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Digital Twin Assisted Self-Interference Cancellation for Wideband
Full Duplex Radios

Md Rakibur Rahman, Satheesh Bojja Venkatakrishnan, and John L. Volakis

Department of Electrical and Computer Engineering
Florida International University, Miami, FL — 33174, USA
mrahm080@fiu.edu, sbojjave @fiu.edu, jvolakis @fiu.edu

Abstract — Achieving high self-interference cancellation
(SIC) in broadband in-band full-duplex (IBFD) radios
requires a multi-stage passive architecture using real-
world components. A fundamental challenge in such
systems is that practical components (cables, connec-
tors, splitters) deviate from their ideal behavior due to
fabrication tolerances and parasitic effects. As such, they
introduce phase and amplitude mismatches that severely
degrade isolation performance. Even deviations of a few
degrees in phase or a fraction of a dB in amplitude can
reduce achievable cancellation by 10 dB or more. To
bridge this gap, we develop a digital twin framework
that models the idealized system behavior and enables
compensation through de-embedding of the fabricated
hardware. Experimental results demonstrate that the pro-
posed method improves the average isolation by 15 dB
across a 1 GHz bandwidth within the X-band. Overall, a
peak IBFD isolation of 65 dB is achieved, thus validating
the effectiveness of the digital twin framework.

Index Terms — De-embedding, digital twin, high isola-
tion, in-band full-duplex (IBFD), self-interference can-
cellation (SIC), wideband.

I. INTRODUCTION

In-band full-duplex (IBFD) radios enable simulta-
neous transmission and reception over the same fre-
quency band, offering up to a twofold improvement in
spectral efficiency as compared to conventional half-
duplex architectures [1-3]. Achieving practical IBFD
operation requires the suppression of high-power self-
interference signals that leak into the co-located receiver.
Often, these exceed 100 dB, necessitating a multi-stage
approach [4, 5] (see Fig. 2). This multi-stage SI can-
cellation strategy employs various high-performance RF
components and circuitry to ensure robust isolation for
broadband IBFD performance [2].

IBFD radios enhance spectral efficiency and
throughput by simultaneously transmitting and receiv-
ing across the same frequency band [1-3]. Achieving

Submitted On: June 17, 2025
Accepted On: July 15, 2026

practical IBFD operation requires the suppression of
high-power self-interference (SI), especially across large
bandwidths [4, 6]. This suppression often requires more
than 100 dB of interference mitigation [4, 5] and neces-
sitates a multi-stage approach (see Fig. 2). This multi-
stage SI cancellation strategy employs various high-
performance RF components and circuitry to ensure
robust isolation for broadband IBFD performance [2].
However, practical components such as splitters, cables,
and connectors often deviate from ideal behavior due
to broadband non-uniformity, fabrication flaws, and
parasitic effects, leading to phase and amplitude mis-
matches. Compensating for these inconsistencies using
de-embedding is crucial for effective IBFD operation
across broadband frequencies.

Existing SIC strategies can be broadly classified
into four stages. The first and most cost-effective
approach exploits the antenna stage for propagation-
domain isolation. This stage leveraged polarization
diversity or spatial separation between transmit and
receive elements [7-9]. As noted in [7-9], these passive
antenna-based methods can achieve up to 40 dB of iso-
lation but are fundamentally limited due to the antenna
geometry and cross-polarization purity [7].

The second stage involves passive or active RF-
domain filters, where a reference copy of the transmitted
signal is weighted and subtracted from the leakage
signal at the receiver. Passive implementations using
cascaded stub-loaded microstrip architectures offer cost
advantages but are sensitive to fabrication tolerances and
component impairments [10, 11]. Active RF cancellers
using multi-tap delay lines can improve cancellation
depth but introduce noise, nonlinearity, and increased
power consumption [5, 12].

The last two stages, mixed-signal and digital-
assisted approaches, combine analog RF cancellation
with baseband processing [13—15]. While flexible and
adaptive, these methods require high-speed analog-to-
digital and digital-to-analog converters (ADCs/DACs),
resulting in higher hardware complexity, cost, and
susceptibility to saturation from residual high-power

https://doi.org/10.13052/2026.ACES.J.410701
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self-interference. Notably, photonic-assisted topologies
can also support very wideband SIC [16-18], but require
specialized hardware incompatible with standard low-
cost RF microstrip integration.

Despite the aforementioned advances, a persis-
tent and underexplored challenge in passive multi-stage
SIC systems is the degradation in isolation caused by
phase and amplitude mismatches introduced by non-
ideal passive components. These include cables, connec-
tors, splitters, etc used to interconnect the cancellation
stages. As illustrated in Fig. 3, even deviations of a few
degrees in phase or a fraction of a dB in amplitude can
reduce achievable isolation by 10 dB or more. Existing
approaches do not systematically compensate for these
hardware-level impairments. This paper addresses this
gap through a digital twin-assisted de-embedding frame-
work.

It is instructive to distinguish the proposed approach
from other compensation strategies in the literature.
Among them, adaptive filter-based SIC methods dynam-
ically update cancellation tap weights using real-time
digital signal processing [15, 19]. They operate in the
digital domain and require ADC/DAC hardware. That
is, they are not instantaneous, and require LookUp
tables (LUT) to pre-characterize the system under a
discrete set of conditions. Further, such approaches do
not generalize to hardware that drift, ages, and/or are
reconfigured. By contrast, the proposed digital twin, pro-
vides a physics-based, measurement-driven model that
can be updated incrementally whenever a component
is re-characterized. Thereby, they are more robust and
extensible.

We further enhance the de-embedding process
by introducing a digital twin-assisted framework that
extends beyond static modeling. A digital twin, as
defined in recent literature [20], is dynamic, intelligent,
and incorporates an evolving virtual model that mirrors
its physical counterpart using integrated measurements,
historical data and optimization. By embedding this con-
cept into the cancellation process, we enable a closed-
loop calibration mechanism that actively compensates
for physical deviations and refines RF filter design.
Specifically, we identify and correct hardware impair-
ments through targeted measurements, simulation, and
optimization, and integrate these insights into a digital
twin environment. This virtual counterpart allows us
to model practical components minimizing the accu-
racy gap between the actual hardware and their ideal
counterpart. This integration enhances the accuracy of
the amplitude and phase cancellation, leading to high
isolation across wide bandwidths.

This paper describes a two-stage self-interference
cancellation strategy (Stages 1 and 2), highlighted in
Fig. 2. We propose a de-embedding strategy, assisted

RAHMAN, VENKATAKRISHNAN, VOLAKIS: DIGITAL TWIN ASSISTED SIC FOR WIDEBAND FULL DUPLEX RADIOS

by the digital twin framework. The goal is to counter
fabrication imperfections as well as distortions due
to connectors, cables, and device tolerances. The two
stages of self-interference cancellation incorporate a
typical 4-arm spiral antenna and an RF self-interference
cancellation (SIC) filter. Integrating these stages with
cables and connectors presents challenges due to their
dispersive behavior, resulting in reduced transmitter-
receiver isolation. Consequently, this passive canceller
requires careful pre-design and integration to avoid use
of active tuning components. To address these unavoid-
able distortions, in this paper, we characterize and de-
embed each component and optimize the RF-SIC filter
design to enhance second-stage cancellation. The goal
of digital twin is to simulate and predict the impact of
component deviations, facilitating optimization of the
filter response. Indeed, by compensating for phase and
amplitude deviations in the filter design, we significantly
enhance isolation.

The key contributions and novelty of this paper are
as follows. First, we introduce a digital twin-assisted
de-embedding framework for broadband IBFD radio
design. Unlike prior work that assumes idealized com-
ponent models, our framework builds a measurement-
driven virtual replica of the physical signal chain and
derives a compensating filter design target that accounts
for all practical deviations. Second, we employ trans-
mission matrix (T-matrix) cascading to precisely char-
acterize the cumulative effect of all interconnecting
components including cables, connectors, splitters, and
attenuators. Using this an inverse compensation is com-
puted which is directly embedded into the RF-SIC filter
design. Third, we experimentally demonstrate that this
methodology yields an average improvement of 10—
20 dB in combined antenna-plus-filter isolation across
a 1 GHz bandwidth in the X-band (9.6-10.6 GHz),
reaching a peak combined isolation of 65 dB with a
fabricated prototype.

This paper is structured as follows. Section II out-
lines the implementation of digital twin models in a
real world RF system. Section III details the combined
two-stage cancellation for IBFD radios, focusing on the
antenna and filter stages of cancellation. Section IV
explains the de-embedding process. This involves the
RF-SIC filter design and outlines deviations between
practical and ideal components. Also, this section also
highlights how to establish design rules and optimize
practical RF-SIC filter designs. In section V, the effec-
tiveness of the de-embedding process is assessed. Sec-
tion VI provides concluding remarks.

II. DIGITAL-TWIN MODEL

The concept of a digital twin has emerged as a trans-
formative approach in engineering, enabling dynamic

604
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virtual models of physical systems. In the context of
RF transceivers—particularly in complex, wideband in-
band full-duplex (IBFD) radios, physical prototypes
often suffer from non-idealities introduced by practical
components, such as connectors, splitters, and cables.
These elements introduce phase and amplitude mis-
matches that undermine the accuracy of practical system
behavior versus their simulated counterparts. This dis-
crepancy, known as the behavioral divergence, limit the
effective self-interference cancellation (SIC), necessitat-
ing iterative physical prototyping. To bridge this gap, we
adopt a digital twin framework that builds on traditional
model-driven design principles. It incorporates measure-
ment data, de-embedding techniques, and component-
level characterization.

Unlike abstract or purely mathematical models, the
digital twin creates a virtual representation that closely
reflects the physical system. It identifies and de-embeds
deviations between the physical prototype and the ideal
model. This allows the system to compensate for com-
ponent impairments during the design process, ensuring
optimal performance. Fig. 1 outlines a de-embedding
approach that reduces the behavioral gap between the
digital model and its physical counterpart. It uses sim-
ulation and optimization to refine a digital prototype,
which is validated through trial benchmarks. By com-
paring the practical prototype with a reference model,
behavioral deviations are identified. These deviations
guide parameter updates, enabling the digital prototype
to better match real-world performance and minimize
the accuracy gap.

De-embedding

Update parameters to minimize accuracy gap Practical

...........

2 : Prototype
” " H ""! ----------------- ‘
s|mu:: ton - B pigital ... Trial { Behavioral | Digital twin
Optimization Prototype Benchmark ’ dwergencei minimize this gap
e s S
Match with Reference Model Model

Fig. 1. A digital twin model to improve system perfor-
mance in the real world.

In this paper, the digital twin enables high-
fidelity modeling of the RF front end by embedding
measurement-driven data into the design. That is, the
design leverages S-parameter measurements, simula-
tion feedback, and hardware characterization to build a
closed-loop calibration model. This allows for predictive
optimization of the RF-SIC filter response, aligning
realistic information from signal propagation paths and
interconnects. In particular, referring to Fig. 2, the digital
twin supports:

* Precision modeling of the antenna-coupled and
filter-coupled paths using measured scattering
parameters,

ACES JOURNAL, Vol. 41, No. 7, July 2026

* Dynamic compensation for component-induced
phase and amplitude deviations via de-embedding,

 [terative refinement of the filter parameters and
architecture using updated transmission matrices
derived from empirical data.

Stage 1 Stage 2 Stage 3 Stage 4

RF-Car BB-Cancellation Digital Cancellation

Y
Yt
§j, A
Bry, ‘Qna:
Ceay
in
'l

"

self
Interference (SI)

Combine similar out
of phase signal

This Work

Fig. 2. IBFD radio schematic with self-interference
cancellation circuitry.

Through a virtual-to-physical convergence, the dig-
ital twin model enables proactive tuning of the cancel-
lation circuitry before fabrication. By doing so, there is
significant improvement in matching the simulated mea-
sured system behavior. This approach not only enhances
cancellation accuracy across a wide bandwidth, but also
reduces the design cycle time and cost.

In this paper, we implemented the digital twin
concept in developing an antenna plus filter package to
enhance RF performance. The digital twin framework
implemented herewith is feedback-driven to ensure that
component mismatches are accurately represented and
compensated for. By closely integrating measurements
with virtual modeling, a robust and scalable RF cancella-
tion strategy suitable for next-generation IBFD systems
is achieved.

The computational implementation of the digi-
tal twin framework is straightforward and practical.
The T-matrix cascade for N interconnecting compo-
nents involves ¢(N) multiplications of 2 x 2 com-
plex matrices. This operation is completed in millisec-
onds on standard computing hardware. Each compo-
nent’s S-parameters are measured once using a cali-
brated vector network analyzer (VNA), and the result-
ing T-matrices are cascaded to compute the equivalent
mismatch matrix AT as defined in (6).

The filter optimization uses a Genetic Algorithm
(GA) with a population of 100 individuals and a
maximum of 500 generations for global search, fol-
lowed by a Gradient Descent algorithm for local refine-
ment. Notably, the combined optimization converges
in approximately 10-15 minutes on a standard laptop



across the 1 GHz operating bandwidth. The digital
twin model is then updated on-demand. This is done
whenever: 1) a physical component is replaced or re-
characterized, 2) its measured S-parameters are updated
in the cascade, and when the filter design is redone. In
the current implementation, two to three such iterations
were sufficient to achieve the target isolation level.

An important practical concern was a potential
divergence between the digital twin model and the phys-
ical hardware. This arises from unaccounted parasitic
effects or measurement noise.

After each fabrication cycle, the measured com-
bined isolation is compared against the de-embedded
filter target prediction (Fig. 7). If a significant dis-
crepancy is observed, the process is iterated and the
affected components are re-measured, the T-matrix cas-
cade is updated, and the filter design is refined. This
measurement-grounded iterative loop ensures that the
digital twin remains anchored to physical reality and
prevents unchecked model drift.

