cross-couplings, and
diagonal detuning terms.

lllustrative 8 x 8 coupling matrix for a sixth-order filte{ 00

0.75

I 0.50

I 0.00

F—0.25

Normalized coupling value

r—0.50

-0.75

-1.00

S 1 2 3 4 5 6 L

Figure 1.6: lllustrative normalized 8 8 coupling matrix for a sixth-order lter.

1.5.2 Normalized Frequency Transformation

The coupling matrix is usually formulated in a normalized low-pass frequency domain.
For a narrowband bandpass lIter, the physical frequency is transformed into the
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normalized variable according to
!

f fo

— = 1.15
FBW f, f ( )
This transformation is essential because the matrix equations become independent of
the absolute operating frequency. It also allows lIters with di erent center frequencies
and bandwidths to be compared in a uni ed normalized domain.

1.5.3 Matrix-to-Response Relationship

The coupling matrix can be converted into scattering parameters using a network
matrix A() . For the node ordering adopted in this thesis, the matrix equation is

A()= U jR+M; (1.16)

where U applies the normalized frequency term to the resonator nodes only, afd
represents the source/load terminations. For aB 8 matrix,

U =diag(0;1;1;1;1;1;1,0); R =diag(1;0;0;0;0;0;0; 1): (1.17)

The reconstructed re ection and transmission coe cients can then be obtained from
the inverse ofA() :

h [
Su()=1+2 j A X)) _; (1.18)
h [

Su)= 4 A (1.19)

Equations (1.16)-(1.19) are central to this thesis because they allow physical validation
of an extracted or predicted matrix. A predicted matrix is meaningful only if the
response reconstructed from it matches the target simulated or measured response.

1.5.4 Physical Interpretation of Coupling Coe cients

Each group of coupling-matrix coe cients has a speci c physical meaning. This in-
terpretation is essential for diagnosis because the objective is not only to reproduce
frequency-response curves but also to identify the physical causes of deviation from
the desired response. External couplings mainly in uence input/output matching and
external quality factors; main-path couplings control energy transfer and bandwidth;
cross-couplings generate transmission zeros and improve selectivity; and diagonal co-
e cients indicate resonator detuning.
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Table 1.1: Physical interpretation and diagnostic meaning of coupling-matrix coe cient

groups.
Coe cient Examples Main e ect Diagnostic mean-
group ing
External Ms1, Mg Input/output Port mismatch,
couplings matching and weak feeding, or
external quality excessive feeding
factor
Main-path M12, Mog, @5, Bandwidth control Incorrect resonator
couplings Mse and passband shape spacing or abnormal
energy transfer
Cross-couplings ~ Mgg, M5, Mg,  Transmission zeros Stopband rejec-
M 35 and selectivity im- tion degradation or
provement transmission-zero
displacement
Diagonal terms M1, :::, Mes Resonator detuning Frequency shifts
and self-coupling caused by geometry,

fabrication, or sub-
strate errors

1.5.5 Coupling Matrix Extraction and Filter Diagnosis

The extraction problem is the inverse of the matrix-to-response operation. Given

measured or simulated S-parameters, the objective is to recover the coupling matrix
that produces the same response. This extracted matrix can then be compared with
the ideal or designed matrix in order to diagnose the lIter. For example, a large

diagonal coe cient may indicate resonator detuning, while an inaccurate cross-coupling

coe cient may explain a shifted transmission zero.
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Coupling-Matrix Extraction Used as a Filter Diagnosis Loop

ooo
PV | [eoi | | NEEI | (RS

Target Extraction Extracted Recomputed
S-parameters method M matrix S(M)

t J

@ Diagnosis: compare target response and reconstructed response;
update physical dimensions

Figure 1.7: Coupling-matrix extraction and diagnosis loop based on response comparison.

1.6 Classical Coupling-Matrix Extraction Methods

Before introducing learning-based extraction, it is necessary to review the classical
methods used in microwave Iter modeling and diagnosis. These approaches usually
approximate the measured S-parameters by rational functions, extract poles and zeros,
and then derive an equivalent circuit or coupling matrix. The most relevant techniques
for this work are optimization-based extraction, the Cauchy method, and vector tting.

1.6.1 Optimization-Based Extraction

In optimization-based extraction, an initial matrix M ¢ is assumed and iteratively ad-
justed until the response reconstructed from the matrix matches the target data. A
typical cost function is
X target 2 target 2
JM) = Sii (fi)  Su(M;fi) + S (fi)  Sa(M;fy) (1.20)
i=1
Although this method is physically intuitive, the optimization surface may be non-
convex, especially for high-order cross-coupled lters. A poor initial guess may lead to
local minima and produce a matrix that ts part of the response but is not physically
correct.

1.6.2 Cauchy Method for Rational Approximation of S-Parameters

The Cauchy method is a classical rational approximation technique widely used in
microwave lter analysis, synthesis, and diagnosis. Its main objective is to approximate
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measured or simulated scattering parameters by rational functions expressed as ratios
of characteristic polynomials. The poles, zeros, and polynomial coe cients obtained
from this approximation can be used to describe the dynamic behavior of the Iter and
to support coupling-matrix extraction [6, 7, 9].

For a reciprocal two-port microwave lter, the re ection and transmission functions
can be expressed in the normalized complex frequency domain as

X ay sk
1k
S1(s) = Eg =k (1.21)
bes®
k=0
Xz
A ¥
S,u(s) = Eg =k (1.22)
bes®
k=0

wheres= +|! is the complex frequency variablelN is the Iter order, and n, is the

number of nite transmission zeros. The polynomiaE (s) is the common denominator
associated with the poles of the lter,F(s) is the re ection polynomial, and P(s) is

the transmission polynomial.

If the S-parameters are known at normalized frequency samples= j! i, i =

1,2;:::; Ng, the Cauchy approximation imposes
F(s) Su(s)E(s) O (1.23)
P(si) Su(s)E(s) O (1.24)

Substituting the polynomial expressions into Equations (1.23) and (1.24) gives a linear
system in the unknown polynomial coe cients:

X k X k .
asS  Su(si) bs' O i=1;2:::;Ng; (1.25)
k=0 k=0
’ K X K -
axs,  Su(si) bs' O i=1;2:::;Ng: (1.26)
k=0 k=0

The resulting overdetermined homogeneous system can be solved using least squares
or singular value decomposition. Oncg&(s), F(s), and P(s) are determined, the poles

are obtained from the roots ofE(s), the re ection zeros from the roots ofF (s), and

the transmission zeros from the roots dP(s).
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Cauchy-Based Extraction of Characteristic Polynomials
from S-Parameter Responses
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Figure 1.8: Cauchy-based extraction of characteristic polynomialsk (s), F(s), and P (s)
from measured or simulatedS;1 and S,1 responses.

For lossy resonator lters, a modi ed complex frequency variable may include the
unloaded quality factor Qy:

|

1 1 f fo

0 : 0o .
FBW f, f (1.27)

= +j
FBW Q,

S

This formulation explains why losses displace poles and zeros in the complex plane and
why simultaneous extraction ofQ, and the coupling matrix is di cult. The Cauchy
method is therefore useful but requires careful sampling, correct model order selection,
and appropriate phase de-embedding.

Cauchy Method for Rational Approximation of S-Parameters
L1 12 (3 / 4 ==

Measured / Simulated Sample Frequency Cauchy Rational Polynomial Poles, Zeros,
S-parameters Points Approximation Coefficients Filter Response
Is| ‘ Im(s)
asa — [ — - x
832 CCO !
O o " CEQ Ee®)
= = i Q 1 CCU %[O
Obtain S;(f) over the band Select N frequency points Apply the Cauchy method | Extract numerator and Compute poles, zeros and
of interest. fk in the complex or real using a continued-fraction | denominator polynomial evaluate the filter response
frequency plane. expansion to obtain a coefficients. from the rational model.
rational model.

Cauchy Method: Main Idea
The scattering parameter S(s) is approximated by a rational function whose coefficients are obtained from a continued-fraction (Cauchy) expansion around selected expansion points.

Rational model: N Pn© poles of the model Cauchy continued-fraction form: Where:
S(s)~R(s) =d + Z 51'7" It residues S(s) = ao + + e ay, by, cx are Cauchy coefficients
= d : constant term (feedthrough) O iy * mis the order of the approximation
soieats Bin=i e s = jw (or complex frequency)
s—cm
Notes ¢ The Cauchy method provides a stable way to obtain a rational approximation using sampled data.

* Itis especially efficient for smooth responses and for obtaining an initial pole-residue model.
* The resulting poles and zeros are then used for coupling-matrix extraction and filter synthesis/diagnosis.

Figure 1.9: Main steps of the Cauchy method for rational approximation of S-parameters.
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1.6.3 Phase De-Embedding Before Rational Approximation

Measured and full-wave simulated S-parameters may include additional phase rotations
caused by feed lines, port reference planes, and numerical calibration planes. These
e ects do not belong to the ideal coupling-matrix model and should be removed before
Cauchy extraction, vector tting, or learning-based diagnosis [9, 11]. If ((f) and

' »(f) denote the phase contributions at ports 1 and 2, a simpli ed correction is

Su(f) = SP®(f)exp[i 2 1(f)]; (1.28)

Saa(f) = SEr=(F)expll ( o(fF) + " 2(f )] (1.29)
The phase contributions are often modeled by constant loading terms and linear terms
proportional to frequency:

f f
(f) ="t o "of) =" 2t 02 (1.30)
fO fo

Correct phase de-embedding is important because the coupling matrix represents the
intrinsic Iter network and not the external transmission-line sections. If phase shifts
are ignored, the rational model may t the measured curves but the extracted matrix
may lose its physical meaning.

Al B] Bg AZ
| 0, | | 0, |
- cm——— ——(— e——
| | Filter model | |
(|>———(|>— —q>———<|)

Figure 1 Equivalent-circuit of two-port filter with embedded
transmission lines at I/O ports.

Figure 1.10: Equivalent two-port Iter model with embedded transmission-line sections
causing port phase shifts.

1.6.4 Vector Fitting Technique

Vector tting is another rational approximation technique widely used for frequency-
domain modeling of microwave networks. It approximates a complex resports$és) by
a stable pole-residue expansion [5]:

X
H(s) m 4 d+ se; (1.31)
S am
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wherea,, are polesr, are residues, andl and e are optional constant and proportional
terms. Vector tting starts from an initial set of poles and relocates them iteratively
by solving weighted least-squares problems. The nal result is a rational model that
accurately represents the measured or simulated response.