1. TWO-STAGE CANCELLATION IN IBFD
RADIOS

A typical IBFD radio is depicted in Fig 2. The first
two stages of this multi-stage SIC begin with the antenna
(Stage 1), followed by the RF filter (Stage 2). This paper
focuses on designing/combining the first two stages of
IBFD radio. Implementing this architecture requires the
cancellation of the transmitted signals that leak into the
receiver [21]. Past work [7] has shown that a 4-arm
spiral antenna can achieve up to 40 dB of isolation using
polarization diversity. One pair of this 4-arm spiral is
used for transmission, and the other pair is used for
reception. The RF-SIC filter behind the spiral provides
for additional cancellation of the transmitted leakage
signal. As much as 25 to 30 dB of SIC from the RF-SIC
filter [22] (Stage 2) is expected. To achieve this, the filter
must replicate the leaked antenna-coupled signal into the
receiver [10].

To ensure high isolation, it is important to align
the phase of the cancellation signal and to concurrently
account for component impairments, added cables, and
connectors. Due to the very low level of signals being
processed, any amplitude and phase mismatches can
lead to ineffective cancellation. Figure 3 shows the
achievable 2nd stage RF-SIC cancellation with respect
to phase and amplitude deviations. As depicted, even a
few degrees in phase or a fraction of a dB mismatch
between the antenna and cancellation circuitry can cause
significant performance variations.

Assuming that the RF-SIC filter response is Hy;
and the Tx-Rx antenna coupling is Sgr (see Fig. 2), the
cancellation conditions are satisfied by

Hyii(j®) = —Sgr- 9]
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Alternatively, (1) can be stated as
|Hyir(jo)| = |Skr|
and

ZHyy(jo) = ZSgr + (2n+ 1)7. )

Signal Cancellation with Magnitude and Phase Tolerances

bk L

=
Cancellation {d8)

| |

bk

% &

|
el
Cancellation (dB)

|
)
=

Fig. 3. Achievable cancellation in dB as a function of
phase and amplitude mismatches.

Furthermore, for the sake of simplicity, we only
consider analyzing the self-interference (SI) signal,
ignoring the desired one. From Fig. 2, the second stage
of signal cancellation occurs at node C. At this node,
the coupled signal from node S is weighted (filtered)
and used to cancel the incoming leakage SI signal Pg,
which indeed is the coupled transmitted signal Pr after
antenna stage cancellation. Figure 4 illustrates the first
two stages of cancellation, where node S and node C
are represented as splitter and combiner respectively.
Following Fig. 4, the combined two-stage cancellation,
SICyyq can be represented as

SICiora1 = —(Srr + SICRF)

Pr(Srr — Hy;
_— {zog@m ) -zozog“'?;ff)}
R

RF cancellation
Spr — Hyy
Sk

antenna isolation

=-20 [zog(SRT) —20log } NG))
The above equation corresponds to the total achiev-
able cancellation for stages 1 and 2. All the parameters
used in (3) are described in Fig. 4. And as noted, fab-
rication flaws, frequency-dependence, and the presence
of parasitic effects in practical components impact the
achievable cancellation in practice. To enhance the over-
all cancellation in the 2nd stage, the next section will
describe a de-embedding process. Our goal is to account
for any design deviations in the practical components.
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T, input Signal Stage-2
splitter [S] L
Py
A Stage-1 <
tage-
2 » ll’fu = PrHgy
Antennas R Py
T, - R, p— < e Pres
i = Pr(Sgr — Hgu)
e [RF — cancellation]
R PT PTES
SICgr =

Pg

| Pr = Transmitted signal

Pgr = Received leakage SI

i Sgr = Antenna coupling

Hyy = filter transfer function

P,.s = residue SI after stage 2
SICgr = RF cancellation :
Pg = SgrPr

Pgy = PrHgy

Fig. 4. Combined two-stage cancellation.

IV. DE-EMBEDDING PROCESS

A. Implementing Stage 1 and 2

Past work has shown that a 4-arm spiral antenna
(Stage 1) can achieve up to 40 dB of transmit/receive
isolation [7]. As usual, the 4-arm spiral used one pair of
arms for transmission and the other pair for reception.
Subsequently, the RF-SIC filter is used to cancel the
leakage Pr that is not canceled in the antenna stage.

Stage 2 is a RF filter constructed with a set of
microstrip stubs load cascaded with specific delays to
form the RF-SIC filter. Each RF filter stub was ter-
minated with a radial section for broadband operation.
Notably, each stub’s impedance and length are key
design parameters. Further, we used two attenuators
on both sides of the filter to reduce power levels and
counteract large signal mismatches. Unlike previous
designs [10], our filter leverages the impedance and
delay properties of the microstrip stubs, reducing the
number of discrete components and avoiding bandwidth
limitations. A filter order of 6 (using polynomial fit)
achieved a desired 1 GHz bandwidth. Design optimiza-
tions led to a 6th order filter that was fabricated. The
details of the periodic stub are given in [21]. However,
when stages 1 and 2 were combined, even the addition
of simple cables, splitters, or connectors between the
antenna and the filter resulted in a severe impact in terms
of RF cancellation. Below, we discuss a de-embedding
approach to overcome the challenge.

B. Update filter design using de-embedding

The combined two-stage cancellation architecture
(Stages 1 and 2) using practical components is depicted
in Fig. 5. As noted, combining the antenna and filter
stages requires additional components such as splitters,
combiners, cables, connectors, and attenuators. Addi-
tionally, connecting cables between the antenna and
filter stages introduces further phase delays. Therefore,
the filter design must be updated to account for these
practical effects.
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Fig. 5. Implementation of IBFD radio using practical
components requires de-embedding.

Assuming n number of components present in
stages 1 and 2 (see Fig. 5), we follow the de-embedding
process shown in Fig. 6. To remove component impair-
ments, we convert the corresponding scattering matrix
(S-parameters) into a T-matrix for each component,
comprising antenna and filter. This T-matrix is also
called T-parameters or ABCD-Matrix [23]. This conver-
sion requires measuring the S-parameters of each com-
ponent and then converting them to the corresponding
T-matrices. To do that, the first step involves converting
the antenna coupling S,,,; into a T-matrix (ABCD). S,
can be expressed as

Str Str
Sant = . “4)
SRt SRR
By converting S,;; into T-matrix, we have
1 det(Sant) Str
_SRR 1

ARr  Brr
Crr  Dgr

)

ant =

Sk

where det (S ) = StrSrr — STRSRT- The next step (see
Fig. 6) is to take out the effect of combined compo-
nent impairment. To do that, first we need to estimate
the equivalent compensating T-matrix, AT which corre-
sponds to the total deviations of all practical components
from their ideal counterparts. Later, we used its inverse
matrix for de-embedding component impairment as fol-
lows

Tant,dmb = Tanl (AT)_I

-1

_ |Arr Brr| |Aa Ba
Crr Dgrr| |Ca Da

_ Admb  Bamp , ©)
Camb  Damp

where,

n
AT = T;{;’“e(Teqzdeal)fl _ HTI-”W(T,'ldeal)71 )
i=1



Providing the equivalent practical and ideal T-
matrices as

n n

true __ true ideal __ ideal

T, —||T, and T, —||Tl .
i=1 i=1

Furthermore, following step 4 in Fig. 6 and convert-
ing (6) back into S-matrix gives Sgr gmp as

2
Admb + Bamb + Camp + Damp

SRT dmb = @)
Using (7), we can update (1) to satisfy the new filter
design requirements as

Hyi(j®) = —SRT.dmbs )
which implies
\Hir (j@)| = [Srr.ams|
and
ZHy(jo) = ZSrr amp + (2n+1)7. )

To assess the robustness of the de-embedding proce-
dure, we considered measurement uncertainties through
the T-matrix cascade. Each component’s S-parameters
were measured using a calibrated VNA with a typical
uncertainty of 0.1 dB in magnitude and +1° in phase.
This was done after SOLT (Short-Open-Load-Through)
calibration within the 9.6-10.6 GHz band. For the six
cascaded components used in this work (antenna, split-
ter, two cables, attenuator, and combiner), the root-sum-
square (RSS) estimate of cumulative phase uncertainty
was approximately £2.5°. Referring to the sensitivity
analysis in Fig. 3, a £2.5° phase deviation corresponds
to a reduction in achievable RF cancellation of less than
2 dB. This confirms that the de-embedding procedure is
robust to address the VNA measurement uncertainty.

A notable advantage of the proposed architecture is
that it introduces no additional DC power consumption.
This is because the RF-SIC filter, attenuators, splitters,
and phase trimmer are all passive components. The
primary power-related cost is the insertion loss of the
combined filter and coupling network. This insertion
loss is approximately 4—-6 dB across the 9.6-10.6 GHz
operating band. Therefore, it must be accounted for in
the overall link budget. It is offset by the significant
improvement in receiver isolation achieved through de-
embedding. Notably, active RF cancellation approaches
achieve similar isolation levels, and typically require
several hundred milliwatts of DC power for amplifiers,
DAC:s, and control logic.

Figure 6 illustrates the de-embedding process to
compensate for practical deviations from ideal com-
ponents. Figure 7 shows the filter design algorithm
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1. Equivalent T-Matrix (Toq=T1.T2 ...Ty) for ideal and practical components

Component: Component:
[Ty [ [T2]

Component:
[Ty]

2. Estimate equivalent compensating T-Matrix AT

Component: T i T
[T‘t:‘-'ug z 5 =

TEJI"MH.(T:(;EH()—I

3. De-embedding component impairments

Component:
[Teq*]

Tamp = TZQ'E-(AT)_li

4. Convert de-embedded T-Matrix to S-matrix
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Fig. 6. De-embedding ideal vs. practical component
mismatch and compensation.

incorporating de-embedding. This approach restores the
expected output by compensating for component impair-
ments in filter design. This strategy ensures accurate
modeling and optimization of filter to enhance practical
isolation in the RF cancellation stage.

Measure antenna
coupling [Spr(jw)]

Verify s-parameter of
practical components

Optimize filter parameters to satisfy:
|Fpatieo)| = |Srr.ams|
£Hpg(jo) = £Sgr gmp + (20 + D)o

EM Simulation Fabricate-EM
deviation
De. -

Practical components
deviation

antenna response

Fig. 7. Filter design algorithm.

Compensate

Circuit-EM
deviation

Practical connectors
deviation

Compensate

V. MEASUREMENT RESULTS AND
DISCUSSION

The experimental validation was carried out using
a calibrated two-port VNA. Prior to full system inte-
gration, the S-parameters of each individual com-
ponent including the SMA cables, broadband split-
ter/combiner pair, attenuators, and the 4-arm spiral
antenna, were measured separately following SOLT cal-
ibration at the measurement reference planes. These
measured S-parameters were used to populate the T-
matrix cascade in the de-embedding process described
in section IV. The fabricated 4-arm spiral antenna and
RF-SIC filter board (Fig. 9) were stacked vertically
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Fig. 8. Combined two stages with and without de-
embedding.

and connected using phase-matched cables. Combined
isolation measurements (Sp; from Tx port to Rx port),
were taken across the 9.0-11.0 GHz range, with the
target band being 9.6-10.6 GHz. All measurements
were performed under controlled bench conditions to
minimize parasitic reflections.

To illustrate the effectiveness of the combined two-
stage isolation of the IBFD front end, we conducted
measurements of combined antenna and filter cancel-
lation both before and after de-embedding. As seen in
Fig. 9, a phase trimmer was used to compensate for
phase impairments to enhance isolation. As shown in
Fig. 8, the combined isolation is initially constrained
within 50 dB due to the effects of non-ideal compo-
nents. However, after de-embedding and taking out the
effect in filter design, combined isolation was increased
up to 65 dB across 1 GHz bandwidth, as depicted
in Fig. 8. Using de-embedding, a significant improve-
ment of 10-20 dB of isolation can be seen in Fig. 10
across the entire 1 GHz bandwidth from 9.6 GHz to
10.6 GHz.

To better understand the physical mechanism
behind the isolation improvement, it is important to trace
the source of degradation before de-embedding. When
stages 1 and 2 are combined using practical components,
each element introduces a small but non-trivial phase
delay with amplitude modification that deviates from its
idealized model. These individual deviations accumulate
across the full signal chain, resulting in a composite
phase and amplitude mismatch between the RF-SIC
filter output and the antenna-coupled leakage signal
arriving at the combiner node (Node C in Fig. 2). As
illustrated in Fig. 3, even a 3—-5° phase error can reduce
achievable cancellation by 10 dB or more.

Before de-embedding, the RF-SIC filter was
designed to satisfy the ideal condition Hy(jw) =
—Sgr(jo), without accounting for the intervening prac-
tical components. As a result, the combined system
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isolation was constrained to approximately 50 dB across
the 1 GHz band (Fig. 8).

The de-embedding process corrects this by: (1) indi-
vidually measuring the S-parameters of each component
in the chain; (2) converting them to T-matrices and
computing the overall equivalent mismatch matrix AT
(from 6); and (3) deriving an updated filter design
target Spr amp that incorporates the inverse of AT. When
the RF-SIC filter is redesigned to satisfy Hy;(jw) =
—SkT.amp(j®), the filter response at the combiner node
is effectively pre-distorted to cancel the adverse effects
of all practical components. The result is a 10-20 dB
improvement in isolation across the entire 1 GHz band.
This is a direct consequence of restoring phase and
amplitude alignment at the combiner node after account-
ing for all hardware impairments.

This demonstration can verify that careful consid-
eration of hardware impairments and the effectiveness
of the de-embedding process can enhance overall IBFD
performance.

Ryoutput

Phase trimmer

. Te———
Fig. 9. Fabricated IBFD antenna and filter prototype.
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Fig. 10. Improved isolation after de-embedding.