A key feature of vector tting is pole relocation. An auxiliary scaling function (s)
IS introduced to improve numerical conditioning:

_Cm

(S)H (s) a + d+ se: (1.32)

m=1
The zeros of (s) are then used as improved pole estimates for the next iteration.
This process is repeated until the poles become stable and the approximation error is
su ciently small.

Vector Fitting Procedure for Microwave Filter Modeling

& o : (3 (4 (5] 6]

Complex Response Initial Pole Weighted Least Pole Relocation Stable Rational Equivalent Circuit /
Data Selection Squares Fit and Iteration Model Coupling Matrix
$,1/d8 Im(s) : Im(s) 5 " | EPE
x ~ .
= Y« N J,/\—> ‘ ) e el | £ B
= ° s) =~ + I
3 = — I = - ij 2 I
£ Rels) | o Rels) k=15 Pk 1+l
x Lo J + )
i X Oldpoles O New poles
Obtain measured or simulated Choose an initial set of Solve a weighted linear Relocate poles using the Obtain a stable rational Extract poles, residues,
S-parameters S;;(f) over the poles in the complex plane least squares problem updated model and function that accurately and use them to derive the
frequency band of interest. (e.g., uniformly or via to compute the residues iterate until convergence. approximates the original equivalent circuit and
heuristics). and constant term. S-parameters. coupling matrix.
Vector Fitting: Mathematical Model Outputs
Each element of the scattering matrix is approximated by a rational function of the complex frequency s = o + jw: « Poles py
pr : poles (common to all responses in a multiport fit) W"r‘;""e“ L'Ias"s‘i"ﬂ'es P'°b'°’f'h - * Residues 7y«
T Ty residues for element (i, ) C;C'we, Zm’;z:wfﬁ”em'es S With weighits wa, —)  * Constant term d;
Sii(s) ~ Z CET o el o di; : constant term (feecithrough) + (Optional) Proportional
i i i term hyy

meas model . |2
ulsq () = S5 (5")‘ + Rational model Si;(s)

M

s— } i )

= k hyj : proportional term (often set to zero for stability) ot Z -
N : number of poles rdh 1

+ Equivalent circuit /

which is linear i Coupling matrix [M]

in the unknowns when poles are fixed.

Notes:  * Vector fitting provides a stable and robust rational approximation of frequency responses.
« Itis widely used for passive ing, circuit ion, and mi filter diagnosis.
« The extracted poles and residues are key to deriving the coupling matrix and evaluating filter performance.

Figure 1.11: Vector tting work ow for rational modeling of microwave Iter responses.

1.6.5 Poles, Residues, and State-Space Interpretation

The poles of a rational model represent the natural modes of the network, while residues
determine how strongly each mode contributes to the response. In microwave Iter

diagnosis, pole displacement can indicate resonator detuning, while residue variations
may be associated with changes in coupling strength. Once a reliable rational function
is available, it may be transformed into a state-space model:

H(s)= C(sl A) B+ D: (1.33)

The matrices A, B, C, and D describe the internal dynamic modes of the tted
network. When the model is stable and passive, it can be interpreted as an equivalent
circuit and used to support coupling-matrix extraction.
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1.6.6 Comparison and Limitations of Classical Methods

Classical extraction methods remain important because they are grounded in mi-
crowave theory. However, they may require accurate initial guesses, careful phase
de-embedding, noise ltering, and expert intervention. Their computational cost can
become high when many iterations are required, and their robustness may decrease
when the measured response contains phase shifts, calibration errors, or parasitic ef-
fects.

Table 1.2: Comparison between classical extraction methods and learning-based

extraction.
Criterion Cauchy Vector  t- Optimization Learning-
method ting based ex-

traction

Main principle  Polynomial ra- Pole-residue  Direct min- Data-driven
tional approxi- rational tting imization of inverse map-

mation response error ping
Initial guess Moderate im- Initial poles Critical Not required
portance required after training
Noise sensitiv- High Medium High Reduced if
ity trained  with
noisy data
Physical inter- Indirect Good after Good if con- Good if con-
pretation model conver- vergence suc- strained by
sion ceeds topology
Computation Medium Medium High for high- Very fast infer-
time order lters ence
Main limitation Sensitive  to Pole initializa- Local minima  Requires
sampling and tion and pas- representa-
phase shift sivity checks tive training
dataset

1.7 Transition Toward Learning-Based Diagnosis

The limitations of classical extraction methods motivate the use of machine learning. In
the proposed thesis, the Iter response is represented by four channetq{S;1), =(S11),
<(S71), and=(S;;). A one-dimensional convolutional autoencoder is then used to learn
the nonlinear mapping between the frequency-domain response and the coupling-vector
representation. After training, extraction can be performed in a single forward pass
instead of iterative optimization.

However, learning-based extraction should not be treated as a black box. The
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output must respect matrix symmetry, topology constraints, and physical response
consistency. Therefore, the predicted vector should include only allowed coe cients,
the complete matrix should be explicitly reconstructed, and the respon&M ) should
be recomputed using Equations (1.16)-(1.19).

1.8 Conclusion

This chapter presented the theoretical foundation of microwave and microstrip band-

pass lters, with emphasis on coupled-resonator theory, scattering parameters, return

loss, insertion loss, transmission zeros, and coupling-matrix representation. The equiv-
alent electrical circuit was introduced as a bridge between the physical microstrip layout

and the mathematical model used for diagnosis.

The chapter also detailed the coupling matrix formulation for a sixth-order Iter
including source, six resonators, and load. The roles of external couplings, main-path
couplings, cross-couplings, and diagonal detuning terms were explained. The matrix-
to-response equations were presented because they are essential for validating extracted
or predicted coupling matrices.

Finally, classical extraction techniques, including Cauchy approximation, vector
tting, and optimization-based extraction, were reviewed. Their advantages and lim-
itations justify the transition toward deep-learning methods, which are presented in
Chapter 02. In particular, the next chapter introduces convolutional autoencoders as
an intelligent framework for extracting coupling coe cients from complex S-parameter
responses.



Chapter 2

Machine Learning and
Convolutional Autoencoders for
Coupling Matrix Extraction

2.1 Introduction

This chapter presents the theoretical and methodological background of the intelli-
gent approach adopted for coupling-matrix extraction from microwave lter scattering
parameters. After the theoretical study of microwave lters, resonators, transmission
zeros, and coupling-matrix synthesis introduced in Chapter 01, the present chapter
focuses on the data-driven modeling tools required to analyze complex frequency re-
sponses and infer hidden physical quantities. In particular, it explains the foundations
of machine learning, deep learning, one-dimensional convolutional neural networks (1D-
CNNs), and convolutional autoencoders (CAES) applied to microwave lter diagnosis
and modeling.

The proposed research considers coupling-matrix extraction as an inverse modeling
problem. The available information is the frequency-domain response of a microstrip
bandpass lter, represented by the complex scattering paramete&;(f ) and Sy;(f).
The required output is a compact set of coupling coe cients describing the interaction
between the source, the resonators, and the load. Therefore, the objective of the
learning model is to approximate the nonlinear mapping

FfSu(f);Sau(f)g.g ! m; (2.1)

where B is the sampled frequency band and is the vector of physically meaningful
coupling-matrix coe cients.

The role of this chapter is to establish the connection between electromagnetic data,

22
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neural feature extraction, latent representation learning, and physical interpretation of
the predicted coupling matrix. The complete work ow adopted for microwave Iter
diagnosis is summarized in g. 2.1. This work ow starts from S-parameter acquisition,
applies preprocessing and normalization, extracts local frequency-domain features us-
ing 1D-CNN lters, trains the model by minimizing suitable loss functions, predicts
the coupling vector, and nally validates the result by recomputingS(M ) from the
predicted matrix.

Machine-Learning Workflow for Microwave Filter Diagnosis
G o ) s e 2\ - e )

—0—
e b 2 L 2 1 (352 H W

-0 [ ] ; @
S-Parameter Preprocessing Feature Extraction Model Training Prediction Physical Validation
Acquisition Normalization 1D-CNN Filters Loss Minimization CM Vector S(M) Comparison

N J .\ v - 4 e 4 - 4 \ 4

Figure 2.1. General machine-learning work ow adopted for microwave lter diagnosis and
coupling-matrix extraction.

2.2 Atrticial Intelligence, Machine Learning, and
Deep Learning

Arti cial intelligence (Al) is the broad eld concerned with the design of systems ca-
pable of performing tasks that usually require human intelligence, such as reasoning,
classi cation, optimization, decision-making, and pattern recognition. Machine learn-
ing (ML) is a sub eld of Al in which models learn relationships from data instead
of being explicitly programmed with xed rules. Deep learning (DL) is a specialized
branch of machine learning based on multilayer neural networks capable of learning
hierarchical feature representations from complex high-dimensional data [17, 18].

In microwave engineering, these techniques are useful because the relation between
physical geometry, electromagnetic coupling, and S-parameter response is strongly non-
linear. A small modi cation of a resonator gap may shift a transmission zero, modify
the return-loss distribution, or change the bandwidth. Classical electromagnetic simu-
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lation accurately captures this behavior, but it is often computationally expensive. A
trained neural model can approximate the inverse relationship between response and
coupling coe cients, thus accelerating diagnosis and computer-aided tuning.

2.2.1 Learning Tasks in Engineering Applications

Engineering applications commonly involve classi cation, regression, reconstruction,
and representation learning. In the context of this thesis, the dominant task iegres-
sion, because the model predicts continuous coupling coe cients from S-parameter
curves. However, the proposed autoencoder branch also perforasonstruction, be-
cause the decoder is trained to reproduce the original multi-channel S-parameter tensor
from the latent representation.

The microwave Iter diagnosis problem can therefore be interpreted as a hybrid
supervised reconstruction problem. The encoder predicts the coupling vector, while
the decoder reconstructs the input response, forcing the latent vector to preserve the
most relevant electromagnetic information. Table 2.1 summarizes the main learning
paradigms and their relevance to the proposed method.

Table 2.1: Main learning paradigms and their relevance to microwave Iter diagnosis.

Learning Principle Use in this thesis
paradigm

Supervised learning Learns from labeled input-Predicts coupling coe cients

output pairs. from S-parameters.
Unsupervised learn- Finds hidden structures with- Supports latent representa-
ing out explicit labels. tion learning in the autoen-
coder.
Regression Predicts continuous numeri-Estimates continuous
cal quantities. coupling-matrix elements.
Reconstruction Reproduces an input from a Reconstructs S-parameter
compressed representation. channels from the latent
vector.
Physics-informed Adds physical equations to Improves consistency between
learning the training objective. the predicted matrix and the

reconstructed response.

2.2.2 General Data-Driven Work ow

A complete data-driven work ow includes data acquisition, preprocessing, input tensor
construction, model training, validation, prediction, and physical interpretation. For
microwave lters, data can be generated using analytical coupling-matrix equations,
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full-wave electromagnetic simulation, or vector network analyzer measurements. The
preprocessing stage is essential because simulated or measured S-parameters may con-
tain phase shifts, noise, interpolation artifacts, and inconsistent frequency sampling.

For a Iter response sampled alNg frequency points, the model input is constructed
from four real-valued channels:

X =[<f Si1g; =f S110; <f Sx10; =f Sxng)l 2 RN * (2.2)

This representation avoids phase discontinuities caused by phase wrapping and pre-
serves the complete complex information of the scattering parameters.

2.2.3 Performance Metrics for Regression and Reconstruction

The performance of a neural model must be evaluated using quantitative metrics. For
coe cient prediction, the mean squared error (MSE), mean absolute error (MAE),
and root mean square error (RMSE) are commonly used. Let, denote the reference
coupling coe cient and my its predicted value. ForK predicted coe cients, the metrics
are de ned by

1 X )
MSECM = K (mk mk) ; (23)
k=1
1 X .
MAE ¢y = M e (2.4)
k=1
V
RS 2
RMSEcy = " (me My (2.5)
k=1

For S-parameter reconstruction, the error can be computed between the target response
and the response reconstructed by the decoder or by the predicted coupling matrix. In
dB scale, the RMSE is written as

X

o<

RMSEs = (Starget:as (Fi)  Sprea:as (Fi)) % (2.6)

1 s
NS i=1

This second validation is particularly important because a small numerical coe cient
error may still produce a signi cant physical response mismatch.

2.3 Fundamentals of Arti cial Neural Networks

Arti cial neural networks (ANNs) are computational models inspired by the distributed
information processing of biological neural systems. A neural network consists of layers
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of interconnected computational units called neurons. Each neuron performs a weighted
summation of its inputs, adds a bias term, and applies a nonlinear activation function.
This nonlinear transformation enables the network to approximate complex functions
and solve inverse problems that cannot be represented by simple linear models.

2.3.1 Arti cial Neuron Model

weighted sum followed by a nonlinear activation function ( ):

X
u= WiX; + b; (2.7)

i=1
y= (u); (2.8)
wherew; are trainable weights,bis a bias term,u is the pre-activation value, andy is
the neuron output. In matrix form, the propagation through layer* is expressed as

ad=  wOal Dy pO - (2.9)

whereW ) and b(") are the weight matrix and bias vector of layer .

2.3.2 Training by Backpropagation

Training consists of adjusting the weights and biases to minimize a loss function. The
backpropagation algorithm applies the chain rule to compute the gradients of the loss
with respect to all trainable parameters. A basic gradient-descent update is written as

t+1 =t roL( ) (2.10)

where denotes the set of trainable parameters, is the learning rate, andL is the ob-
jective loss. In the implemented CAE model, the Adam optimizer is preferred because
it combines momentum and adaptive learning-rate scaling, improving convergence sta-
bility for deep architectures [19].

2.3.3 Activation Functions

Activation functions introduce nonlinearity into the network. Without nonlinear acti-

vation functions, a multilayer network would collapse into an equivalent single linear
transformation. In the proposed CAE framework, ReLU or SELU can be used in
the convolutional layers, Tanh can bound the coupling-vector output, and sinusoidal
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activation can support oscillatory reconstruction behavior in the decoder. The most
common functions used in this context are summarized in table 2.2, while their shapes
are shown in g. 2.2.

Table 2.2: Common activation functions used in neural-network and CAE models.

Activation Mathematical expression Main property

RelLU f (x) = max(0; x) Simple and e cient; reduces
vanishing-gradient problems in
many deep networks.

. . 1 .
Sigmoid f(x)= 1T+ o> Maps values into[0; 1]; useful for
€ probabilistic outputs but may sat-
urate.
Tanh f (x) = tanh( x) Maps values into[ 1;1] and pro-
duces centered outputs.
SELU f(x)= x if x>0, (e 1) Encourages self-normalizing be-
ifx O havior in deep networks.
Sin f (xX) = sin(x) Suitable for oscillatory or periodic

signal reconstruction.

Activation functions used in deep neural networks and CAE models

RelLU Sigmoid
5 1.0

44 0.81

3 0.6

0.4

0.2 1

0.0

fix)
o - N
fix)

Tanh Sin activation
1.0 1 1.0 4

0.5 0.5 /\
0.0 0.0

~0.54 -0.5 1 \/
-1.01 -1.0

-4 -2 0 2 4 -4 -2 0 2 4

fix)

fix)

Figure 2.2. Plots of the ReLU, Sigmoid, Tanh, and Sin activation functions used in
neural-network and CAE models.
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2.4 S-Parameter Representation for Deep Learning

Microwave lters are usually characterized by their scattering parameters. In a two-
port network, S;; describes the re ected wave at the input port, whereaS,; describes
the transmitted wave from port 1 to port 2. Since these quantities are complex, they
can be represented either in magnitude-phase form or in Cartesian form. For deep
learning, the Cartesian form is usually more stable:

Spq(fi) = <f Spq(fi)g+ j=f Spe(fi)a; p;q2f 1 2q: (2.11)

2.4.1 Input Tensor Organization

For each simulated or measured Iter response, the input tensor is organized as

2 3
<f Sua(f1)g =fSu(f1)g <FfSu(fi)g =fSn(fi)g

<f S, (f =f S, (f <f S,(f =f S, (f
1?( 2)d 1?( 2)0 2.1( 2)9 2.1( 2)9 2 RV 4 (2.12)

<f S11(fn.)9 =F Sui(fn.)g <f Sa(fn,)g =f Sau(fn.)d

In the implemented model,Ng = 80 frequency samples are used. Therefore, each Iter
response contain80 4 = 320 scalar input values.

2.4.2 Preprocessing and Normalization

Before training, each channel must be normalized to improve numerical conditioning
and stabilize gradient descent. Ik. denotes a value in channet, standard normaliza-
tion is given by

R = ; (2.13)

where . and . are the mean and standard deviation of channa&, and is a small
positive value preventing division by zero. The same normalization parameters must
be applied to training, validation, testing, and new measured samples.

2.5 One-Dimensional Convolutional Neural Networks
for S-Parameter Analysis

Convolutional neural networks are deep-learning architectures designed to exploit local
correlations in structured data. In microwave Iter diagnosis, the S-parameter response
Is a frequency-indexed sequence; neighboring frequency points are strongly correlated,
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and important features such as resonances, passband ripples, and transmission zeros
are local spectral patterns. For this reason, one-dimensional CNNs are well suited to
S-parameter analysis.

2.5.1 One-Dimensional Convolution Operation

A one-dimensional convolution layer applies learnable Iters along the frequency axis.
For an input sequencex[n] and a kernelh[k] of length K ¢, the output feature mapy[n]
IS written as !
K¢ 1 '
y[n] = hikjx[n  k]+ b ; (2.14)

k=0
wherebis a bias and () is the activation function. For a multi-channel input with
C =4 channels, the convolution becomes
X K 1 |
yi[n] = hec[KlXc[n kl+ b ; (2.15)
c=1 k=0
wherer is the index of the output feature map. Thus, a 1D convolution can learn cor-
relations between<f S;.19, =f S;19, <f S;10, and =f S,,9 over local frequency windows.
Figure 2.3 illustrates how a sliding convolution kernel extracts local spectral patterns

from the four-channel S-parameter tensor.
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1D Convolution: Extracting Local Spectral Patterns

|
| Input tensor X: N; frequency samples x 4 channels Extracted local spectral patterns

| ‘ Im(s21) /’\/\J‘\N\L/\/‘/\—f\ } N « The 1D convolution
I | Feature map 3 kernel slides across
| I I hjgi (high-level patterns) the frequency axis.
ReS21Y| /"N~~~ } Ny ition, i
== 1 1 e = At each position, it
E l 5 —D Feature map 2 capture-s local
Im($11) ZN SN ] K —~— 1 } Ns Lr‘ (mid-level patterns) correlations across
: ! all 4 channels.
Re(S11) /\/\/L—\./"\-’\/L/\/\/“/\ } e + Multiple kernels
| \ o : Feature map 1 produce multiple
| i (low-level patterns) feature maps at
1 2 e | s Pk okl ke2 o N different abstraction
Sliding 1D convolution kernel levels.

(size = K, stride = 1)

Block Diagram of 1D CNN Feature Extraction

Input 1D Convolution Batch Normalization Max Pooling 1D Next Conv Block

. A Flatten
S-parameters (C1 filters) + RelU ool size = P, repeat L times;
P P ) (rep ) Feature Vector
. ; ®
: — || A - - — |®
5 b cee
: fox ][5 i =
= == H
Normalize RelLU ]
N; frequenc - . X
ssar:ples o Extract local patterns Stabilize and introduce Downsample and retain Deeper features with 1xD
across all channels non-linearity dominant features larger receptive field
Symbols ® Key Points
Each convolution uses all 4 channels simultanecusly.
mERES 11, Convolution kernel Feature maps L 44 | Maxpooling @ Fiattened feature (] y.
oty (channels = C)) BEOE | (size=P) t | vector (dimension D) @ Sliding kernel captures frequency-local correlations.
o o Stacking layers learns hierarchical spectral features.

Figure 2.3: Principle of one-dimensional convolution applied to multi-channel S-parameter
data. The sliding kernel scans the frequency axis and generates feature maps representing
local spectral patterns.