Table 1 compares the proposed digital twin-assisted
de-embedding approach against a representative set of
recently published IBFD and STAR system implemen-
tations. Among passive microstrip designs, prior works
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Table 1: Comparison of performance with existing state-of-the-art STAR/IBFD system implementations

Ref. Technology/Design Bandwidth | Isolation | Circuit | Stages Process
[8] Antenna + Resonator 520 MHz 30dB Passive 1 Microstrip
[5] Multi-tap delay line 200 MHz 45 dB Active 1 Switch cap.
[11] Antenna + SIC Filter 500 MHz 44 dB Passive 2 Microstrip
[24] LNA + EBD 500 MHz 44 dB Passive 2 Microstrip
[18] Photonic mixers 1 GHz 28 dB Photonic 2 Photonic
[25] Co-polarized antenna 100 MHz 25dB Passive 1 MS (defected gnd.)
[26] Antenna + circulator 400 MHz 40 dB Active 2 Microstrip
[27] Hybrid metamaterial-TL 500 MHz 39 dB Active 1 Microstrip
[12] Tapped delay line 120 MHz 50 dB Passive 2 Microstrip
[28] Cavity-like structure 400 MHz 43 dB Passive 1 Cavity slot
[29] Co-horiz. pol. antennas 520 MHz 37 dB Passive 1 Multi-layer MS
[30] Dual polarized + rat race 280 MHz 50 dB Active 2 Microstrip
[31] Dual polarized antenna 100 MHz 47 dB Passive 1 Microstrip
[15] Multi-tap SIC 20 MHz 30 dB Passive 1 Microstrip
*This Work | DT-Assisted RF-SIC + 4-arm Spiral 1 GHz >65 dB Passive 2 Microstrip

*DT = Digital Twin; MS = Microstrip; EBD = Electrical Balance Duplexer.

have demonstrated bandwidths ranging from 20 MHz to
520 MHz, with combined isolation levels of 25-50 dB.
The proposed approach achieves a combined isolation
exceeding 65 dB across a contiguous 1 GHz band-
width in the X-band, representing a 10-20 dB improve-
ment over the best comparable passive implementations.
Unlike active or mixed-signal approaches that require
digital converters or external tuning hardware, our archi-
tecture relies entirely on passive components charac-
terized through the digital twin-assisted de-embedding
workflow. This is a cost-effective and scalable method,
and is directly applicable to next-generation IBFD radio
platforms.

The proposed digital twin-assisted de-embedding
framework offers several practical advantages. First, it
is entirely passive and requires no active components,
ADCs, or tuning circuits, making it inherently low-
cost and power-efficient. Second, the methodology is
modular. That is, each component is individually char-
acterized from standard VNA measurements, making
it straightforward to apply to new hardware configura-
tions. Third, the iterative closed-loop structure allows
the digital twin to be refined as prototypes are fabricated,
reducing design cycle time.

The primary applications of this work include: (1)
next-generation 5G/6G base stations requiring simul-
taneous transmit and receive over wide bandwidths;
(2) cognitive radio architectures exploiting IBFD for
dynamic spectrum access; (3) radar-communications co-
existence systems where transmitter-receiver isolation is
critical; and (4) tactical military communication systems
requiring compact, passive, wideband IBFD front ends.

In closing, it is important to note some limitations.
The de-embedding procedure is hardware-specific. That

is, when a physical component is replaced or the sys-
tem topology changes, re-characterization and filter re-
optimization are required. The achievable isolation is
also bounded by the accuracy of the phase trimmer
and the SNR of the VNA measurement setup. Further-
more, in highly dynamic wireless channels where the
self-interference channel may vary rapidly, this passive
approach may require supplemental digital cancellation
at the baseband stage.

VI. CONCLUSION

Our study presents a novel de-embedding approach
to enhance the isolation in broadband IBFD radios
through a strategic combination of advanced antenna
design and RF-SIC filter realization. The successful
implementation of our digital-twin aided de-embedding
strategy not only enhances isolation but also ensures
the robust performance of IBFD systems across a wide
bandwidth in the X-band. Our proven de-embedding
method increased cancellation by up to 15 dB on average
across the whole 1 GHz bandwidth, reaching a maxi-
mum of 65 dB when the first two stages were combined.
This work paves the way for more efficient and low-cost
IBFD radio designs in future communications systems.

Looking ahead, several directions merit further
investigation. First, the digital twin framework given
here can be extended to reconfigurable and electroni-
cally tunable RF-SIC filter architectures, enabling real-
time adaptation to changes in hardware state or oper-
ating frequency. Second, integration of the proposed
analog-domain cancellation with subsequent baseband
and digital cancellation stages (Stages 3 and 4 in Fig. 2)
would allow a full-system evaluation of the combined
isolation chain. Third, the de-embedding methodology
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is not limited to the X-band and can be applied to sub-
6 GHz and mmWave IBFD systems with appropriate
component characterization. Finally, further study into
automated, sensor-embedded digital twin calibration for
tracking component drift with near real-time compen-
sation represents a promising avenue toward fully self-
calibrating IBFD radios.
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Abstract — In this paper, a three-port common aperture
antenna based on metasurface (MTS) is presented. The
omnidirectional radiation pattern of the two frequency
bands is excited through the coupling of the central
coaxial cable and the slit feed, respectively. The annular
microstrip structure is introduced into the multi-layer
structure design to generate wide-beam radiation along
the +Z-axis. Characteristic modal analysis (CMA) is
used to adjust the shape and size of the MTS patch
to increase the bandwidth of the omnidirectional mode.
The optimized antenna size is 1.254 x 1.254 X 0.1 Apin.
Simulation and measurement results show that the omni-
directional radiation characteristics can be realized in
dual-band impedance bandwidths of 2.92-3.08 GHz
and 4.11-4.69 GHz, respectively. In the 1.74-1.87 GHz
band, the half-power beamwidth (HPBW) of the E and
H planes is at least 100° and 80°, respectively. The
antenna achieves the performance of multi-band and
wide-angle radiation while saving space volume as much
as possible.

Index Terms — CMA, metasurface (IMTS), omnidirec-
tional, three-port, wide-beam.

I. INTRODUCTION

With the continuous development of wireless com-
munication technology in various communication appli-
cations, common aperture antennas have been widely
concerned because of their multi-function integration,
such as multi-frequency band and multi-radiation direc-
tion, which can effectively reduce the cost and volume of
the system. At present, common-aperture antennas are
widely used in military, commercial, and medical fields
[1-6], also synthetic aperture radar [2], low Earth orbit
satellites [3, 4], and mobile communications [5].
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Metasurface (MTS) can increase bandwidth and
reduce antenna size [7-10], and is often viewed as
a 2D metamaterial [11]. In [12], the three modes of
the MTS are combined with the mode of the slot to
achieve an impedance bandwidth of more than 79%
under multi-mode resonance. The MTS antenna in [13]
is miniaturized by reducing the side gap and expanding
the center gap to achieve good bandwidth. In [14],
wideband impedance matching is achieved by loading
non-uniform MTS onto a stair-shape aperture.

Characteristic modal analysis (CMA) is a suitable
antenna design method that mainly analyzes the radia-
tion behavior of the antenna from a physical perspective
by studying the current distribution of the characteristic
mode [15, 16]. In particular, there are some examples
based on CMA in the optimized design of MTS struc-
tures. In [17], a method is proposed for designing an
anisotropic complementary metantenna that combines
low sidelobe levels and low in-band co-polarized scat-
tering for wide-side radiation. An example is provided in
reference [18] of loading a 3 x 3 square MTS cell array
to help the antenna achieve dual-band operation, where
four cells are cut at the corners to suppress unwanted
patterns.

In this paper, a three-port share-aperture antenna
based on MTS is designed by using the merit adapt-
ability of the share-aperture structure to the scarce space
resources and the complex space structure, and by using
the CMA. Two radiation effects of omnidirectional radi-
ation and wide-beam radiation are realized by feeding
excitation at different positions of the upper microstrip
patch. Simulation and measurement results show that the
proposed three-port common aperture antenna achieves
an omnidirectional radiation effect in the dual-band
impedance bandwidths of 2.92-3.08 GHz and 4.1-4.69
GHz, respectively, and a wide-beam radiation effect in
the band of 1.74-1.87 GHz.

https://doi.org/10.13052/2026.ACES.J.410702
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II. ANTENNA DESIGN AND ANALYSIS

A. Steps of antenna design and analysis

In wide-beam antenna design, 3-dB beamwidth is
critical. A 360° beamwidth on a plane defines an omni-
directional antenna. For MTS-based antennas, a rectan-
gular MTS with central capacitive coupling excitation
(CCE) is commonly used for omnidirectional radiation.
However, the CCE structure introduces a deviation in
the resonant frequency predicted by characteristic mode
theory by altering the field distribution on the microstrip
patch. To systematically address this issue, CMA is
adopted here as a design tool. CMA provides a physical
basis for selecting modes that are close to resonance
and exhibit desired radiation patterns. By comparing
rectangular and circular MTS layouts (Fig. 1), modes
with omnidirectional or wide-beam potential are iden-
tified based on their characteristic currents and 3D pat-
terns. The following subsections detail the CMA-guided
design process.

Figure 1 shows the 4 x 4 rectangular MTS (MTS1)
and circular MTS (MTS2) structures with their modal
significance (MS) curves, where MS indicates how close
a mode is to resonance (MS = 1 for ideal resonance).
The mode currents and radiation patterns for MTS1
and MTS2 are also presented. The modal solutions of
the MTS structures are analyzed using CST. The MS
curve of MTS1 shows good matching potential in the
4—-6 GHz band. Modes 1, 2, and 10 with potential omni-
directional radiation potential are selected. However,
considering the limitations of the antenna feed structure,
the current distribution should be in a state of uniform
divergence around to form a good vertical polarization

MTS1
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characteristic. Mode 10 conforming to the feed structure
is selected, but its antenna pattern roundness on the E
plane is higher than 4 dB, and the radiation beamwidth
on the H plane still needs to be further optimized.

To improve the omnidirectional pattern roundness,
the rectangular M TS is replaced by a circular one (MTS2
in Fig. 1). Modes with modal significance MS > 0.5
(meaning the mode is sufficiently close to resonance and
can be effectively excited) and regular 3D patterns are
displayed to analyze the required radiation modes. Eight
modes are thus selected.

Modes 3,4, 5, and 11 of MTS2 all have the potential
of omnidirectional radiation. By analyzing the surface
current, mode 11 is selected as the omnidirectional
radiation mode. In addition, although modes 9 and 10
do not have omnidirectional radiation characteristics,
they have broad beam radiation characteristics along the
X- and Y-axis. The current distribution of mode 9 and
mode 10 is basically the same, except that mode 9 is
polarized along the X -axis and mode 10 is polarized
along the Y-axis, so mode 9 and mode 10 are a pair
of merging modes. In the two modes, the feed position
of capacitive coupling excitation is inconsistent with
that of omnidirectional radiation excitation, so a circular
microstrip patch can be used to stimulate dual-polarized
radiation to achieve a wide-beam common aperture
structure design. At the same time, the capacitive patch
structure directly connected with the inner conductor of
the coaxial line was optimized, and the final microstrip
patch structure design is shown in Fig. 2 (a). The surface
current distribution of optimized modes 11, 9, and 10
at 4 GHz is shown in Fig. 2 (b). In addition, considering
that the antenna has the potential of multi-layer structure

MTS2
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Fig. 1. 4 x 4 rectangular MTS (MTS1), circular MTS (MTS2), and the MS curve, modal currents, and radiation

patterns of MTS1 and MTS2.
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Fig. 2. (a) Optimized circular MTS. (b) Current distribu-
tion and radiation patterns of optimized MTS at 4 GHz.

design, the annular rectangular microstrip structure is
introduced, so the antenna can achieve wide-beam radia-
tion. At the same time, the coupled feed is used to excite
the omnidirectional radiation in another frequency band
of the MTS. To increase the isolation from the central
coaxial line, the H-shaped coupling groove is etched
in the corresponding coupling position in the ground
layer. In addition, by etching four circular grooves
in the ground layer and changing the electromagnetic
field structure between the top radiation patch and the
ground, the omnidirectional radiation irregularity can be
optimized.

B. Antenna model

Based on the above analysis, a three-port common
aperture antenna is proposed. The antenna structure
diagram is shown in Fig. 3. The 1st and 2nd substrate
layers of the antenna are composed of FR4 (g, = 4.4
and tand = 0.02). MTS and ring patches are printed
on the 1st and the 2nd substrate layers, respectively, to
generate omnidirectional and wide-beam radiation. The
metal microstrips on both sides of the 3rd substrate layer
(Rogers5880 with & = 2.2 and tané = 0.0009) con-
stitute the ground and feed structure, respectively. The
ground has four H-shaped slots and four arc-shaped slots
etched on it. On the reverse side of the feeding layer,
a hybrid Wilkinson T-type power divider is adopted
to uniformly excite the metasurface, which guarantees
identical phase responses across all antenna ports and
realizes a 1-to-4 power division function.

The dimensions of the antenna are shown in Table 1.

1. EXPERIMENTAL RESULTS
The fabricated prototypes of the three-port antenna
are shown in Fig. 4. The simulation is conducted using
HFESS. Figure 5 depicts the simulated and measured nor-
malized radiation patterns of the antenna. The antenna
achieves omnidirectional radiation beams of less than 2
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patc{x 1 substrate layer
4

(©) (d)

Fig. 3. Structure view of the proposed three-port com-
mon aperture antenna. (a) 3D view, (b) top view, (c)
bottom view, and (d) ground layer.

Table 1: Dimensions of the proposed three-port antenna
(units: mm)

Symbol | Value | Symbol | Value | Symbol | Value
L 80 L 12 Ls 73
Ly 13 Ls 6 Lg 7.6
Ly 6 Wi 5 W 5.5
Wi 73.2 Wy 2.6 Ws 2
We 1.58 Wy 0.46 Ws 2
Lg 11 g1 0.8 g 0.6
Ry 0.5 Ry 31 R3 30
hy 4 hy 2 h3 1

Angle | 74.3°

dB pattern roundness and 100° wide-beam radiation, and
the difference between the main and cross polarization
is greater than 10 dB. The measured and simulated S-
parameters of each port are shown in Fig. 6. The peak

616



617

gain curve of each port is shown in Fig. 7 (a), and the
simulation efficiency is shown in Fig. 7 (b). For omni-
directional mode, |S;;| and |S22] < —10 dB bandwidths
of 5.3% (2.92-3.08 GHz) and 13.2% (4.11-4.69 GHz),
respectively. The simulation efficiency of in-band radia-
tion is higher than 60% and 80%, respectively. For wide-
beam radiation mode, the |S33]<—10 dB bandwidth
is 7.2% (1.74-1.87 GHz). In-band simulation radiation
efficiency is higher than 60%. The isolation between any
two ports is higher than 22 dB, indicating low mutual
coupling and sufficient port independence for multi-port
operation.