2.5.2 Pooling and Feature Compression

Pooling layers reduce the sequence length of feature maps and improve robustness
against small frequency shifts. Max pooling selects the dominant local response within
a window, which is useful for emphasizing strong spectral features such as notches,
resonant peaks, and transmission zeros. For a pooling window of sizemax pooling
is de ned as

p[n] = max fx[nP];x[nP +1];:::;x[nP + P 1]g: (2.16)

By combining convolution and pooling, the network progressively compresses the fre-
guency response while preserving the most relevant spectral signatures.

2.5.3 Advantages of 1D-CNNs for Microwave Filter Diagnosis
The use of 1D-CNNs o ers several advantages for S-parameter-based diagnosis:

They preserve the sequential nature of frequency-domain data.

They extract local patterns associated with resonances, passband ripple, and
stopband attenuation.



Chapter 2. Machine Learning and Convolutional Autoencoders for Coupling Matrix
Extraction 31

They reduce the number of trainable parameters compared with fully connected
networks.

They improve generalization by sharing convolution kernels along the frequency
axis.

They provide a suitable encoder block for convolutional autoencoders.

2.6 Autoencoders and Latent Representation Learn-

ing
An autoencoder is a neural architecture designed to reproduce its input at the output
through a compressed internal representation. It consists of two main parts: an encoder
and a decoder. The encoder compresses the input into a latent vector, while the decoder

reconstructs the original input from this latent vector. The compression process forces
the network to retain the most relevant information and discard redundancy or noise.

2.6.1 Encoder, Latent Space, and Decoder

Let x be an input vector representing the S-parameter response. The encoder maps
to a latent vector z according to
z=1 (X); (2.17)

wheref is the encoder parameterized by. The decoder reconstructs the input from
the latent representation:
k=g (2); (2.18)

whereg denotes the decoder. The complete autoencoder mapping is therefore
R=g (f X)): (2.19)

In the present work, the latent vector is not only a mathematical compression. It
is designed to represent the selected coupling coe cients, giving the hidden space a
direct physical meaning. Figure 2.4 presents the encoder-decoder principle used for
coupling-matrix extraction and S-parameter reconstruction.
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Convolutional Autoencoder Principle for Coupling-Matrix Extraction

© INPU *,ﬁ @ _ ENCODER @ © LATENT sPAce [ O DECODER | © outpur |
S-PARAMETERS Convolutional layers + Pooling Bottleneck representation Dense layers + Reshape RECONSTRUCTED

Frequency responses Feature extraction 8 compression Coupling-matrix vector S-parameter reconstruction S-PARAMETERS

Frequency responses

/T Ay 72:
5 TE 2 s
‘ Re(S11)

Magnitude (d6)
o 9
:
¥
b

Magnitude (d5)

¥

Frequency

© Re(S11) o
© Im@S11) @ | 7} l\/\/ O Im(S11)
© Re(s21) L ) © Re(s21)
© Im(s21) ) © Im(s21)
(+) A oo m = [My] = (+) ca|
(V] og)
Shape: (N, 4) Activation Pooling Dimension: M Dense Activation Reshape Shape: (N,, 4)
N, : number of frequency points ReLU MaxPooling1D (Number of coefficients) Layers RelU to (N, 4) Same as input
\ .
WORKFLOW SUMMARY OBJECTIVE

Input S-parameters Encoder extracts Latent space Decoder reconstructs Loss computed Learn the mapping
(Re & Im parts) discriminative encodes coupling the S-parameters & model updated
features matrix vector

Coupling-matrix vector

Ny number of frequency points + M : number of coupling coefficients

Figure 2.4. Convolutional autoencoder principle for coupling-matrix extraction. The
encoder extracts features from multi-channel S-parameters, the latent space represents the
coupling-vector coe cients, and the decoder reconstructs the S-parameter response.

2.6.2 Reconstruction Loss

The basic training objective of an autoencoder is the reconstruction loss, which mea-
sures the discrepancy between the input and the reconstructed output. F3r samples,
the mean squared reconstruction loss is

X 2
Liec = — kXi hikz: (220)

A low reconstruction loss means that the latent representation preserves the essential
information needed to reconstruct the original frequency response. However, recon-
struction alone does not guarantee that the latent variables correspond to a valid
physical coupling matrix. For this reason, a supervised prediction term is added in the
proposed framework.

2.7 Convolutional Autoencoder Architecture for Coupling-
Matrix Extraction

A convolutional autoencoder combines convolutional feature extraction with the recon-
struction principle of autoencoders. In the one-dimensional case, convolutional lters
scan the frequency axis of the S-parameter response. This allows the model to cap-
ture local electromagnetic signatures while progressively compressing the input into a
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low-dimensional representation.

2.7.1 Input-Output Representation

The input data are represented by the real and imaginary parts db;; and S;;, as
introduced in eq. (2.12). The desired output is not the fulB 8 coupling matrix, but
only a vector containing the physically meaningful nonzero coe cients. This choice
reduces the output dimension and respects the selected Iter topology. Figure 2.5
illustrates the input-output representation used in the proposed learning model.

Multi-channel S-parameter input Vectorized coupling-matrix output
Re(511)
f f, o, MS1| M12| M23| M34| M45
Im(S11) ® ®
fi f fu, ° M56| M6L| M16| .- | M66
=) @O )
Re(S21) ®
fi f fu, ® {TTTTTTTTTTTTTR
® Qutput vector mERr
1
Im(S>;) ML model m=[my,my, ..., mKﬂ
Freah f s £ F fi, (1D-CNN / CAE) fommmmmm oo
requency samples: fi, 5, ..., fn,
Input tensor X &g u™

Only physically meaningful nonzero coefficients are predicted (K <« 8 x 8)

Figure 2.5: Input-output representation used for S-parameter-based coupling-matrix
prediction. The model maps the four-channel frequency tensor to a vector containing only
the physically meaningful coupling coe cients.

2.7.2 Coupling-Matrix Latent Vector

For a sixth-order Iter with source and load nodes, the complete coupling matrix has
size8 8. Instead of predicting all 64 entries, only the physically meaningful coe cients
are estimated. The selected coupling vector is

M =[Ms1; M12; M23; Mas; Mas; Msg; Mg ; M1g; M os;

T (2.21)
M2g; M3s; M11; M22; M3z, Mag; Mss; Mgg] ' -

After prediction, this vector is expanded into a complete symmetric matrix. The
symmetry condition is essential for reciprocal passive microwave lters:

Mij = Mji: (2.22)
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Using a xed coe cient order is critical. If the ordering changes between dataset gener-
ation, model training, prediction, matrix reconstruction, and validation, the predicted
matrix may remain numerically plausible but physically incorrect.

2.7.3 Encoder and Decoder Structure

The encoder contains one-dimensional convolutional layers, pooling layers, a atten
layer, and a dense bottleneck. The dense bottleneck outputs the 17 coupling coe -
cients. The decoder receives the coupling vector and reconstructs the origigal 4
S-parameter tensor using dense layers and a nal reshape operation. The proposed
supervised 1D-CAE architecture is presented in g. 2.6, and its main layers are sum-
marized in table 2.3.

Proposed Supervised 1D-Convolutional Autoencoder (1D-CAE) Architecture

© ENCODER © LATENT VECTOR © DECODER
Input tensor "
mr e 1D Convolutional Layers e e Dense Layers
(Real & Imag.) Physical latent space pibceiRretuConviniiTansposed)
eature extr sion S-parameter reconstruction
T%‘ fh /\/W\V'/ —h (my = % 0
31| A : = : =i N ey 2
] VN— | | = T 2 7
5|~ | | my -) = | 8 |-
2 = > B [D | - - | 1 2
Frequency ) [ _) | Frequency
@ Re(s11) i = @ Re(s11)
Im(s11) my Im(s11)
® Reis2)) e Typical Encoder Block &d Typical Decoder Block = ® Re(s21)
@ Im(s21) 1S~ i @ Im(s21)
M| [ D [/ | & 17 coefficients W o (/> | 8
Shape: (80 x 4) = - Coupling-matrix vector L et alis el 50 )
80 frequency points ConvlD BatchNorm RelU MaxPool1D meRY ConvlD BatchNorm RelU UpSampling1D Same as input
x 4 channels (Kernel k) (Transpose)
», nin Benefits
(/, mapping (17 coefficients) V' Better feature representation
1 5-paramet v Noise robustness

e coupling-matrix vector. the network.  High prediction accuracy

Conv1D: 1D Convolution MaxPool 1D: Max Pooling BatchNorm: Batch Normalization ReLU: Rectified Linear Unit UpSampling1D: 1D Upsampling Conv1D (Transpose): Transposed Convolution

Figure 2.6: Proposed supervised 1D-CAE architecture for coupling-vector prediction and
S-parameter reconstruction.

Table 2.3: Typical structure of the proposed supervised 1D-CAE model.

Block Layer or operation Output shape Function

Input S-parameter tensor (80; 4) Complex response represen-
tation.

Encoder ConvlD + MaxPooling (26; 32) Local spectral feature ex-
traction.

Encoder ConvlD + MaxPooling (13;32) Feature compression.

Encoder ConvlD + MaxPooling (6;32) Deep spectral representa-
tion.

Latent output  Dense layer a7) Coupling-vector prediction.

Decoder Dense layers 256 1024 1204 32(5-parameter reconstruction.

Output Reshape (80; 4) Reconstructed S-parameter

channels.
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2.8 Loss Function and Training Process

The proposed network is trained using a supervised autoencoder objective. The rst
term forces the encoder to predict the correct coupling-vector labels. The second term
forces the decoder to reconstruct the input S-parameter channels. A physics-informed
extension may also be added by recomputing S-parameters from the predicted matrix
and comparing them with the true response.

2.8.1 Prediction Loss

The coupling-vector prediction loss measures the di erence between the reference vector
m and the predicted vectorm:

L,=km mk;: (2.23)

This term ensures that the latent representation remains close to the target physical
coupling coe cients.

2.8.2 Reconstruction Loss

The reconstruction loss measures how well the decoder reproduces the input tensor

L= X X (2.24)

This term regularizes the latent representation by forcing it to preserve the information
required to reconstruct the original S-parameter response.

2.8.3 Physics-Informed Consistency Loss

For microwave lter diagnosis, a predicted matrix is useful only if it reconstructs a
physically consistent frequency response. Therefore, an additional physical loss can be
introduced by computing the responsé&(M ) from the predicted coupling matrix:

2
LthS = S(M) Strue 2: (2.25)
The complete objective function is then
Liotr = plp+ rLr+  physbpnyss (2.26)

where ,, ., and ,nys control the relative importance of coe cient accuracy, decoder
reconstruction, and physical response consistency. If the reconstructed response from
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the predicted matrix is poor, s Should be increased in order to force the latent
vector to remain physically meaningful.

2.8.4 Optimization Using Adam

The Adam optimizer is used because it adapts the learning rate for each parameter
and includes momentum-like behavior through running averages of the gradients. For
a gradientg; = r L, Adam computes

1S 1+ (1 1)0t; (2.27)
N1+t ek (2.28)

St

Vi

wheres; and v, are the rst and second moment estimates. After bias correction, the

parameters are updated as

_ & .
w1 T P (2.29)

This adaptive update is suitable for networks combining convolutional and dense layers
because di erent parameters may require di erent e ective learning rates.

2.9 Detailed Autoencoder Algorithm

The complete training and inference procedure is summarized in Algorithm 2.4. It
starts from the preparation of the S-parameter dataset and ends with the prediction
and physical validation of the coupling matrix.

Table 2.4: Algorithm 2.1: Supervised 1D-CAE procedure for coupling-matrix extraction.

Input: complex S-parameterss;;(f ) and S,;(f ), target coupling vectorsm.

Decompose the complex responses intb S;19, =f S;19, <f S;:0, and =f S;,g.
Normalize the input channels and construct the tensoX 2 RN Ns 4,

Train the convolutional encoder to mapX to the predicted coupling vectorm.
Train the decoder to reconstructX from the latent coupling vector.

Minimize Lo in €q. (2.26).

For a new HFSS or measured response, predmtusing the trained encoder.
Rebuild the complete symmetric coupling matrix¢l from m.

RecomputeS;; and S,; from M and compare them with the input response.

© ©® N s~

Output: predicted coupling matrix, reconstructed S-parameters, and error met-
rics.
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Figure 2.7 presents the complete CAE training and diagnosis procedure. It shows
the transition from data acquisition to preprocessing, encoder training, decoder recon-
struction, loss computation, optimization, inference, and physical validation.
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Complete CAE Training and Diagnosis Procedure
From S-parameters to Coupling-Matrix Extraction

START: DATA ACQUISITION

Collect or generate S-parameter samples using EM
simulation or measurements.
« 511 and 521 over a defined frequency range.

. T L A

Output / Result

SAMPLE REPRESENTATION
Represent each sample as a multi-channel vector:

X =[Re(Sy), Im(Sy,), Re(Sa,), Im(Sq,)]

+ Shape: (N, 4) where N is the number of frequency points.

|
|
]
it Raw multi-frequency ]
S-parameter dataset |
" BT gl T e T ]
e il A .Y

Output / Result

------ +

Multi-channel input
representation X

PREPROCESSING
+ Normalize each channel (zero mean, unit variance).

+ Split dataset into training / validation / testing sets
(e.g., 70% / 15% / 15%).

{

TRAIN ENCODER (REGRESSION BRANCH)
Train the encoder to predict the coupling-matrix vector m
(physical latent vector).

* Supervised target: m € RX (non-zero coefficients only).

v

Output / Result

Normalized and split
dataset

Output / Result
‘ Latent vector m
(Coupling coefficients)

TRAIN DECODER (RECONSTRUCTION BRANCH)
Train the decoder to reconstruct the input S-parameter tensor
from the latent representation.

+ Output shape: (N;, 4)

+

LOSS COMPUTATION

Compute the total loss: =L
plp + ArLy

+ L, Regression loss (e.g., MSE between 7t and m)
» L,: Reconstruction loss (e.g., MSE between }A( and X))

v
OPTIMIZATION
Update all network weights using Adam optimizer
and backpropagation.
= Iterate until convergence (minimum validation loss).

+

PREDICTION (INFERENCE)
Use the trained model to predict coupling matrix vector m
from new simulated or measured S-parameters.

+

PHYSICAL VALIDATION

Recompute S;; and S,; from predicted M and compare with
reference data.
+ Evaluate errors and performance metrics.

‘v

Output / Result i

|

Reconstructed )
S-parameter tensor X |

Output / Result
Total loss value
for optimization

i Output / Result
Optimized
CAE model

Output / Result
Predicted coupling
matrix vector m

Output / Result
Validation metrics
(e.g,, RMSE, |8y, [Szl) |

° B8

Legend: Symbols

: Predicted coupling-matrix vector
: Reconstructed S-parameters
: Number of frequency points

=E eI E x

: Input tensor {multi-channel S-parameters)
: Coupling-matrix vector (latent vector)

: Number of predicted coefficients

END: DIAGNOSIS AND INTERPRETATION

Analyze the extracted coupling matrix and physical behavior
of the microwave filter for diagnosis and design insights.

Loss Components

L, Regression loss
(Physical suparvision)
L=3L,+ AL,

Aps Ay @ Loss weights

L, Reconstruction loss
(Setsuparvision)

Final Result
Diagnosed coupling
matrix and interpretation

Key Benefits

@ Leamns complex nonlinear mapping

& Captures discriminative frequency features
& Provides physically meaningful coefficients
@ Improves generalization and robustness.
@ Enables fast prediction for new designs

Figure 2.7:

Flowchart of the complete CAE training and diagnosis procedure.
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2.10 Application of CAE to Microstrip Filter Di-
agnosis

The practical objective of the proposed CAE model is to accelerate the diagnosis of
microstrip Iters. In a conventional work ow, a designer compares the simulated or
measured response with the expected response, manually adjusts physical dimensions,
and repeats the electromagnetic simulation. This process can be slow for high-order
Iters with several cross-couplings. A trained CAE provides a direct inverse mapping
from the frequency response to the coupling coe cients, enabling rapid interpretation

of the internal electromagnetic behavior.

2.10.1 Feature Extraction from S-Parameters

The real and imaginary parts ofS;; and S,; contain information about resonant fre-
guencies, coupling strength, phase delay, return loss, insertion loss, and transmission
zeros. The convolutional encoder scans these channels and learns local signatures as-
sociated with passband and stopband behavior. For example, a deep transmission zero
in Sy; may indicate a speci ¢ cross-coupling path, whereas a shift in &jy; minimum

may indicate resonator detuning.

2.10.2 Coupling-Matrix Prediction

The predicted vector is interpreted as a compact physical descriptor of the lter. Main-
path coe cients such as M,, M3, Mas, Mys, and Msg control energy transfer and
bandwidth. Source/load couplings such a#ls; and Mg in uence external quality
factors and matching. Cross-couplings such &85, M5, Mg, and M5 control nite
transmission zeros and selectivity. Diagonal termil,; to Mgs describe resonator de-
tuning. The physical interpretation of the main coe cient groups is summarized in
table 2.5.
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Table 2.5: Physical interpretation of the main coupling-vector groups.

Coe cient group Examples Physical meaning

External couplings Msi1, MgL Control input/output matching
and external quality factors.

Main-path couplings Mg, M3, M3s, Mys, Control bandwidth and energy

Mg transfer between adjacent res-
onators.
Cross-couplings M1, Mos, Mog, Mg Create nite transmission zeros
and improve selectivity.
Diagonal terms M1, Moo, i, Megg Represent resonator detuning or
self-coupling.

2.10.3 Physical Validation by Reconstructing S-Parameters

A key requirement is that the predicted coupling matrix must reproduce the original
S-parameter response. For a Iter with source, six resonators, and load, the matrix
equation is generally expressed as

A()= U jR+HM; (2.30)

whereU applies the normalized frequency to the resonator nodes aRdrepresents the
source/load terminations. The reconstructed scattering parameters are obtained by

h i
Si1=1+2j A 18_8; (2.31)

h
Siu= 2 A? (2.32)

LS *
This validation step is essential because a model may predict numerically close coe -
cients but still generate a physically inaccurate response. Therefore, the reconstructed
S11 and S;; must be compared with the target HFSS or measured response.

2.11 Challenges and Limitations of Deep Learning
Approaches

Although deep learning provides powerful tools for microwave Iter diagnosis, several
limitations must be considered. Figure 2.8 gives a block-diagram representation of
the main challenges and mitigation strategies, while g. 2.9 summarizes them as a
diagnostic work ow.
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Figure 2.8: Block diagram of the main challenges and mitigation strategies in
deep-learning-based microwave Iter diagnosis.

2.11.1 Dataset Construction

The quality of the model strongly depends on the quality and diversity of the training
data. Analytical datasets are easy to generate and useful for fast experimentation.
However, they may not include full-wave e ects such as substrate dispersion, radiation,
conductor losses, discontinuities, and parasitic coupling. HFSS or CST datasets are
more realistic because they include electromagnetic e ects, but they require signi cant
computational time and careful meshing. A practical solution is to use hybrid datasets
that combine analytical responses, full-wave simulation samples, noisy cases, and phase-
shifted examples.

2.11.2 Generalization and Over tting

A neural network may perform well on training samples but fail on Iters outside the
sampled design space. This problem is known as over tting. Regular validation, data
augmentation, dropout, early stopping, and physically constrained losses can improve
generalization. The training set must cover realistic perturbations of the most sensitive
coupling coe cients; otherwise, the model may learn only a narrow local approximation
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of the Iter behavior.

2.11.3 Physical Consistency

Unconstrained neural outputs may violate matrix symmetry, topology constraints, or
response consistency. For this reason, the output vector should contain only allowed
coe cients, and the reconstructed matrix should be explicitly symmetrized before phys-
ical validation according to eq. (2.22). Moreover, the predicted matrix should be vali-
dated by recomputingS;; and S,; using egs. (2.31) and (2.32).

2.11.4 Phase Shift and Measurement Noise

Measured or full-wave S-parameters may contain additional phase shifts due to port
reference planes, cable lengths, and numerical port e ects. Noise may also appear
because of measurement uncertainty or solver convergence errors. Training data should
include realistic phase-shifted and noisy cases, or a preprocessing step should remove
the phase contribution before extraction. This improves robustness when applying the
model to measured or full-wave responses.