The simulation and measurement curves are gen-
erally consistent, showing that the designed three-port
common aperture antenna meets the expected radiation
performance. The discrepancy between simulated and
measured results is mainly attributed to welding errors,
substrate gaps, and measurement environmental errors.

(a) (b)

Fig. 4. Photographs of the fabricated three-port antenna.
(a) Front view and (b) back view.

Table 2 compares the proposed antenna with exist-
ing three-port antennas in bandwidth, size, and isola-
tion. Unlike [9, 19-22] in single continuous bands, the
proposed antenna has different radiation patterns across

Table 2: Comparison with other three-port antennas
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Fig. 5. Measured directional pattern of the proposed
three-port antenna E plane (left) and H plane (right).
(a) Radiation pattern of port 1 at 3 GHz, (b) radiation
pattern of port 2 at 4.3 GHz, and (c) radiation pattern of
port 3 at 1.8 GHz.

its three bands. Its isolation is better than [19, 22],
comparable to [9, 20], and worse than [21]. Its profile
is lower than [20, 22]. Compared with [6], it provides
band-specific patterns and higher isolation.

Ref. Basic Structure Working Frequency (GHz) Size (Amin) Iso. (dB)
[6] Slot structure; Rectangular loop 0.77-0.93 0.97 x0.64 x0.012 >19
1.53-1.83
2.4-2.64
[9] MTS 3.26-3.84 1.02 x 1.02 x 0.06 >22
[19] Dielectric resonator antenna 5.58-6.17 0.3x0.3x0.13 >17
[20] Dipoles, loop arrays 3.5-54 1.0x1.0x0.12 >22
[21] Single patch 3.3-3.68 1.35 % 1.35 x 0.1 >35
[22] Circular and ring patches 2.98-4.75 1.09 x 1.09 x 0.125 >15.3
Proposed MTS 1.74-1.87 1.25x1.25 x 0.1 >22
2.92-3.08
4.1-4.69
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Fig. 6. Measured and simulated S-parameters of the
proposed three-port antenna. (a) Port 1, (b) port 2, and
(c) port 3.
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Fig. 7. (a) Peak gain curve of the proposed three-port
antenna. (b) Radiation efficiency curve of the proposed
three-port antenna.

IV. CONCLUSION

In this work, a three-port common aperture antenna
based on MTS is designed and fabricated. The power
divider coupling feed stimulates omnidirectional radia-
tion performance at high frequency by feeding at dif-
ferent positions of the circular microstrip structure. At
the same time, an annular microstrip patch structure
is introduced in different outer layers of the MTS so
that the antenna can generate wide-beam radiation. The
antenna can generate omnidirectional radiation in the
2.92-3.08 GHz low frequency band and 4.11-4.69 GHz
high frequency band, respectively, and wide-beam radi-
ation in the 1.74-1.87 GHz low frequency band. The
antenna presented in this paper has dual-frequency
omnidirectional radiation and low-frequency wide-beam
radiation. The antenna achieves high isolation between
any two ports while maintaining high radiation effi-
ciency within the operating bands. The antenna design
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scheme can be used for reference when scarce space
resources and antenna integration requirements are high.
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Abstract — This paper proposes a compact four-
port ultra-wideband (UWB) multiple-input multiple-
output (MIMO) antenna with bear-shaped patches based
on characteristic mode analysis (CMA). The antenna
measures 62 x 62 x 1 mm?®, comprising orthogonally
arranged bear-shaped radiating elements on the top
layer, a cross-shaped hollowed-out decoupling structure
on the bottom layer, and defected ground structures
(DGS) with corner cuts and grooves at the four corners.
Notably, the bear-shaped radiating elements are not just
a morphological innovation; compared with traditional
rectangular/circular elements, their irregular outline
enriches equivalent current path diversity and increases
excited resonant modes. Each antenna is optimized with
etched slots, corner cuts and a T-shaped feeder, ensur-
ing simultaneous excitation of five characteristic modes
for UWB performance. For the MIMO configuration,
mutual coupling is suppressed via orthogonal arrange-
ment, the decoupling structure and DGS, with isolation
over 20 dB. Simulations and measurements confirm the
antenna operates in the 3.36-21.91 GHz band, featuring
S11 < —10 dB and ECC < 0.005 across the band, a
diversity gain approaching 9.9999 dB, 75-95% radiation
efficiency, 7 dBi peak gain and a group delay less
than 1 ns. This design outperforms existing designs
in bandwidth, isolation and miniaturization, suited for
advanced wireless communication scenarios requiring
wide bandwidth, high isolation and a compact form
factor.
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I. INTRODUCTION

With advances in wireless communication technolo-
gies, demand for bandwidth capacity and data transmis-
sion rates has grown exponentially [1]. Ultra-wideband
(UWB) technology offers unique advantages including
ultra-wide bandwidth, high temporal resolution enabled
by nanosecond pulses and low power consumption. It is
well suited for short-range high-speed data transmission
[2, 3] and precise positioning, and holds broad appli-
cation potential in radar, Internet of Things (IoT) and
vehicle-to-everything (V2X) [4]. Despite these merits,
UWRB faces multipath fading. Multiple-input multiple-
output (MIMO) technology addresses this challenge via
multi-antenna spatial diversity and multiplexing [5, 6],
which enhances system capacity and reliability. Integrat-
ing UWB and MIMO has yielded devices that boost
wireless communication capacity and transmission rates
while mitigating multipath effects.

For MIMO systems, isolation stands as a paramount
indicator of diversity performance and, to tackle the
coupling issue between antenna elements, researchers
have elaborated various decoupling techniques such
as decoupling stubs [7], defected ground structures
(DGS) [8, 9], and electromagnetic bandgaps (EBG) [10].
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Among these, a neutralization line composed of a disk
and metal strips is applied to antenna elements to effec-
tively enhance isolation [11], while a square decoupling
structure is placed between antenna elements to miti-
gate mutual coupling [12]. For bandwidth enhancement,
slotting microstrip lines improves impedance matching
and broadens the operating band [13]. An improved
embedded feed combined with a slotted ground plane
is used to extend the bandwidth without compromising
radiation performance [14]. By utilizing two distinct
UWB antenna elements to excite different resonant
modes, a bandwidth of 2.6-11 GHz is achieved while
maintaining high isolation [15]. UWB performance is
attained by slotting the antenna radiating patch and
engineering a defected ground plane [16]. Extending
circular elements with a backplane and truncating rect-
angular elements expands the operating bandwidth while
preserving stable radiation characteristics [17]. Finally, a
planar low-profile microstrip patch antenna sandwiched
between a finite ground plane and a surface is presented,
achieving an impedance bandwidth of 2—-11.2 GHz [18].

Although various technologies have been applied
to the design of UWB MIMO antennas, many exist-
ing designs still rely on the trial-and-error method,
often lacking sufficient theoretical guidance and phys-
ical insight. Characteristic mode analysis (CMA), on
the other hand, enables targeted structural optimization
by revealing modal characteristics. It has been shown
to facilitate performance improvements in a range of
antenna designs [19-22], as exemplified below. For
instance, a low-profile wideband circularly polarized
antenna is presented in [19], where four linearly polar-
ized modes are adjusted to the target frequency band
via CMA. A probe-fed grounded antenna with a sand-
wich structure is proposed in [20]; CMA reveals that
this configuration excites the TMy; and TMy, modes,
resulting in a monopole-like radiation pattern with low
cross-polarization. A tri-band circularly polarized meta-
surface antenna is developed in [21] using CMA, where
the metasurface unit structure is modified to suppress
reverse currents and excite desired resonant modes. Fur-
thermore, a compact wideband dual-polarized antenna
with high isolation is reported in [22]; CMA is utilized
to narrow the patch center and introduce a U-shaped slot
into the L-shaped probe, effectively suppressing higher-
order modes.

In summary, this paper proposes a compact UWB
MIMO antenna consisting of four bear-shaped radiat-
ing elements and four DGS. Bandwidth and isolation
are improved by introducing a cross-shaped decoupling
structure, adding L-shaped branches to the stubs, and
etching rectangular slots and triangular slots on the
DGS. The antenna operates in the frequency band of
3.36-21.91 GHz, covering the UWB range. It achieves
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an isolation of more than 20 dB across the entire band
and a peak gain of 7 dBi, with excellent radiation
performance and diversity performance. In addition, the
design evolution of the antenna is guided by CMA. By
analyzing the modal current and electric field distribu-
tions, the feeding points of the rectangular microstrip
lines for the radiating elements are determined. This
ensures the simultaneous excitation of five characteristic
modes, effectively achieving UWB operation.

II. ANTENNA DESIGN

A. Antenna structure

Figure 1 illustrates the overall geometric structure
of the four-port MIMO antenna. The antenna has an
overall size of 62 x 62 x 1 mm and is printed on
an FR4 dielectric substrate with a relative permittiv-
ity (&) of 44 and a loss tangent (tand) of 0.02,
employing a 50 Q microstrip line for feeding. Table 1
presents the detailed optimized parameter values. The
antenna’s radiating elements are bear-shaped patches,
which are arranged orthogonally on the top layer of
the dielectric substrate in a compact configuration to
maximize utilization of the substrate space. On the
bottom layer of the dielectric substrate, the four corners
of the ground plane incorporate cut-angle and groove
structures, which optimize grounding performance and
further enhance isolation between elements. Moreover, a
cross-intersecting microstrip line structure is positioned
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Fig. 1. UWB MIMO antenna structure: (a) top-side
antenna structure, (b) bottom-side antenna structure.
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Table 1: Parameter dimensions of the antenna
Parameter L L1 L2 L3 L4 L5
Value (mm) | 62 3.12 2 21 3 1.51
Parameter L6 W W1 | W2 | W3 | W4
Value (mm) | 1.6 62 23 | 6.02 | 25 6
Parameter W5 | W6 | W7 | W8 | W9 | WI0
Value (mm) 3 10.92 1 1 2 2
Parameter R1 R2 R3 | R4 | RS
Value (mm) | 9.5 4.4 4.8 2 3

in the central area. This cross-intersecting structure
consists of multiple microstrip lines intersecting in a
cross pattern with hollow geometric patterns in the mid-
dle, and it mitigates electromagnetic coupling between
antenna elements by regulating the current distribution.
Collectively, the bottom-layer structures work in con-
junction with the top-layer radiating elements, enabling
the MIMO antenna to achieve wideband operation and
high isolation characteristics.

B. Design and analysis of a single antenna based on
characteristic mode

To systematically optimize the UWB perfor-
mance of the proposed bear-shaped structure, CMA is
employed as the core theoretical guidance throughout
the antenna design process. Based on the Method of
Moments (MoM), CMA solves the generalized eigen-
value equation [X]J, = A,[R]J,, extracting the inherent
characteristic modes of the structure. These modes are
independent of any specific excitation source. Each
mode is characterized by a Modal Significance (MS)
value indicating its excitability and a Characteristic
Angle (CA) reflecting its resonant state, with the corre-
sponding modal current distribution revealing the spatial
locations of strong currents on the conductor surface. In
the proposed design, CMA first identifies the candidate
characteristic modes and evaluates their excitation feasi-
bility by examining whether their current distributions
are concentrated near the feeding port, which reveals
that only three of the five candidate modes are initially
excitable. CMA then guides the subsequent structural
modifications, including the radial slot, ground plane
truncations, rectangular slot, and T-shaped feeder, to
adjust the modal current distributions of the remaining
modes to overlap with the feeding region and shift their
resonant frequencies into the target band to collectively
cover a continuous ultra-wide bandwidth. Through this
iterative CMA-guided optimization, all five characteris-
tic modes are eventually excited simultaneously, achiev-
ing continuous UWB operation. The effectiveness of this
approach is validated through the structural evolution
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from Antenna 1 to Antenna 3, supported by MS, CA,
and modal current distribution analyses presented below.

Figure 2 illustrates the structural evolution process
of the single antenna, and Fig. 3 presents the corre-
sponding simulated S-parameters. The single antenna
is fabricated on an FR4 substrate with dimensions of
37 x 25 x 1 mm. The evolved structure is modeled and
subjected to CMA using the commercial CST (Com-
puter Simulation Technology) software. Figure 4 shows
the MS and CA of Antenna 1, and Fig. 5 presents the
modal current distributions at resonance. MS indicates
the contribution degree of each mode within a specific
frequency range. A value close to 1 means the mode is
more likely to be excited under appropriate excitation,
while a value below 0.707 indicates a low probability
of resonance. CA reflects the resonant characteristics of
the mode. A value close to 180° indicates a stronger
resonant condition.

As shown in Fig. 4, among the 12 characteristic
modes, modes 1, 2, 4, 5, and 11 can theoretically
be excited under appropriate excitation. However, as
illustrated in Fig. 5, the currents of modes 4 and 11
are primarily distributed on the edge of the bear-shaped
patch and the middle section of the feeder as well as
the upper edge of the ground plane, respectively. Since
these strong-current regions are distant from the feeding
port and mode 4 further exhibits low current intensity,
their contribution to the antenna’s bandwidth is limited;
in contrast, modes 1, 2, and 5 exhibit intense current
concentration in the feeder and adjacent ground regions,
facilitating their effective excitation. Nevertheless, the
combined bandwidth supported by these three modes
remains inadequate to satisfy UWB requirements. The
S-parameter curve of Antenna 1 (Fig. 3) reveals that
its dual operating bands span 3.47-8.75 GHz and
10.39-16.79 GHz, neither of which complies with UWB
standards. Accordingly, optimization of the antenna
structure is necessitated, with the optimized structure
presented in Fig. 2 (b).

As shown in Fig. 2 (b), compared with Antenna
1, Antenna 2 has a radial slot etched into the circular
section of its patch, and isosceles right triangles are
truncated from both the left and right sides of the
ground plane. The radial slot disrupts the continuous
current flow on the circular head region, effectively
lengthening the current path for modes whose currents
are concentrated on this region, which shifts their res-
onant frequencies downward. Meanwhile, the truncated
isosceles right triangles remove ground plane area near
the edges, modifying the ground current return paths
and enhancing current density on the remaining ground
surface, which promotes the excitation of higher-order
modes and extends the highfrequency band by approxi-
mately 2 GHz.
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Fig. 2. Evolutionary process of antenna structure:
(a) Antenna 1, (b) Antenna 2, and (c) Antenna 3.