Figure 2.9: Flowchart illustrating the main limitations of deep learning for microwave
Iter diagnosis and the corresponding mitigation strategies.
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2.12 Conclusion

This chapter presented the theoretical foundations of machine learning, deep learn-
ing, one-dimensional convolutional neural networks, and convolutional autoencoders
for microwave lter diagnosis. The discussion showed that S-parameter responses
can be treated as structured multi-channel sequences, making them suitable for one-
dimensional convolutional feature extraction. The autoencoder architecture was then

introduced as a framework for learning a compact latent representation that can be

associated with the coupling matrix of a microstrip Iter.

Special emphasis was placed on the encoder-decoder structure, latent space, ac-
tivation functions, training process, loss function, and physical interpretation of the
coupling coe cients. The chapter also explained why physical validation through S-
parameter reconstruction is necessary, especially when applying the model to HFSS or
measured data. These theoretical elements establish the basis for Chapter 03, where
the proposed method is implemented, tested, and evaluated on a sixth-order microstrip
bandpass lter.



Chapter 3

Simulation and Results

3.1 Introduction

This chapter presents the simulation, extraction, and validation stage of the proposed
sixth-order cross-coupled microstrip bandpass Iter. The main objective is to evalu-

ate the electromagnetic behavior of the designed Iter in ANSYS HFSS, extract the

complex scattering parameters, and test the ability of the proposed learning-based
procedure to estimate a physically meaningful coupling matrix from the simulated

response.

The chapter focuses on the connection between three descriptions of the same
microwave component: the physical microstrip layout, the full-wave electromagnetic
response represented b$,; and S,;, and the equivalent coupling-matrix model used
for diagnosis. This connection is important because the coupling matrix is not only
a compact mathematical representation of the Iter topology, but also a diagnostic
tool that can indicate resonator detuning, incorrect coupling gaps, and displacement
of transmission zeros.

The studied structure operates aroun@:85 GHzwith a target bandwidth of approx-
imately 40 MHz The cross-coupled topology is selected because it can generate nite
transmission zeros, improve selectivity, and provide a suitable benchmark for coupling-
matrix extraction. The simulation and validation procedure is inspired by classical
microwave Iter diagnosis methods, such as Cauchy extraction and vector tting, and
by recent one-dimensional convolutional autoencoder approaches for coupling-matrix
extraction [1, 3, 10, 13, 15].

44
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3.2 Reference Filter Speci cations

The reference network adopted in this work is a sixth-order cross-coupled microstrip bandpass
Iter. It is speci ed around the center frequency

fo=0:85 GHz (3.1)

with an absolute bandwidth
BW =40 MHz =0 :04 GHz (3.2)

Consequently, the passband limits are
BW BW

f1="fo T=0:836Hz; f2=fo+?=0:87GHz (3.3)

The fractional bandwidth is
eew = oW - 80404706 4:706% (3.4)

fo 0:85

The Iter order is N =6, which means that the passband is formed by six coupled resonant
modes. The selected topology includes the source nod six resonatorsR; to Rg, and the load
node L. The non-adjacent cross-couplings are introduced to produce four nite transmission
zeros and to improve the stopband selectivity. The ideal design target is an equiripple return-
loss behavior close ta20 dB inside the passband, with strong attenuation outside the interval
0:83 0:87 GHz

Table 3.1: Reference electrical speci cations of the studied microstrip bandpass lter.

Quantity Symbol Reference value

Filter type Cross-coupled microstrip bandpass lIter
Filter order N 6

Center frequency fo 0:85 GHz

Absolute bandwidth BW 40 MHz

Lower passband edge fi 0:83 GHz

Upper passband edge fo 0:87 GHz

Fractional bandwidth FBW 0:047086 i.e. 4:706%
Return-loss objective RL 20 dB

Finite transmission zeros n, 4

Observation range 0:70 1:.00 GHz

The ideal normalized coupling matrix used as the electrical reference is

0 09903 0 0 0 0 0 0°
0:9903 0 08224 0 0 0 276 0
0 08224 0 0:5376 0 0:2656 00085 0
Mo =B O 0 0:5376 0 07756  0:0425 0 0
deal = & 0 0 Q7756 0 0:5376 0 0
0 0 0:2656 0:0425 0:5376 0 08224 0
0 00276 0:0085 0 0 08224 0 0990
0 0 0 0 0 0 09903 0

(3.5)
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This matrix is expressed in the node order
[S; R1; R2; R3; Ra; Rs; Re; LI (3.6)

The coe cients Ms; and Mg represent the input and output external couplings. The coe cients
M12, M23, M34, Mys, and Msg form the principal energy path through the Iter. The cross-
couplings M1, M25, Mg, and M35 are responsible for the nite transmission zeros. Thus,
the ideal matrix provides the theoretical reference for the desired response, whereas the HFSS
simulation provides the practical full-wave electromagnetic response used for nal validation.
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3.2 Reference Filter Specifications - LPF and BPF S-Parameter Responses

The ideal low-pass prototype and its bandpass transformation are included here to complete the reference
specification section. The LPF plot verifies the normalized prototype behavior, while the BPF plot shows the

corresponding response after transformation to the physical frequency band centered at f0 = 0.85 GHz with a 40
MHz bandwidth.

LPF Prototype S-parameters
01 —_—

Magnitude (dB)

= 551 LPF
S11 LPF
------ Passband limits

-100

-8 -6 -4 -2 0 2 4 6 8
Normalized frequency Q

Figure 3.1a: Ideal LPF prototype S-parameter response generated from the target coupling matrix.

BPF S-parameters with Finite Transmission Zeros

01 T
;:‘0:0. 5 GHz;

—-20 1

Magnitude (dB)

= 551 BPF
511 BPF
------ Passband limits

-100 T T : : T T
0.70 0.75 0.80 0.85 0.90 0.95 1.00
Frequency (GHz)

Figure 3.1b: Ideal BPF S-parameter response with finite transmission zeros in the physical frequency domain.
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3.3 Microstrip Filter Structure

3.3.1 General Topology

The proposed lIter consists of six open-loop microstrip resonators printed on a dielec-
tric substrate. The input and output feed lines excite the rst and sixth resonators,
respectively. The main energy path is

S!' Ri! Ry! Rg! Rs! Rs! Rg! L (3.7)

where S denotes the sourcel. denotes the load, andr; is the ith resonator. Adja-
cent couplings control the passband bandwidth and energy transfer. Cross-couplings
introduce additional propagation paths that can generate nite transmission zeros and
improve stopband selectivity.

Figure 3.2 presents the two-dimensional reference layout. The distances between
resonators, includingd;e, dos, and ds4, are directly related to the coupling intensities.
Small variations in these gaps may shift the resonant modes, modify the bandwidth,
and change the transmission-zero positions.

Figure 3.2: Reference two-dimensional layout of the sixth-order cross-coupled microstrip
bandpass lter. The resonators are numbered from 1 to 6 and the principal dimensions are
given in millimeters.

Figure 3.3 provides a three-dimensional representation of the same structure, in-
cluding the dielectric substrate, copper pattern, feed lines, and substrate thickness.
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Figure 3.3: Three-dimensional representation of the proposed microstrip Iter geometry
showing the copper pattern, dielectric substrate, input/output ports, and main dimensions.

3.3.2 Substrate, Ports, and Boundary Conditions

The reference lter is implemented on a Rogers RO3010 substrate. The use of a high
relative permittivity reduces the resonator dimensions and supports compact imple-
mentation. The main material and simulation parameters are summarized in Table 3.2.

Table 3.2: Substrate and conductor parameters used in the electromagnetic model.

Parameter Value / Description

Substrate material Rogers RO3010
Relative permittivity ", =10:2
Substrate thickness h =1:27 mm

Loss tangent tan =0:0035
Metallization Copper microstrip layer over ground plane
Copper conductivity =5:8 10 S=m

Reference impedanceZy, = 50

Port 1 is connected to the input feed line and Port 2 to the output feed line. Both
ports are normalized to50 . The ground plane is modeled as a conducting reference
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layer, while the external air region is terminated using open or radiation boundary
conditions in order to emulate free-space propagation around the printed structure.

3.4 Simulation and Extraction Methodology

3.4.1 ANSYS HFSS Rull-Wave Simulation

In this work, the proposed microstrip lter was modeled and simulated exclusively
using ANSYS HFSS . HFSS was selected as the full-wave electromagnetic simulation
tool because it solves Maxwell's equations for three-dimensional RF and microwave
structures and allows the inclusion of dielectric losses, conductor losses, fringing elds,
discontinuities, coupling gaps, and open boundary conditions.

The simulation was con gured to extract the complex scattering parameterS;,(f )
and S,;(f) over the observation range. Both magnitude and phase were exported
because coupling-matrix extraction requires the complex response, not only magnitude
curves in decibels. The HFSS model used for the simulation is shown in Fig. 3.4.

Figure 3.4. ANSYS HFSS model of the sixth-order cross-coupled microstrip bandpass
Iter used for full-wave electromagnetic simulation and S-parameter extraction.

The HFSS work ow consists of de ning the substrate and conductor materials,
drawing the six resonators and feed lines, assigning input and output ports, surrounding
the structure with an open air region, re ning the mesh near coupling gaps, sweeping
the required frequency range, and exporting the comple®;; and S,; data for post-
processing.
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3.4.2 S-Parameter Preprocessing

The exported S-parameters are complex quantities:
Sj (f)=js; (F)ie' s (3.8)

wherei;j 2 f 1;2g. For data-driven extraction, one response is represented by four
real-valued channels:

X(fn) = [<f S1a(fn)g; =F S12(fn) g <f Sza(fn)g; =f Sau(fn)g]: (3.9)

For N frequency samples, this gives an input tensdt 2 RNs 4. In this work, Ng = 80,
corresponding to 320 input features per response.

HFSS responses may include additional phase shifts caused by feed lines, port
reference planes, and de-embedding e ects. These contributions do not belong to the
intrinsic coupling-matrix model. They are approximated by

f f
1(f)= ot o1 2of)= o2t o2 (3.10)
fo fo

leading to the corrected responses
SF(f) = SIFS(F)e® 1, (3.11)

ST (F) = SHFSS(F)el 10 2 (3.12)

This preprocessing step is important because phase-shift e ects can strongly degrade
coupling-matrix extraction accuracy [10, 15].

3.4.3 Normalized Frequency and Coupling-Matrix Represen-
tation

The coupling-matrix model is formulated in the normalized low-pass domain. The
physical frequency is transformed using
!

1 ff° : (3.13)

FB

| =

—h

0

For a sixth-order Iter including source and load nodes, the complete matrix size
is 8 8 with the node order[S;1;2;3;4;5;6;L]. Because the lter is reciprocal, the
matrix is symmetric:

Mj = Mj: (3.14)
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Only physically meaningful coe cients are predicted. The selected vector is

M =[Msy; M12; M23; M3s; Mys; Msg; Mg ; Mag; M os;

(3.15)
M2g; M3s; M11; M2z, M3z, Maa; Mss; Mee]T3

The xed order in Eqg. (3.15) must be preserved during dataset preparation, prediction,
matrix reconstruction, and validation.

The physical validation is carried out by recomputingS;; and S,; from the pre-
dicted matrix. The system matrix is

A()= U jR+M; (3.16)

where
U =diag(0;1;1;1;1;1;1;0); R =diag(1;0;0;0;0;0;0; 1): (3.17)

The reconstructed responses are obtained as
h [
Su()=1+2 | A ') L (3.18)

h [

Sa()= 2 A ) (3.19)

81’

3.4.4 Learning Model and Loss Function

The proposed extraction model is based on a one-dimensional convolutional autoen-
coder. The encoder extracts spectral patterns from the four-channel S-parameter input,
while the latent output represents the 17 coupling coe cients. The decoder recon-
structs the S-parameter channels in order to encourage the latent vector to preserve
the relevant spectral information. Figure 3.5 summarizes this principle.
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Figure 3.5: Encoder-decoder framework for coupling-matrix extraction and S-parameter
reconstruction. The input channels are<(S11), =(S11), <(S21), and =(Sz1), while the
bottleneck contains the 17 coupling coe cients.

The prediction loss and reconstruction loss are de ned as

1 X »
Lp = — km; mikz; (320)
Nb i
1 Xbo 2
L, = — X §<i . 3.21
= No , (3.21)
The implemented loss is

To improve physical consistency, an additional term may be introduced:
2
Lohys = S(M)  Shrss )" (3.23)

This term is especially important when the model is tested on HFSS responses rather
than ideal synthetic responses.
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3.5 Work ow of the Proposed Technique

Figure 3.6 presents the complete work ow. The procedure starts with Iter speci cation
and geometry construction. ANSYS HFSS is then used to obtain the complex response.
After preprocessing and phase correction, the four-channel input tensor is formed. The
extraction model predicts the coupling vector, reconstructs the full symmetric matrix,
and recomputesS;; and S,;. If the reconstructed response is not su ciently close to
the HFSS response, the preprocessing, dataset, loss weighting, or model architecture
must be improved.
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3.6 Simulation and Extraction Results

3.6.1 HFSS Reference Response

The HFSS reference response constitutes the practical electromagnetic reference of the designed
microstrip Iter. Contrary to the ideal matrix-generated response, the HFSS response includes
the distributed behavior of the real layout: conductor and dielectric losses, open-end fringing
elds, discontinuities, parasitic interactions between non-adjacent resonators, and phase delay
introduced by the input and output feeding lines. For this reason, the HFSS response is considered
the most relevant validation case for the learning-based extraction method.

The reference simulation was performed over the intervaD:70 1.00 GHz using 80 frequency
samples. The target passband remains centered arounih = 0:85 GHz, with the approximate
limits 0:83 GHz and 0:87 GHz. The exported data consist of the complex quantitiesS;1(f )
and S,1(f ). For the neural extraction process, each response is represented by four real-valued
channels:

x(f) =[<f Sua(f)g; =f S11(f)g; <f Sza(f)g; =f Saa(f)q]: (3.16)

This representation preserves both magnitude and phase information, which is necessary for
extracting a physically meaningful coupling matrix.

Table 3.3: Main indicators retained for the nal HFSS validation.

Quantity Value / observation Role in validation

Frequency range 0:70 1:.00 GHz Full-band comparison

Number of samples Ns =80 Input tensor length

Target center frequency 0:85 GHz Desired passband location
Target passband 0:83 0:87 GHz Local passband error evaluation
Input channels <S11;=511;<Sy1;=Sp1 Complex response representation
Output vector 17 coe cients Physically meaningful couplings
Validation criterion Recomputed S(Mpreq) Physical consistency check

3.6.2 Dataset and Training Behavior

The learning model uses a supervised convolutional autoencoder structure. The encoder maps
the four-channel S-parameter response to a compact coupling-vector representation, while the
decoder reconstructs the S-parameter response from the latent representation. The predicted
coupling vector contains only the coe cients allowed by the selected topology:

M = [Ms1; M12; M23; M3s4; Mas; Mss; ML ; M16; M 2s; M 26; M 3s; M 11; M 22; M 33; M 44; Ms5; Mgg] "

(3.17)
Synthetic matrix-generated responses are useful because they follow exactly the coupling-matrix
equations used for reconstruction. However, the nal HFSS case is more di cult because it
contains non-ideal electromagnetic e ects that are not perfectly represented by the normalized
matrix model. This di erence creates a domain gap between ideal training examples and practical
full-wave responses.

3.6.3 \Validation on Synthetic Matrix-Based Responses

Before applying the trained network to HFSS data, the model was validated using responses
generated directly from known coupling matrices. In this controlled case, the target and predicted
data obey the same mathematical model. The comparison con rmed that the network can learn
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the principal relationship between the spectral response and the coupling coe cients. This
preliminary validation is important, but it is not su cient for practical diagnosis because real
microstrip structures introduce losses, parasitic elds, feed-line phase delay, and model-order
mismatch.

Therefore, the last and most important validation is performed by applying the model to
the de-embedded HFSS CSV response and by recomputing the scattering parameters from the
predicted matrix.

3.6.4 Extraction from HFSS Simulation CSV

After preprocessing and normalization, the trained model was applied to the HFSS de-embedded
CSV data. The full predicted matrix is reconstructed using the node order

[S; R1; R2; R3; Ra; Rs; Re; L (3.18)

For the nal de-embedded HFSS test, the predicted coupling matrix is

2 ) 0:984686 0 0 0 0 0 0o °
0:984686 0109109  1:003768 0 0 0 066511 0
0 1:003768 0102356  0:751329 0 0:253712 0022894 0
Mo = 0 0 0:751329 0134345 0:768903 0:120626 0 0
pred 0 0 0 0:768903 0071415 0846803 0 0
0 0 0:253712 0:120626 0846803 (0017221  0:993349 0

0 0066511 0022894 0 0 0:993349 (0094776 116004
0 0 0 0 0 0 1160046 0

(3.19)

The corresponding predicted vector is

0:084686 1:003768 0751329 0:768903 0846803
. _E 0:993349 1160046 0066511  0:253712 002289§
pred = 2 0:120626 0109109 0102356 0134345 007141
0:017221 0094776

(3.20)

The matrix is symmetric, which is required for a reciprocal passive lter. The reconstructed
response is computed from

A() = U JR + Mpred; (3.21)
where

U =diag(0;1;1;1;1;1;1,0); R =diag(1;0;0;0;0;0;0; 1): (3.22)

The re ection and transmission coe cients are then obtained from

h i
su)=1+2 j A ') _; (3.23)
ho

Sa()= 2 A () : (3.24)

L;S
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3.6.4 Extraction from HFSS Simulation CSV - Initial HFSS/CM Comparison
Before adding the decoder response, the extracted coupling matrix is first validated by comparing only the
HFSS de-embedded response with the S-parameters recomputed from the extracted coupling matrix. This first

comparison directly evaluates the physical consistency of the predicted matrix.

S,1 comparison between HFSS and extracted coupling matrix

0+ = HFSS de-embedded S;;
: : Extracted matrix Sy;
------ Passband limits

|
N
o
1

|
N
o
1

—/’
RMSE = 9.626 dB
-804 MAE = 7.108 dB

Magnitude (dB)

|
)}
o
1

S;:1 comparison between HFSS and extracted coupling matrix

04 = ===

Magnitude (dB)
AN
wu

RMSE = 4.900 dB = HFSS de-embedded S11
=301 MAE =_2.682 dB Extracted matrix Si;

------ Passband limits
-35

0.70 0.75 0.80 0.85 0.90 0.95 1.00
Frequency (GHz)

Figure 3.6a: First validation comparison between the HFSS de-embedded response and the response recomputed from the
extracted coupling matrix for S21 and S11. The RMSE and MAE values quantify the full-band discrepancy.
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Figure 3.7: Final comparison of the de-embedded HFSS response and the response reconstructed from
the extracted coupling matrix.

The combined response in Fig. 3.7 provides the global visual assessment of the extraction.
To facilitate a more detailed interpretation, the re ection and transmission responses are also
presented separately in Figs. 3.8 and 3.9. The separated plots make the mismatch mechanisms
clearer: the reconstructedS;1 curve does not reproduce all return-loss minima with the same
depth as HFSS, while the reconstructedS,1 curve captures the existence of the transmission band
but with a shifted passband and di erent stopband attenuation.

Figure 3.8: Detailed full-band comparison of S;; between the de-embedded HFSS response, the response
rebuilt from Mpeq, and the decoder output.
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Figure 3.9: Detailed full-band comparison of S,; between the de-embedded HFSS response, the response
rebuilt from Mpeq, and the decoder output.

Table 3.4: Quantitative comparison between HFSS de-embedded data and the response reconstructed
from the extracted coupling matrix.