Antl
Ant2
Ant3
4 6 8 10 12 14 16 18 20 22
Frequency(GHz)

Fig. 3. Simulated S-parameter plot of the antenna.
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Fig. 4. Simulated results of mode analysis of Antenna 1:
(a) Modal Significance and (b) Characteristic Angle.

Figure 6 presents the MS and CA of Antenna 2,
and Fig. 7 illustrates the corresponding modal cur-
rent distributions. In contrast to Antenna 1, Antenna 2
exhibits altered characteristic mode configurations and
extended effective bandwidth. The resonant frequency of
mode 4 decreases slightly due to the lengthened current
path introduced by the radial slot. However, its current
is predominantly concentrated above the bear-shaped
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Fig. 5. Simulated mode current distribution of Antenna
1: (a) mode 1 at 3.89 GHz, (b) mode 2 at 4.35 GHz,
(c) mode 4 at 7.49 GHz, (d) mode 5 at 8.95 GHz,
(e) mode 11 at 15.01 GHz.

patch and distant from the feeding port, so it cannot
be excited. The resonant frequencies of modes 1, 2,
and 5 exhibit a slight upward shift, as the triangular
ground truncations redirect their current distributions
toward the ground plane edges, shortening the effective
current return path for these modes. As depicted in
Fig. 7, they can be effectively excited owing to their
strong localized distribution in the vicinity of the feeding
port. The resonant frequency of mode 11 is reduced by
approximately 0.2 GHz, as the radial slot also disrupts
the high-frequency current paths on the upper part of the
patch. The S-parameter curve in Fig. 3 indicates that the
high-frequency band of Antenna 2 is extended by 2 GHz,
reducing the bandwidth gap to 9.5-10.2 GHz. However,
impedance matching in the 9-11 GHz range is still not
fully satisfactory, so further optimization of Antenna 2’s
structure is required.

—— model mode2: moded —— model—— mode2—— moded
mode5—— modell ——— mode5—— model |

N

=

S
>

9

=

S
4
%

)

S

S
e
>

>

3
I
=

Characteristic Angle(°)
Modal Significance

=)

S
e
o

0.0
4 6 8 10 12 14 16 18 20 22 4 6 8 10 12 14 16 18 20 22
Frequency(GHz) Frequency(GHz)

(a) (b)

Fig. 6. Simulated results of mode analysis of Antenna 2:
(a) Modal Significance and (b) Characteristic Angle.

To shift the characteristic modes toward lower
frequencies and ensure their excitation, as shown in
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(a) (b) (c)

(d) (e)

Fig. 7. Simulated mode current distribution of Antenna
2: (a) mode 1 at 3.91 GHz, (b) mode 2 at 4.47 GHz,
(c) mode 4 at 7.45 GHz, (d) mode 5 at 9.51 GHz,
(e) mode 11 at 14.81 GHz.

Fig. 2 (c), Antenna 3 has a rectangular slot etched into
the ground plane and adopts a T-shaped feeder. The
rectangular slot introduces an additional current discon-
tinuity in the ground plane, which redirects the surface
current of mode 4 (previously concentrated far from the
feeding port) toward the feeding region. The T-shaped
feeder provides broader capacitive coupling to the radi-
ating patch compared with the original microstrip line,
improving impedance matching across multiple reso-
nant frequencies simultaneously. These modifications
collectively redirect current concentrations toward the
feeding port, enabling the simultaneous excitation of five
modes and extending the effective bandwidth to cover
the majority of the UWB range.

Figure 8 presents the MS and CA of Antenna
3. Figure 9 illustrates the modal current distributions
at resonance. A comparison of Figs. 9 and 7 reveals
key changes. As predicted by the mechanism discussed
above, mode 4 becomes excitable in Antenna 3, which
broadens the bandwidth. The resonant frequencies of
modes 1, 2, 4, and 5 shift downward, attributable to the
increased effective current path lengths caused by the
ground plane slot and the modified coupling character-
istics of the T-shaped feeder. The resonant frequency
of mode 11 shifts upward by 4 GHz, which is con-
sistent with the altered current distribution at higher
frequencies due to the combined effect of the ground
plane modification and the feeder redesign. As shown
in Fig. 9, the current for each mode is strengthened and
concentrated near the feeding port, confirming that the
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structural modifications successfully reshape the modal
current distributions to facilitate their effective excita-
tion. Figure 8 further indicates the combined bandwidth
of these modes, fully covering the 3.28-22.01 GHz
range. S-parameter results in Fig. 3 confirm that the
simulated operating frequency band of Antenna 3 is
3.28-22.01 GHz, which is consistent with the measured
result of 3.36-21.91 GHz presented in section III. To
further verify the radiation performance of the optimized
single antenna across the entire UWB, its radiation
patterns at three representative frequencies are analyzed
below.
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Fig. 8. Simulated results of mode analysis of Antenna 3:
(a) Modal Significance and (b) Characteristic Angle.

(d) (e)

Fig. 9. Simulated mode current distribution of Antenna
3: (a) mode 1 at 3.85 GHz, (b) mode 2 at 4.27 GHz,
(c) mode 4 at 7.23 GHz, (d) mode 5 at 9.35 GHz,
(e) mode 11 at 18.81 GHz.

The CMA results presented above can be fur-
ther interpreted in terms of the physical role of each
geometric feature. Conventional rectangular or circular
patches exhibit relatively uniform current path lengths,
which limits the number of distinct resonant modes that
can be effectively excited. The bear-shaped geometry



overcomes this limitation through its irregular bionic
outline. Specifically, the circular head region provides
current paths analogous to those on circular patches,
supporting lower-order modes (modes 1 and 2) in the 3—
5 GHz range, as confirmed by the modal current distribu-
tions in Figs. 5, 7, and 9. The protruding ear structures
introduce current path segments with shorter effective
lengths, contributing to higher-order mode excitation
at mid-band frequencies. Meanwhile, the tapered body
section and the concave transitions between the ears
and the face create geometric discontinuities that redis-
tribute surface current density, increasing the frequency
separation between adjacent modes and reducing modal
overlap. While the bear-shaped patch inherently sup-
ports five significant characteristic modes within the
3.28-22.01 GHz band, only three of these modes (modes
1, 2, and 5) are initially excitable, as the currents of
modes 4 and 11 are concentrated far from the feeding
port. These geometric features collectively provide the
rich modal diversity that, combined with the structural
optimizations described above, enables the simultaneous
excitation of all five characteristic modes for continuous
UWRB operation.

Figure 10 presents the simulated co-polarization
(solid lines) and cross-polarization (dashed lines) nor-
malized radiation patterns of the optimized single
antenna (Antenna 3) at three representative frequen-
cies, 4.6 GHz, 154 GHz, and 18.5 GHz, cover-
ing the low-, mid-, and high-frequency regions of
the UWB operating band. At 4.6 GHz, the antenna
exhibits a typical dipole-like radiation characteristic,
with the E-plane (¢ = 0°) showing a standard figure-
of-eight pattern and the H-plane (¢ = 90°) presenting
quasi-omnidirectional radiation behavior. The cross-
polarization level is approximately 15-20 dB below the
co-polarized component in the main radiation direc-
tion, indicating good polarization purity. At 15.4 GHz,
the increased electrical size of the antenna leads to
slight multi-lobing and pattern fluctuations; neverthe-
less, the dominant radiation characteristics are pre-
served and the cross-polarization component remains
significantly below the co-polarized field over most
angular regions. At 18.5 GHz, the radiation pattern
exhibits more pronounced multi-lobed characteristics
due to higher-order mode excitation, while the overall
quasi-omnidirectional behavior is maintained. Although
the cross-polarization level increases slightly at certain
angles, it remains sufficiently below the co-polarized
component, confirming acceptable polarization perfor-
mance across the operating band. Overall, the single
antenna maintains stable radiation characteristics and
good polarization purity throughout the UWB band,
supporting the implementation of the subsequent four-
port MIMO antenna configuration.
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180

(c)

Fig. 10. Simulated radiation patterns of the optimized
single antenna (Antenna 3) at three representative fre-
quencies: (a) 4.6 GHz, (b) 15.4 GHz, (c) 18.5 GHz. Solid
lines: co-polarization; dashed lines: cross-polarization.

C. MIMO antenna design and analysis

The designed single antenna is rotated symmetri-
cally around the center to form a four-element MIMO
antenna configuration, as shown in Fig. 11 (a) (referred
to as Antenna Model 4). To further reduce mutual cou-
pling, an isolation structure consisting of a cross-shaped
decoupling structure with hollow patterns and eight
L-shaped branches is introduced between the antenna
elements, as shown in Fig. 11 (b) (referred to as Antenna
Model 5). In both configurations, the current distribu-
tions are obtained by exciting Port 1 while terminating
Ports 2, 3, and 4 with matched 50 Q loads.

Figure 12 presents the simulated S-parameters of
Antenna Model 4 and Antenna Model 5, including
the reflection coefficient (S11) and transmission coef-
ficient (S12) curves for both configurations. For the
reflection coefficient characteristics, without the iso-
lation structure (Antenna Model 4), the resonant fre-
quency shifts slightly due to mutual interference and
impedance mismatch caused by the rotational replica-
tion of radiating elements. With the isolation structure
added (Antenna Model 5), the resonant frequency is
restored and the operating bandwidth remains essen-
tially unchanged. For the isolation performance, without
the isolation branches, the isolation between certain
port pairs falls below 20 dB in some frequency bands.
Although the DGS blocks most of the surface current,
residual coupling still exists between the antenna ele-
ments. With the isolation structure added, the residual
coupling current is further suppressed and the isolation
is significantly improved to above 20 dB across the
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entire 3.36-21.91 GHz operating band. The effective-
ness of this isolation structure is further confirmed by the
measured S-parameter results of the fabricated MIMO
antenna prototype presented in section A (Fig. 15),
where S12 remains below —20 dB across the full oper-
ating band. The introduction of the isolation structure
not only enhances isolation and reduces crosstalk, but
also improves signal transmission capacity and spectrum
utilization of the MIMO system.

Port3
L3 Port3

Port2 Port2

Port4 Portl Port4 Portl
(a) (b)

Fig. 11. MIMO antenna design: (a) Antenna Model 4
and (b) Antenna Model 5.
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Fig. 12. Simulated S-parameters before and after adding

an isolated branch.

D. Antenna parameter analysis

During the antenna optimization process, the single-
parameter scanning method was employed. By consid-
ering the positions of parameters within the antenna, the
influence of each parameter on the return loss S11 was
analyzed. Figure 13 illustrates the optimization results.

The first group consists of width-related parameters
for the radiation patch. These parameters directly affect
the resonant characteristics of the radiating element by
altering its equivalent electrical length and reactance
distribution. With W9 as an example, when the length
increases from 1.5 mm to 2 mm, the resonant frequency
of the low frequency band shifts slightly downward
as the equivalent electrical length increases, and the
S11 value within this band remains consistently below
—10 dB. Meanwhile, due to the more balanced reactance
distribution in the mid-frequency band, the fluctuation
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amplitude of S11 is significantly reduced. However,
if the width is further increased to 3.5-4.0 mm, the
resonant mode of the high-frequency band will be dis-
turbed, causing a shift in resonant frequency. The match-
ing performance degrades accordingly, with S11 rising
above —10 dB. Accordingly, for balancing multi-band
resonance and matching, the optimal width is identified
as W9 =2 mm.

The second group comprises length-related param-
eters for the ground plane/isolation structure. These
parameters indirectly influence antenna performance by
regulating the current return path and resonant mode.
With L6 as an example, when the length is less than
1.6 mm, the matching performance in the low-frequency
band is excellent. However, the resonant mode in the
mid-frequency band becomes unstable, leading to severe
fluctuations in S11. When the length is set to 1.6 mm,
the continuity between the resonant frequencies of the
mid-frequency band and the low-frequency band is sig-
nificantly improved, and the S11 value across the entire
frequency band remains stably below —10 dB. If the
length is further increased to more than 2.0 mm, changes
in the current path will cause the resonant frequency of
the high-frequency band to shift upward, which in turn
leads to a noticeable rise in the S11 value. Hence, the
optimal value for balancing resonance continuity and
S11 performance is identified as L6 = 1.6 mm.

The third group refers to width-related parameters
at the interface between the radiation patch and the iso-
lation structure. These parameters affect both the current
distribution of the radiating element and the electromag-
netic coupling between elements, thereby influencing
resonance and matching. With W4 as an example, when
the width ranges from 3 mm to 5 mm, the resonant
frequency in the low-frequency band achieves good
matching; however, due to coupling imbalance in the
mid-to-high frequency band, the resonant frequencies
are scattered and S11 fluctuates drastically. When the
width is increased to 6 mm, the coupling in the mid-
to-high frequency band tends to stabilize, the coverage
range of resonant frequencies expands, and the S11
value within this range drops to below —10 dB. If the
width is further increased to 7-8 mm, excessive coupling
will cause a shift in the resonant mode of the high-
frequency band, leading to an upward shift of the reso-
nant frequency and a subsequent rise in the S11 value.
Consequently, the optimal value for achieving multi-
band resonance coverage and low S11 performance is
confirmed as W4 = 6 mm.