Response Frequency region RMSE (dB) MAE (dB)

S11 Full band 0:70 1:00 GHz 4.900 2.082
So1 Full band 0:70 1:00 GHz 9.626 7.108
Si1 Passband0:83 0:87 GHz 13.200 12.189
So1 Passband0:83 0:87 GHz 3.800 3.004

The HFSS de-embedded response gives its best return-loss value at approximately

f =0:8633 GHz Si11= 2655 dB: (3.25)
The reconstructed response obtained from the extracted matrix reaches its minimun®;; at

f =0:8253 GHz S11= 1514 dB: (3.26)
For the transmission response, the HFSS response reaches its maximum level at

f =0:8443 GHz Sp1 = 259 dB; (3.27)
whereas the reconstructed matrix response reaches its maximum at

f =0:8253 GHz Sy = 0:14 dB: (3.28)

These values show that the extracted matrix reproduces the global bandpass behavior but remains

shifted toward lower frequencies. The mismatch is especially visible in the return-loss response,

which is more sensitive to impedance matching, resonator detuning, and external quality factors.
The error metrics in Table 3.4 con rm this visual behavior. In the full band, the S;; RMSE is
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4:900dB, whereas theS;; RMSE is 9:626 dB. In the restricted passband, S, is better reproduced
than Si11, with a passband RMSE 0f3:800 dB. This indicates that the model has learned the
main transmission mechanism, but the matching condition remains more di cult to recover. This

result is coherent with microwave Iter theory because re ection is strongly a ected by small

perturbations of external coupling and resonator detuning.
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3.7 Analysis and Interpretation

The extracted coupling matrix provides a physical diagnosis of the lter. The external couplings
Ms1 and Mg describe the energy injection and extraction at the input and output ports. The
main-path couplings M 12, M 23, M 34, M 45, and Msg control the transmission of energy through
the six-resonator chain. The cross-coupling 15, M 25, M 26, and M 35 generate alternative signal
paths and are responsible for nite transmission zeros. The diagonal term®11; to Mgg represent
resonator detuning.

In an ideal synchronously tuned matrix, the diagonal coe cients should be close to zero. In
the extracted matrix, the diagonal terms are

M11=0:109109 My, =0:102356 M33=0:134345 (3.29)

Maa =0:071415 Ms55=0:017223 Mg =0:094776 (3.30)

These values indicate that the HFSS structure behaves as if several resonators were detuned.
This is physically reasonable because the full-wave microstrip model includes fringing elds,
discontinuities, open-end e ects, and parasitic couplings that are absent from the ideal normalized

prototype.
The extracted external couplings are

Ms1= 0984686 Mg =1:160046 (3.31)

The sign depends on the phase convention and resonator orientation; the magnitude is therefore
more important for coupling strength. The input coupling magnitude jMg1j = 0:984686is close
to the ideal level, whereasjM g j = 1:160046indicates stronger output coupling.

Using the normalized approximation

1 1
G:s 25 Gl o (3.32)
M&, M&
and the bandpass relation %
Qe EBW (3.33)
the extracted external quality factors are approximately
Q L 21.9; (3.34)
&S 0:04706(0984686¥ e '
Q 1 158: (3.35)
&L 0:04706(1160046¥ o '

The smaller value of Qe con rms that the output side is more strongly coupled than the input
side. This asymmetry contributes to the deformation of the return-loss response and to the
mismatch between the HFSS curve and the reconstructed matrix response.

The main-path couplings are

Mi2 = 1:003768 Moz = 0:751329 Mg3zs= 0:768903 (3.36)

Mgys = 0:846803 M= 0:993349 (3.37)

Their relatively large magnitudes con rm that the predicted matrix corresponds to a strongly
coupled sixth-order bandpass topology. However, their non-uniform distribution explains the
deformation and shift of the reconstructed passband.
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The cross-couplings are
M1 =0:066511 Moys= 0:253712 My=0:022894 M3s= 0:120626 (3.38)

Since nite transmission zeros are highly sensitive to weak cross-couplings, small deviations in
these terms can produce large changes in stopband attenuation and zero locations. The extracted
matrix therefore provides a useful diagnostic interpretation: the dominant bandpass behavior is
captured, but the detailed matching and nite-zero positions are not fully reproduced.
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3.8 Discussion

The nal HFSS extraction demonstrates that coupling-matrix prediction from full-wave data is
feasible but challenging. The extracted matrix preserves the main physical structure of the lter:
external source/load couplings, a principal six-resonator path, cross-couplings associated with
nite transmission zeros, and diagonal detuning terms. This con rms that the learning model
has captured a meaningful representation of the selected topology.

Nevertheless, the numerical comparison reveals a visible frequency shift and amplitude
mismatch. The HFSSS;; minimum occurs at 0:8633GHz, whereas the reconstructeds;; minimum
occurs at0:8253GHz. Similarly, the HFSS maximum transmission appears at0:8443 GHz, while
the reconstructed maximum occurs at0:8253 GHz. This indicates that the predicted matrix
represents a lter whose e ective resonance is shifted downward relative to the HFSS model.

Several causes explain this discrepancy. First, HFSS models a distributed electromagnetic
structure, whereas the coupling matrix is a hormalized resonator model. Second, residual phase
shifts caused by feed lines and port reference planes may remain in the complex S-parameter
data even after de-embedding. Third, the training set is mainly based on ideal matrix-generated
responses, so it does not fully cover practical electromagnetic e ects such as loss, dispersion,
parasitic coupling, and local detuning. This creates a domain gap between synthetic training
data and HFSS validation data.

The passband error is also informative. The passband RMSE is larger foB11 than for Syq,
which means that the model reconstructs the transmission window more easily than the detailed
return-loss ripple. This is expected becauses;; is highly sensitive to impedance matching,
resonator detuning, and external quality factors, whereasS,; mainly indicates whether energy is
transferred through the main resonator chain.
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3.8.1 Need for Algorithmic Improvement

The rst improvement concerns preprocessing. A more systematic phase de-embedding procedure
should be applied before training and prediction. The corrected responses may be written as

SET(f) = SiFsS(f)e? 1), (3.39)

Sg(f” (f ) — SZHlFSS(f )el [ 2(F)+ of )]; (340)

where 1(f) and »(f) are the phase shifts associated with the input and output reference planes.
The second improvement concerns the training objective. The loss function should include a
physics-informed term based on the S-parameters recomputed from the predicted matrix:

1 X
Lphys = —

2 2
N S™(F) SuMpreaiTi) "+ S () Sa(Mpreaifi)  : (3.41)
S k=1

The total loss can then be written as
Liotat = Lmatix * Lrect Lphys: (3.42)

This formulation forces the model not only to predict coe cients but also to produce a matrix
that reconstructs the electromagnetic response.

The third improvement is dataset enrichment. The model should be trained with HFSS-
enriched examples obtained by controlled variations of resonator lengths, coupling gaps, substrate
parameters, feed positions, and port reference planes. This would allow the neural network to
learn the practical di erence between ideal coupling-matrix responses and full-wave microstrip
responses.

3.9 Conclusion

This chapter presented the nal simulation and extraction results of the sixth-order cross-coupled
microstrip bandpass lIter. The reference speci cations were de ned by a center frequency of
0:85 GHz, a bandwidth of 40 MHz, a sixth-order topology, a 20 dB return-loss objective, and four
nite transmission zeros. The nal HFSS CSV response was used as the most realistic validation
case for the proposed 1D-CAE-based coupling-matrix extraction method.

The predicted matrix preserved the main physical structure of the Iter and reproduced
the global bandpass behavior. However, the comparison with the HFSS de-embedded response
showed a frequency shift and amplitude mismatch, especially in the return-loss response. These
discrepancies indicate that the current matrix should be interpreted as an approximate diagnostic
matrix rather than a nal industrial tuning matrix.

The nal conclusion is that the proposed method is promising for rapid microwave lter
diagnosis and educational interpretation. For higher practical accuracy, the work ow should be
improved by stronger phase alignment, larger HFSS-enriched datasets, more realistic loss/noise
augmentation, and a physics-informed loss that directly minimizes the di erence between HFSS
responses and responses reconstructed from the predicted coupling matrix.



General Conclusion

This thesis presented a complete study of the design, simulation, and intelligent diag-
nosis of a sixth-order cross-coupled microstrip bandpass lIter. The theoretical study
showed that microwave bandpass Iters can be described through S-parameters, equiv-
alent resonator circuits, and coupling-matrix theory. The coupling matrix was shown
to be a powerful diagnostic model because it relates the electrical response of the Iter
to the physical interactions between resonators.

The second chapter introduced the machine-learning background required for coupling-
matrix extraction from frequency-domain data. The S-parameter response was repre-
sented as a four-channel input tensor containing the real and imaginary parts 8f;
and S,;. The convolutional autoencoder architecture was selected because its encoder
can extract local spectral features, while its decoder forces the latent representation to
preserve information needed to reconstruct the S-parameter response.

The third chapter validated the methodology through ANSYS HFSS simulation
and coupling-matrix prediction. The studied Iter was specied around0:85 GHz
with a 40 MHz bandwidth, four expected transmission zeros, and a 20 dB return-loss
objective. The simulation results con rmed the narrowband bandpass behavior of the
structure. The learning-based extraction showed promising behavior on synthetic data,
but the HFSS CSV extraction test revealed important discrepancies, especially in the
reconstructedS;; response and in the detaile®,; transmission behavior.

These results show that the proposed framework is scienti cally relevant but still
requires improvement before it can be used as a fully reliable practical tuning tool.
The main conclusion is that coupling-matrix prediction must not be evaluated only by
coe cient error; it must also be validated by recomputing the physical S-parameter
response from the predicted matrix. This physical validation is essential for con rming
whether the extracted matrix has diagnostic meaning.
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Future Work

Several improvements can be considered in future work. First, the dataset should
be enlarged using more HFSS-generated samples that include realistic variations of
resonator dimensions, coupling gaps, substrate properties, losses, and fabrication tol-
erances. Second, the preprocessing stage should be improved by applying more robust
phase de-embedding and normalization procedures. Third, the training loss should
include a physics-informed term that directly minimizes the error between HFSS re-
sponses and responses reconstructed from the predicted coupling matrix. Fourth, more
advanced architectures such as residual 1D-CNNSs, attention mechanisms, or hybrid
CNN-transformer structures could be investigated. Finally, experimental validation
using fabricated Iters and vector network analyzer measurements would be necessary
to con rm the practical applicability of the proposed approach.
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Appendix A

Implementation Notes and
Reproducibility

A.1 S-Parameter Input Representation
For each response sampled &t frequency points, the input tensor is organized as
X = [<(S11);=(S11); <(S21); =(Sz1)] 2 RMs *:

The same frequency grid and the same normalization parameters must be used during
training, validation, testing, and prediction on new HFSS or measured data.

A.2 Physical Validation

The nal validation step recomputesS;; and S,; from the predicted coupling matrix.
This step is mandatory because a low coe cient error does not always guarantee a
physically correct response. A predicted matrix should be accepted only when both
the coe cient values and the reconstructed S-parameter response are consistent with
the target or HFSS response.
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