ITII. RESULTS AND DISCUSSION
A. S-parameters
The MIMO antenna was simulated using Ansys
Electronics Desktop 2021 R2. To verify the antenna’s
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Fig. 13. Effect of adjusted parameters on S| parameters:
(a) Wo, (b) Lg, and (c) W4.

practical performance, the optimized model was fab-
ricated into a prototype, with the finished prototype
shown in Fig. 14 (a). The prototype was then measured
using an Agilent N52235A vector network analyzer,
and the measurement setup is illustrated in Fig. 14 (b).
Owing to the structural symmetry of the orthogonal
arrangement, ideally the reflection coefficients (S11 =
S22 = S33 = S44) are identical across all ports, and
the radiation patterns of all elements share the same
shape with successive 90° rotation. For the coupling
parameters, S12 and S13 are presented to represent
the adjacent and diagonal coupling paths, respectively.
Therefore, only the S-parameter results measured from
Port 1 (S11, S12, and S13) are shown for brevity.
Figure 15 shows that the antenna operates over a
frequency range of 3.36-21.91 GHz, thereby achiev-
ing wide bandwidth coverage. Furthermore, within the
UWRB frequency band, both the S12 and S13 parameters
remain consistently below —20 dB, indicating excellent
isolation performance. While minor discrepancies are
observed between the measured and simulated S11, S12,
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and S13 results, their overall trends are highly consis-
tent, confirming stable wideband performance. These
discrepancies are primarily attributed to the frequency-
dependent insertion loss of the SMA connectors, fabri-
cation tolerances in fine structural features such as the
narrow slots and ear details of the bear-shaped patch, and
the frequency-dependent dielectric properties of the FR4
substrate, which deviate from the nominal simulation
value at higher frequencies.
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Fig. 14. Proposed antenna: (a) antenna object and

(b) antenna microwave darkroom measurement environ-
ment.
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Fig. 15. Simulated and measured S-parameters of the
MIMO antenna: (a) S11, (b) S12, (¢) S13.

B. Radiation properties

Figure 16 presents the measured 2-D radiation pat-
terns of the proposed four-port UWB MIMO antenna
at three representative frequencies (6.6 GHz, 15.4 GHz,
and 20.5 GHz), covering the entire operating band.
The measurements were carried out in a far-field ane-
choic chamber using a standard far-field measurement
setup. During the measurement, one port was excited
while the other three ports were terminated with 50 Q
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matched loads. The gain distributions were recorded in
the E-plane (¢ = 0°, XOZ plane) and H-plane (¢ =90°,
YOZ plane) over the angular range 0—180°.

9=0°(XOZ-plane) q)=90°(YOZ—p1@e)

30 3

180

¢=0°(XOZ-plane)

180

¢=0°(XOZ-plane)

Fig. 16. Modeled and measured radiation characteristics:
(a) 6.6 GHz, (b) 15.4 GHz, and (c) 20.5 GHz.

At the low frequency of 6.6 GHz, the E-plane
exhibits a typical dipole-like figure-of-eight pattern
with main lobes directed at 0° and 180°, while the
H-plane shows good quasi-omnidirectional characteris-
tics, which are beneficial for wide-angle radiation cover-
age. As the frequency increases to 15.4 GHz, due to the
increased electrical size of the antenna at higher frequen-
cies, the E-plane pattern exhibits noticeable ripples and
subsidiary lobes, although the main radiation directions
remain stable. The H-plane generally retains its quasi-
omnidirectional behavior with slightly increased fluctu-
ations. At 20.5 GHz, higher-order modes are excited,
resulting in multi-lobed patterns with stronger angular
variations. Nevertheless, the antenna still maintains sta-
ble radiation characteristics.

Regarding polarization purity, the antenna exhibits
good cross-polarization suppression across the entire
operating band. At 6.6 GHz, the cross-polarization level
is below —15 dB in the main radiation directions, while
at 15.4 GHz it remains below —18 dB. At 20.5 GHz,
the cross-polarization level increases slightly but is
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still significantly lower than the co-polarized compo-
nent, with a difference of approximately 15-20 dB in
the main radiation directions. These results indicate
good polarization discrimination throughout the oper-
ating band. Furthermore, at all measured frequencies,
the simulated and measured co-polarization and cross-
polarization patterns agree well, validating the effective-
ness and practical radiation performance of the proposed
antenna.

Figure 17 presents the peak gain and radiation effi-
ciency of the optimized single antenna (Antenna 3) and
the proposed four-port MIMO antenna (Antenna Model
5) across the operating band. As shown in Fig. 17 (a),
the simulated peak gain of Antenna 3 ranges from 2.5
to 7.8 dBi, while that of Antenna Model 5 reaches
4.0-7.0 dBi with a maximum value of approximately
7.0 dBi. The measured peak gain of Antenna Model
5 generally follows the same trend as the simulation,
with slight deviations attributed to fabrication tolerances
and measurement uncertainties. The gain fluctuation at
higher frequencies is mainly due to the excitation of
higher-order modes and the increased electrical size of
the antenna. As shown in Fig. 17 (b), the simulated
radiation efficiency of both antennas remains above 72%
throughout the entire operating band, with most frequen-
cies maintaining efficiency above 80%. For Antenna
Model 5, the measured radiation efficiency stays consis-
tently above 78% across the operating band, matching
the simulated trend well. The comparable efficiency
between the single antenna and the MIMO antenna
demonstrates that the proposed decoupling structures
introduce only marginal additional conduction or dielec-
tric losses. Overall, the measured gain results are in
good agreement with the simulated data, validating the
effectiveness of the proposed design.

8 100%

S
e
g
=

IS
»
g
X

PeakGain(dBi)
Radiation Efficiency

N
T

2
3
X

———Simulated Ant3
~——Simulated Ant5
— — Measured Ant5

—— Simulated Ant3
——— Simulated Ant5
= = Measured Ant5

2
g
=

4 6 8 10 12 14 16 18 20 22 4 6 8 10 12 14 16 18 20 22
Frequency(GHz) Frequency(GHz)

(a) (b)
Fig. 17. (a) Peak gain and (b) radiation efficiency of the

optimized single antenna (Ant3) and MIMO Antenna
(Ant5).

C. MIMO antenna performance
C.1. DG and ECC

The diversity characteristics and mutual coupling
performance of MIMO antennas can be characterized



by the envelope correlation coefficient (ECC). The ECC
quantifies the spatial correlation between the far-field
radiation patterns of different antenna elements, with
lower values indicating better independence among the
elements. The radiation pattern-based ECC is calculated
using both the 6 and ¢ components of the far-field
electric field over the entire 47 solid angle, assum-
ing an isotropic propagation environment, as shown in
equation (1) [4]. Diversity gain (DG) is a key metric
that characterizes the degree of signal amplification or
attenuation in MIMO systems, determined by equa-
tion (2) [4]. Typically, the ECC of MIMO antennas
is required to be below 0.5 to meet the specifications
for S-parameters (dB), radiation efficiency (%), and
peak gain (dBi); furthermore, the closer the DG value
is to 10, the more excellent the performance of the
MIMO antenna. As illustrated in Fig. 18, the ECC of
the proposed antenna is consistently below 0.005, and
the DG approaches 10, demonstrating that it meets the
requirements for communication applications within the
3.36-21.91 GHz band.
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Fig. 18. (a) ECC and (b) DG of the proposed antenna.

C.2. TARC

The total active reflection coefficient (TARC) is
a metric used to evaluate the overall reflection per-
formance of MIMO antennas, which comprehensively
takes into account the reflected signals at all ports and
the mutual coupling effects between antenna elements.
Its core idea is to reflect the overall impedance match-
ing efficiency of the antenna and the coupling degree
between ports by quantifying the total reflection charac-
teristics of the system under all-port excitation. Ideally,
TARC should approach zero, which indicates that the
antenna can efficiently absorb incident power and reduce
reflection and mutual coupling interference. The TARC
of this MIMO system can be calculated by the following
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equation [4]:

. 2
\/Z?:l |Si1 +Zi=2 Siné'/e"_l’
- SNE)

As shown in Fig. 19, in the frequency range of 3.36—
21.91 GHz, the curves of TARC12 and TARC13 mostly
remain at a relatively low decibel level. Among these,
a large number of frequency bands are below —10 dB,
and the performance in some regions is even better.
This indicates that the reflection and mutual coupling
effects between the ports of the proposed MIMO antenna
are weak. It can not only absorb incident power more
efficiently and reduce reflection loss, but also ensure
different ports have good independence, which is con-
ducive to improving the communication capacity and
reliability of the MIMO system.

TARC =

TARC(dB)

4 6 8 10 12 14 16 18 20 22
Frequency(GHz)

Fig. 19. Simulation results of the TARC of the proposed
antenna.

C3. CCL

Channel capacity loss (CCL) is a key metric for
evaluating the effective data transmission performance
of MIMO communication systems, which quantifies
the capacity degradation caused by mutual coupling
between antenna elements. Its core idea is to reflect
the impact of inter-port coupling on the system’s trans-
mission efficiency by measuring the loss of available
channel capacity. Ideally, the CCL should be as small
as possible, which indicates that the antenna’s cou-
pling effect has little influence on the channel capacity,
thus ensuring efficient data transmission. The CCL of
this MIMO system can be calculated by the following
equation [4]:

CCL = —log, (%), “)

where WF denotes the receiver’s correlation matrix,

expressed as:
PR _ Y Y .
Yo W
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The elements of the matrix are defined as:
Wi =1— (ISl +1S13%)
Wio=—(S1+Si2+S13+S14)
W3 = (Sp2+ 823+ S +521)
Py =1— (S +[S23]).

As shown in Fig. 20, within the operating frequency
range of 3.36-21.91 GHz, the curves of CCL12 and
CCL13 mostly maintain a relatively low level. Most
frequency bands have CCL values below 0.1 bps/Hz, and
some regions even approach —0.1 bps/Hz, which is far
less than the reliable value of 0.4 bps/Hz. This result
indicates that the mutual coupling between the ports
of the proposed MIMO antenna has a minimal impact
on the channel capacity, effectively reducing capacity
loss. It not only enables the system to transmit data
more efficiently but also enhances the communication
reliability of the MIMO system, which is conducive
to the practical application of the antenna in UWB
communication scenarios.

CCL(bps/Hz)

10 12 14 16 18 20 22
Frequency(GHz)

4 6 8

Fig. 20. Simulation results of the CCL of the proposed
antenna.

C.4. Pulse fidelity and group delay characteristics

Figure 21 (a) shows the group delay characteristics
of the proposed four-element UWB MIMO antenna,
corresponding to the transmission paths between Port
1 and Port 2 (Group Delay 12) as well as Port 1 and
Port 3 (Group Delay 13). Both curves exhibit stable
and flat performance across the entire operating band of
3.36-21.91 GHz, with group delay values ranging from
approximately 0.2 to 1.0 ns and only minor, gradual fluc-
tuations. No pronounced abrupt changes or severe oscil-
lations are observed throughout the frequency range. To
further quantify the impact of these characteristics on
pulse distortion, the fidelity factor (FF) is calculated for
the two paths, as shown in Fig. 21 (b). The FF, which
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measures the similarity between the input and output
pulses, is a critical metric for UWB systems, with a min-
imum acceptable threshold of 0.9. Both paths exhibit FF
values significantly above this threshold: the FF for the
1—2 path is approximately 0.962, while the FF for the
1—3 path reaches approximately 0.971. These results
confirm that the flat group delay performance effec-
tively mitigates frequency dispersion, avoiding exces-
sive delay differences that would otherwise cause pulse
broadening and signal distortion. The excellent time-
domain performance ensures reliable signal integrity
for UWB impulse-based communication and ranging
applications.
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Fig. 21. Time-domain performance of the proposed
antenna: (a) group delay and (b) fidelity factor.
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C.5. Comparative study

Table 2 provides a comparative analysis of the
proposed antenna against existing designs with respect
to key performance metrics, including size, operat-
ing bandwidth, isolation, number of ports, and ECC.
Firstly, the proposed antenna achieves an operating
bandwidth of 3.36-21.91 GHz, which exceeds that
of most referenced designs (2.1-20 GHz [25] and
4.4-11.1 GHz [20]), enabling full coverage of the
C/X/Ku bands. Secondly, its 62 x 62 mm? four-port
configuration is more compact than larger four-port
counterparts such as [24] and [25] (80 x 80 mm?) and,
unlike two-port schemes [20], it does not compromise
multi-stream transmission capability. Meanwhile, the
antenna maintains full-band isolation greater than 20 dB,
outperforming [26] (>18 dB) and [27] (>17 dB), and
matching the isolation level of [28] while offering a
wider bandwidth. The high isolation (>25 dB) of [24]
and [25] comes at the cost of a larger footprint. Finally,
with an ECC of less than 0.006, the proposed antenna
outperforms most designs [20, 24, 25], and is only
slightly higher than that of [29] (<0.004) while featuring
a more compact size. Thus, the proposed antenna essen-
tially achieves balanced optimization of various perfor-
mance metrics, resolves common tradeoffs in existing
designs, and meets the typical requirements for UWB
MIMO antennas.
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Table 2: Performance comparison of the proposed MIMO antenna with other works

Ref. Size (mm?) | Bandwidth (GHz) | Isolation (dB) | Port | ECC
[8] 0.25 x 0.35A¢ 3-11 >25 2 <0.004
[16] 0.48 x 0.97 ¢ 3.1-10.6 >31 2 <0.035
[19] 0.35 x 0.43A¢ 3-10.7 >25 2 <0.01
[20] 0.91 x0.914 3.4-8.25 >25 4 <0.01
[21] 0.56 x 0.56 ¢ 2.1-20 >25 4 <0.02
[22] 0.67 x 0.67Ag 2.8-13.3 >18 4 <0.06
[23] 0.35 x 0.354¢ 2.96-11.25 >17 4 <0.012
[24] 0.60 x 0.60A 3-11 >20 4 <0.02
[25] 0.55 x 0.554¢ 1-20 >20 4 <0.004
This Work | 0.69 x 0.691 3.36-21.91 >20 4 <0.005

IV. CONCLUSION

This paper presents an innovative bear-shaped radi-
ating element antenna for the miniaturization, high isola-
tion, and wide bandwidth requirements of UWB MIMO
antennas, where the radiating element is not merely a
morphological innovation. Its irregular outline enriches
the diversity of equivalent current paths, facilitates the
cooperative excitation of multiple characteristic modes,
and lays a structural foundation for UWB performance.
Meanwhile, with CMA as the core theoretical guidance,
the proposed configuration integrates DGS, a cross-
shaped hollowed-out decoupling structure, and eight
L-shaped matching stubs to form a systematic decou-
pling scheme, suppressing mutual coupling between
elements from the perspective of physical mechanisms
and overcoming the limitations of traditional trial-and-
error approaches. Through the in-depth integration of
structural optimization and theoretical guidance, the
antenna achieves wideband coverage of 3.36-21.91 GHz
with isolation exceeding 20 dB, and comprehensive
advantages of high radiation efficiency and low ECC.
It thereby provides an efficient and reliable antenna
solution for advanced wireless communication scenarios
with stringent requirements on bandwidth, isolation,
and volume, such as V2X, autonomous driving posi-
tioning, and industrial IoT. Future work will focus on
further miniaturizing the antenna without losing core
performance to adapt to more compact terminal devices,
and replacing traditional FR4 substrates with flexible
substrates to expand its application potential in wearable
devices.
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Abstract — This paper presents a SAR-aware machine-
learning framework for optimizing an AMC-backed
triple-band wearable antenna based on a two-iteration
Sierpinski carpet radiator operating at 1.82, 2.42, and
5.00 GHz. A 600-sample full-wave CST dataset varies
feed length, AMC-to-antenna gap, fractal scale, and
AMC inter-cell gap. A multi-task DNN maps four
normalized inputs to twelve outputs: gain, resonance-
frequency deviation, SAR1g, and SAR10g across all
bands. NSGA-II then identifies Pareto-optimal gain—
SAR trade-offs, while SHAP indicates feed length
and AMC gap dominate SAR. The optimized design
achieves gains of 4.12/4.25/4.38 dBi and SAR of
0.082/0.075 W/kg, satisfying IEEE C95.1 and ICNIRP
limits and improving over 2.6-2.9 dBi standalone gain
values.

Index Terms — 5G sub-6 GHz, artificial magnetic
conductor (AMC), deep learning, fractal geometry,
machine learning, NSGA-II, SAR-aware design, wear-
able antenna.

I. INTRODUCTION

Wearable and mobile communication systems
require compact antennas that can operate near the
human body without degrading radiation performance
or exceeding Specific Absorption Rate (SAR) limits.
In body-centric operation, biological tissues behave as
lossy dielectric media, causing electromagnetic absorp-
tion, bandwidth variation, gain reduction, and efficiency
loss. This issue is critical for sub-6 GHz 5G and health-
care devices, where SAR reduction must be achieved
without sacrificing antenna performance.

Fractal geometries, including the Sierpinski car-
pet, are widely used for compact multiband antennas
because they increase the effective current path within a
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small radiator area. However, fractal radiators alone can
produce localized near-field concentration around the
feed and fractal edges. When placed close to lossy tissue,
this effect may increase backward radiation, reduce
radiation efficiency, and raise SAR. Hence, compact
multiband operation must be supported by a structure
that controls body-directed radiation.

Artificial magnetic conductors (AMCs) mitigate the
performance degradation caused by the close proxim-
ity of wearable antennas to the human body by pro-
viding an approximately in-phase reflection response
within their operating band. When positioned behind
the radiating element, AMC surfaces can reduce body-
directed radiation, enhance forward gain, and sup-
port lower specific absorption rate (SAR). These ben-
efits have been demonstrated using AMC-integrated
cavity-backed substrate-integrated waveguide antennas,
dual-band low-SAR MIMO configurations, 2.4-GHz
wearable antennas, fabric-based body-centric antennas,
conformal dual-band structures, textile antennas, and
compact biomedical wearable platforms [1-8]. Recent
data-driven antenna studies have also progressed from
comprehensive ML and deep-learning reviews to hybrid
electromagnetic modelling of UWB MIMO antennas,
convolutional-neural-network-based near-field predic-
tion, incremental variable-fidelity multiobjective opti-
mization, and ML-assisted synthesis of dielectric-filled
slotted-waveguide antennas with prescribed sidelobe
levels [9-13]. These developments demonstrate the
increasing importance of computationally efficient and
performance-aware optimization in complex antenna
systems.

Fractal geometries have been employed to obtain
compact and low-profile wearable antennas, includ-
ing on-body WBAN radiators, flexible dual-band tree-
fractal structures, and hybrid fractal antennas optimized
using artificial neural networks and firefly algorithms.
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Wideband AMC loading has additionally been used
to enhance the gain and off-body communication
performance of low-profile monopole antennas [14—17].
A low-profile all-textile UWB antenna incorporating an
AMC was subsequently developed for WBAN applica-
tions [18]. Curvature-adaptive triple-band metamaterial
and uniplanar compact electromagnetic-bandgap load-
ing has been investigated for wearable wireless and med-
ical body-area networks [19]. A breathable triple-band
EBG-loaded fractal antenna has also been proposed for
WBAN operation [20], while a metamaterial-inspired
dual-band antenna has been examined for body-area
communication applications [21]. Although these stud-
ies demonstrate the benefits of fractal, AMC, EBG, and
metamaterial loading, the simultaneous optimization of
gain, radiation efficiency, resonance stability, and SAR
within a unified and interpretable design framework
remains insufficiently explored.

Machine learning has increasingly been applied
to antenna modelling and optimization because it can
represent nonlinear relationships between geometri-
cal parameters and electromagnetic responses. Data
augmentation has been incorporated into ML-assisted
antenna optimization to improve prediction using lim-
ited training samples [22]. Data-driven models have
also been developed to predict the resonant frequency
and directivity of UMTS/LTE quasi-Yagi antennas [23],
while established ML techniques have been employed to
optimize double T-shaped monopole antennas [24]. An
efficient modified K-nearest-neighbour method has been
introduced for antenna optimization and design [25].
Neural-network-assisted optimization has further been
investigated for electromagnetic applications [26], and a
deep-reinforcement-learning framework has been devel-
oped for automated antenna optimization [27]. A com-
pact triband antenna employing an AMC reflector has
also demonstrated the suitability of AMC-backed con-
figurations for WBAN communication [28]. Motivated
by these developments, the present study combines
AMC loading and fractal geometry with a deep-neural-
network surrogate model, NSGA-II-based multiobjec-
tive optimization, and SHapley Additive exPlanations
interpretation to achieve simultaneous multiband gain
enhancement and SAR reduction.

A. Motivation and contribution

This work presents a SAR-aware ML-assisted opti-
mization framework for a compact AMC-backed triple-
band wearable antenna operating at 1.82, 2.42, and
5.00 GHz. The radiator uses a two-iteration Sierpinski
carpet fractal geometry. A 600-sample CST dataset is
generated by varying feed length, AMC-to-antenna gap,
fractal scale factor, and AMC inter-cell gap to model
gain, resonance stability, SAR,, and SARgg. A DNN
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surrogate predicts realized gain, resonance-frequency
deviation, SARg, and SAR|og across the three bands
and is coupled with NSGA-II for gain maximization
and SAR minimization. SHAP analysis identifies the
dominant design variables controlling gain and SAR.
Compared with the authors’ previous work [28], which
reported the baseline fractal AMC-backed antenna,
this study adds SAR-aware DNN modeling, NSGA-
IT multi-objective optimization, SHAP-based interpreta-
tion, and gain—SAR trade-off analysis. The optimized
design improves realized gain from 2.6-2.9 dBi to 4.12—
4.38 dBi, while reducing SAR to 0.082 W/kg for 1 g
tissue and 0.075 W/kg for 10 g tissue, satisfying IEEE
C95.1 and ICNIRP limits.

II. BASELINE ANTENNA OVERVIEW

The baseline antenna geometry is adopted from the
authors’ earlier work [28], where a compact triple-band
fractal antenna with AMC backing was conventionally
characterized. In the present work, the same geometry
is used only as the starting platform for SAR-aware ML
optimization. The DNN training, NSGA-II optimization,
SHAP interpretation, gain—SAR trade-off analysis, and
SAR-constrained design selection are newly developed
in this study. The reference antenna consists of a two-
iteration hybrid Sierpinski—-Koch fractal radiator on a
flexible FR4 substrate with thickness 1.82 mm, relative
permittivity & = 4.4, and loss tangent 0.02. The antenna
has a compact footprint of 23 x 30mm?. A coplanar
waveguide (CPW) feed excites the planar radiator, while
the etched fractal slots increase the effective electrical
length and support multiband resonance without increas-
ing the antenna size.

Figure 1 shows the standalone fractal antenna, and
Fig. 2 presents its simulated reflection coefficient. The
antenna resonates at 1.82 GHz, 2.42 GHz, and 5.0 GHz,
covering ISM, WLAN, and sub-6 GHz 5G bands. The
corresponding realized gains are 2.6 dBi, 2.72 dBi, and
2.9 dBi. However, without reflective backing, backward
radiation and surface-wave propagation reduce forward
gain and radiation efficiency. SAR simulations also indi-
cate increased tissue absorption during on-body opera-
tion. These limitations motivate AMC integration and
ML-assisted gain—SAR optimization in the following
sections.

Antenna-1 Antenna-2 Antenna-3 Antenna-4

(a) (b) (c) (d)

Fig. 1. Geometry of the standalone fractal antenna.
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Antenna 1
Antenna 2
Antenna 3
Antenna 4

Reflection coefficient (dB)

0 2 4 6 8
Frequency (GHz)

Fig. 2. Simulated reflection coefficient (S;;) for the
baseline antenna.

III. AMC DESIGN AND
CHARACTERIZATION FOR SAR
REDUCTION AND GAIN ENHANCEMENT

The AMC backing is introduced to reduce SAR and
improve forward gain in near-body operation by reflect-
ing backward-directed fields in phase. This reduces
body-directed radiation, which is critical for wearable
antennas placed close to lossy tissue.

Fig. 3. (a) AMC unit cell geometry; (b) 5 x5 AMC array
layout.

A. AMC unit cell design

The AMC unit cell in Fig. 3 uses three concen-
tric square-ring resonators tuned to 1.82, 2.42, and
5.00 GHz. A central grid patch provides capacitive cou-
pling for miniaturization and high surface impedance.
The unit cell is designed on a 1.82mm FR4 substrate
with € = 4.4, tand = 0.02, a 35 um copper layer, and
a continuous ground plane. The dimensions are listed in
Table 1.

The AMC unit-cell outer dimension is 9.00mm,
denoted by W;. The 0.5mm value is not the unit-cell
periodicity; it represents the AMC inter-cell gap g,
between adjacent cells in the 5 x 5 array. Including this
gap, the effective array pitch is approximately 9.5 mm.
This distinction avoids confusion among unit-cell size,
array pitch, and inter-cell spacing.
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Table 1: Geometrical dimensions of the AMC unit cell

Parameter | Value (mm)
4] 9.00
W; 7.00
Ws 4.24
Wy 3.00
Ws 0.50
Gy 0.50
G, 0.50
R 3.00

B. Operating principle, reflection phase, and band-
width

The AMC operates as an equivalent parallel LC
network, where the square rings provide inductance and
the inter-ring gaps provide capacitance. Its resonance
frequency is approximated by

1
27VIC

Unlike a PEC surface, which introduces a 180° phase
shift, the AMC provides near-zero reflection phase at
resonance and prevents destructive interference with the
radiator.

Full-wave simulations under normal plane-wave
incidence with periodic boundary conditions confirm tri-
band AMC behavior. Figure 4 shows zero-phase cross-
ings at 1.8 GHz, 2.42 GHz, and 5 GHz. The 2.42 GHz
ISM band provides an usable bandwidth of approxi-
mately 327 MHz, supporting stable wearable biomedical
and communication operation.

150 4 j
100 4

50

fres = (])

N—

=100

Reflection Phase (degree)
°

=150

0 1 2 3 4 5 B
Frequency (GHz)

Fig. 4. Reflection phase response of AMC unit cell.

IV. INTEGRATION OF AMC WITH
ANTENNA
The triple-band fractal antenna was integrated with
the AMC array and first evaluated under free-space
conditions to isolate the effect of AMC backing before
human-body loading. At the operating bands, the AMC



reflects backward-directed fields in phase, suppresses
body-facing radiation, improves forward gain, and sup-
ports SAR reduction.

A. Antenna fabrication and AMC array configura-
tion

The AMC backing was realized as a 5 x 5 array
of tri-band AMC unit cells resonating at 1.82, 2.42,
and 5.00 GHz. The inter-cell spacing is denoted as g, =
0.5mm, which is not the unit-cell periodicity. Each unit
cell has an outer lateral dimension of 9.0mm, giving an
effective array pitch of approximately 9.5mm when g,
is included.

The AMC layer was fabricated on a 1.6 mm FR4
substrate with €. = 4.4 and loss tangent 0.02. The fractal
antenna was fabricated on an identical FR4 substrate
and excited through a CPW feed. An optimized AMC-
to-antenna air gap of g, = 3mm was maintained using
low-loss dielectric spacers. This vertical separation was
selected from the NSGA-II-optimized design to balance
forward-gain enhancement, SAR reduction, and com-
pact profile.

E

Nt
EEg

Fig. 5. 3D model of the AMC-integrated antenna, high-
lighting the optimized AMC-to-antenna air gap g, =
3mm.

Figure 5 shows the 3D AMC-integrated antenna
and highlights the optimized air gap. Figure 6 presents
the fabricated prototype and measurement arrangement,
where the radiator and AMC layer are assembled with
gq =3 mm.

The reflection coefficient was measured using a vec-
tor network analyzer after standard SOLT calibration at
the SMA connector reference plane. The standalone and
AMC-backed antennas were measured under identical
calibration conditions. For the AMC-backed case, the
radiator and AMC layer were kept parallel, and g, =
3mm was maintained during measurement. Gain and
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Fig. 6. Fabricated AMC-backed triple-band fractal
antenna prototype and measurement arrangement, show-
ing the assembled radiator—AMC configuration with the
optimized AMC-to-antenna air gap g, = 3mm.

radiation patterns were measured using a calibrated ref-
erence antenna in a standard far-field setup. The antenna
under test was placed on a low-reflection support, and
patterns were recorded at 1.82, 2.42, and 5.00 GHz.
Minor differences between simulated and measured
results are attributed to fabrication tolerance, FR4-
property variation, SMA soldering, conductor rough-
ness, cable and connector losses, air-gap misalignment,
and residual environmental reflections. Nevertheless, the
measured trends confirm gain enhancement, improved
forward radiation, and higher radiation efficiency with
AMC backing.

B. Reflection coefficient comparison

The measured reflection coefficient (|S1;|) of the
standalone and AMC-backed antennas is shown in
Figs. 7 and 8. The standalone antenna exhibits resonance
dips of —20dB, —14.7dB, and —15dB at 1.82, 2.42,
and 5.00 GHz, confirming triple-band operation. With
AMC backing, the dips improve to —21dB, —16dB, and
—15.6dB, with a broader —10dB bandwidth of about
820 MHz near 2.42 GHz. The improvement is due to
AMC in-phase reflection, which stabilizes impedance

Reflection coefficient (dB)
. | |

Simulated s11 without AMC
= = -Measured s11 without AMC

0 2 4 6 8
Frequency (GHz)

Fig. 7. Simulated and measured |S;;| of the standalone
antenna at 1.82, 2.42, and 5.00 GHz.
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matching and suppresses backward radiation. Minor
simulation—measurement shifts arise from fabrication
tolerances.

Reflection coefficient (dB)

= Simulated S11 with AMC
~— - -Measured S11 with AMC

o 2 4 6 8
Frequency (GHz)

Fig. 8. Simulated and measured |S;;| of the AMC-
backed antenna at 1.82, 2.42, and 5.00 GHz.

C. Gain analysis

Figure 9 compares the realized gain of the stan-
dalone and AMC-backed antennas. At 1.82, 2.42, and
5.00GHz, the gain increases from 2.60, 2.72, and
2.90dBi to 4.12, 4.25, and 4.38 dBi, respectively. This
enhancement results from improved impedance match-
ing, higher radiation efficiency, reduced body-directed
radiation, and constructive AMC reflection toward the
forward hemisphere.

Gain(dB)
o

~

Gain without AMC
- = Gain with AMC
o T T T T
1 2 3 4 5 6

Frequency(GHz)

Fig. 9. Gain comparison of the standalone and AMC-
backed antenna configurations over the operating fre-
quency range.

D. Radiation pattern and efficiency evaluation

efficiency without AMC
= - - efficiency with AMC

3 4 5 6
Frequency (GHz)

~ o

Fig. 10. Simulated and measured total radiation effi-
ciency of the AMC-backed antenna at 1.82, 2.42, and
5.00 GHz.
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Figure 10 shows the total radiation efficiency.
The standalone antenna achieves 72—78%, whereas the
AMC-backed design exceeds 85% across all oper-
ating bands. This confirms reduced substrate-mode
loss and surface-wave propagation after AMC integra-
tion. The gain improvement is therefore due to both
higher accepted-power radiation and improved forward
directivity.

The E-plane and H-plane radiation patterns in
Figs. 11 (a)—(f) show stronger forward radiation and sup-
pressed back lobes after AMC integration. This behavior

E-Plane without AMC

H-Plane without AMC

(a) at 1.8 GHz

— Somuitea
= - -Messured

120 . 2 120 56

(b) at 2.4 GHz

—Simuined
[Eaprasvii

180

(c) at 5 GHz
E-Plane with AMC H-Plane with AMC
0 i
" » ® d
o
5 %
0
G5
20
25
35 %
s
5
s
55
s 120
5
@ 150 150

(f) at 5 GHz

Fig. 11. Simulated and measured radiation patterns at (a)
1.82 GHz, (b) 2.42 GHz, and (c) 5 GHz without AMC,
and (d) 1.82GHz, (e) 2.42GHz, and (f) 5GHz with
AMC.



supports stable wearable links and reduces user-directed
electromagnetic exposure.

E. Wearable applicability and practical stability
considerations

For wearable operation, bending, body proximity,
wearing position, and deformation can affect impedance
matching, radiation pattern, and SAR distribution. The
AMC backing therefore acts not only as a gain-
enhancement layer but also as an electromagnetic isola-
tion layer between the radiator and lossy tissue. Bending
modifies the effective current path of the fractal radiator
and the spacing between the radiator and AMC surface,
which may cause small resonance shifts and impedance
variation. The AMC-backed structure is expected to
be more stable than the standalone radiator because it
suppresses backward radiation and reduces near-field
coupling into the body. The optimized AMC-to-antenna
air gap g, = 3 mm further maintains controlled radiator—
AMC coupling.

Antenna response may also vary with placement
on the arm, chest, shoulder, or wrist due to differences
in curvature, tissue thickness, and dielectric loading.
Strongly curved regions can introduce larger detuning
than flatter regions, while closer body contact may
slightly reduce radiation efficiency. The AMC reduces
these effects by redirecting radiation away from the
body-facing side and limiting field penetration into tis-
sue. From the SAR perspective, the AMC suppresses
backward-directed fields and reduces tissue absorption.
Thus, the optimized AMC-backed antenna is expected
to maintain lower SAR than the standalone antenna
under close-body operation, as discussed in the SAR
analysis section. Although the present work verifies
SAR reduction, gain enhancement, and stable radi-
ation behavior through simulation and measurement,
complete garment-level validation is beyond its scope.
Future work will include repeated bending cycles, dif-
ferent bending radii, and multi-position body measure-
ments. Therefore, the claim is limited to SAR-aware,
AMC-backed wearable-oriented operation.

V. SAR-AWARE MACHINE
LEARNING-BASED OPTIMIZATION
FRAMEWORK

A. Motivation and problem formulation

Wearable and body-centric antennas require com-
pact, efficient, and SAR-compliant operation. Con-
ventional optimization mainly targets gain, impedance
bandwidth, and radiation efficiency, but neglecting SAR
in close-body use may violate international safety limits.
Therefore, this work integrates SAR directly into an
ML-assisted optimization loop for the AMC-backed
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triple-band fractal antenna operating at 1.82, 2.42, and
5.00 GHz.

The framework combines CST full-wave simula-
tion, supervised learning, and evolutionary optimization.
A dataset of 600 antenna geometries was generated by
varying four design variables: feed length Ly, which
controls input impedance, CPW-fed current distribution,
and local electric-field concentration; AMC-to-antenna
air gap g,, which defines the vertical separation between
the radiator and AMC surface and affects coupling, in-
phase reflection, forward gain, and SAR; fractal scale
factor n, which tunes effective current-path length and
resonance positions; and AMC inter-cell gap g., which
controls coupling between adjacent AMC cells in the
5 x 5 array, reflection-phase stability, field confinement,
and surface-wave suppression.

The same variables are used for dataset generation,
DNN surrogate training, NSGA-II optimization, and
SHAP analysis. Here, g. denotes the AMC inter-cell
gap, not the AMC unit-cell periodicity; the optimized
value of 0.5 mm represents the spacing between adjacent
AMC cells. Similarly, g, denotes the vertical AMC-to-
antenna air gap.

For each geometry, realized gain, radiation effi-
ciency, resonance-frequency deviation, SAR;g, and
SAR|o, were extracted at each operating band. Fig-
ure 12 summarizes the complete pipeline: CST-based
dataset generation, DNN surrogate modeling, NSGA-
II-based multi-objective gain—SAR optimization, and
SHAP-based interpretation of parameter influence.

Objective Metrics
Maximize Gain
(1.8, 2.4, 5 GHz)
Minimize SAR

CST Microwave Dataset Creation

Studio

Deep Neural
600 Antenna Samples Network

* o2
< N (B 111111

Interpretability SHAP

1.8 GHz Gain

2.4 GHz Gain 5 GHz Gain ’

Fractal Scale Metamaterial Spacing

SAR-aware optimization framework

.

Fig. 12. SAR-aware optimization framework integrating
CST-driven dataset generation, DNN-based surrogate
modeling, SHAP interpretability, and NSGA-II opti-
mization for gain—SAR trade-offs across 1.82, 2.42, and
5.00 GHz.

B. Definition of optimization variables and sampling
strategy

The four geometrical variables used for dataset gen-
eration, DNN training, and NSGA-II optimization are
defined in Table 2: feed length Ly, AMC-to-antenna air
gap g,, fractal scale factor 17, and AMC inter-cell gap g..
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Table 2: Optimization variables for DNN-NSGA-II
training

Var. Sym.
Feed length Ly

Physical Role
Controls CPW current path,
impedance matching, and
feed-region electric-field
concentration

Range Opt.
8.5-10.5mm | 9.6 mm

AMC air 8a Radiator—~AMC spacing; 2.5-4.5 mm 3 mm
gap controls in-phase reflection,
coupling, forward gain, and
SAR
Fractal scale n Controls effective radiator 1.6-2.4 2.0
length and tunes 1.82, 2.42,
and 5.00 GHz resonances
AMC cell gc Gap between adjacent 0.3-0.7mm | 0.5 mm

gap AMC cells in the 5 x 5
array; controls coupling
and reflection-phase
stability

All variables were sampled using Latin hypercube sampling. Here,
8. is the AMC inter-cell gap, not the AMC unit-cell periodicity.

These variables govern impedance matching, resonance
tuning, near-field coupling, backward-radiation suppres-
sion, realized gain, and SAR distribution. Here, g,
denotes the spacing between adjacent AMC cells in
the 5 x 5 array, not the AMC unit-cell periodicity. The
vertical separation between the radiator and AMC is
denoted as g,.

A total of 600 full-wave CST samples were gener-
ated within the bounds in Table 2 using Latin hypercube
sampling. The ranges include the nominal geometry
and fabrication-tolerant variations. For each sample,
resonant frequency, realized gain, radiation efficiency,
resonance-frequency deviation, SAR;,, and SARjq,
were extracted at 1.82, 2.42, and 5.00 GHz for surrogate
modeling and multi-objective optimization.

C. Dataset generation

Each CST sample was arranged as an input—output
pair. The input vector is

X= [Lfv gaa nv gC]T7 (2)

where the variables follow the definitions in Table 2.
For each operating band, the target outputs were real-
ized gain, resonance-frequency deviation, SAR,, and
SAR|(g; hence, each sample had a twelve-component
output vector across 1.82, 2.42, and 5.00 GHz. Radi-
ation efficiency was also retained for performance
evaluation.

The dataset was balanced across the selected design
space to reduce bias and overfitting. SAR extraction used
the same phantom model, antenna-to-phantom distance,
input-power normalization, tissue properties, and mesh
settings for all samples. This ensured consistent SAR
labels for DNN training and NSGA-II optimization.
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1. Deep neural network (DNN) architecture

A fully connected multi-task DNN was used as
a surrogate model to predict gain, resonance stability,
and SAR from antenna geometry at 1.82, 2.42, and
5.00 GHz. A single model was trained for all three
bands, as shown in Fig. 13. The normalized input vector
is defined as

— T
X = [Lfv 8a; 777 gC] ) (3)
Hidden Hidden Output
layer 2 layer 2 layer

Q—' Realized gain

Resonance
frequency deviation

Y
KT

‘ Specific
\ - absorption rate

Hidden
layer layer 2 layer 3

Input Hidden

Fig. 13. DNN architecture with four geometrical input
variables and twelve linear output nodes for predicting
realized gain, resonance-frequency deviation, SARj,,
and SARq, at 1.82, 2.42, and 5.00 GHz.

where Ly, g4, 1, and g, denote feed length, AMC-to-
antenna air gap, fractal scale factor, and AMC inter-cell
gap, respectively.

To avoid a long single-column equation, the output
vector is defined frequency-wise as

Y =[¥18.¥242:¥500)" 4
where
vr =[Gy, Afy, SARE, SAR™]". (5)

Here, Gy, Af, SAR'S. and SAR}Og represent realized
gain, resonance-frequency deviation, 1 g SAR, and
10 g SAR at frequency f, respectively, where f €
{1.82,2.42,5.00} GHz. The resonance-frequency devi-
ation is calculated as

Afy=fr=fil; ©)

where f, is obtained from the simulated reflection coef-
ficient and f; is the target frequency.

The DNN consists of four input neurons, three fully
connected hidden layers with 128, 64, and 32 ReLU
neurons, and twelve linear output neurons. Training
used the Adam optimizer with an initial learning rate
of 1 x 1073, batch size of 32, maximum 500 epochs,
early stopping with 30-epoch patience, and an 80:20
training—validation split. All variables were normalized



during training and converted back to physical units after
prediction.

A weighted multi-task MAE loss was used to pri-
oritize SAR prediction. For compact notation, the error
terms at each frequency f are defined as

ec(f) = MAE(Gy, Gy),
ear(f) = MAE(AffaAff)
e1g(f) = MAE(SARf * SARY),
e10g(f) = MAE(SARf * SARY). (7)

The total weighted loss is then written as

1
zotal =3

3 Y. [weec(f)+warear(f)

feF (3
+wigeig(f)+ WlOgeIOg(f)] )

where .% = {1.82,2.42,5.00} GHz. The loss weights
are

WG:1, WAf:l,

©))

ng = 3, W1()g =3.

The higher SAR weights emphasize biological safety
while preserving gain and resonance-deviation accuracy.
Model accuracy was evaluated using RMSE and R:

_ 1 A 5.)2
RMSE = N;( —$1)2, (10

YN i —9)?
STEE (b

The trained DNN achieved R? > 0.92 for frequency-
dependent gain and SAR prediction. During optimiza-
tion, SAR;, and SAR|o, were predicted at each band,
and the worst-case SAR across the three bands was used
for safety-constrained design selection.

2. NSGA-II multi-Objective genetic algorithm

The trained DNN was coupled with NSGA-II to
search for antenna geometries that balance gain, reso-
nance stability, and SAR at 1.82, 2.42, and 5.00 GHz.
The design variables were Ly, g4, 1, and g., with
the same bounds used during CST dataset generation.
For each candidate geometry, the DNN predicted real-
ized gain, resonance-frequency deviation, SARg, and
SAR g at all bands.

The optimization maximized realized gain and
minimized resonance-frequency deviation, SAR;g, and
SAR|pe. The worst-case SAR across the three bands
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was used for constraint handling. Table 3 lists the
NSGA-II settings, including binary tournament selec-
tion, simulated binary crossover, polynomial mutation,
and penalty-based feasibility ranking.

Table 3: NSGA-II settings for SAR-aware optimization

Parameter Value/Method
Design variables 4

Population size 100

Generations 50

Parent selection Binary tournament

Crossover Simulated binary crossover;
probability = 0.90; distribution
index = 20

Mutation Polynomial mutation;
probability = 0.25; distribution
index = 20

Constraint Penalty-based feasibility ranking

handling

Stopping criterion Maximum generations or
negligible Pareto-front spread

improvement

Candidate solutions exceeding SAR |, =0.09 W /kg
or SAR o, = 0.083 W/kg were penalized. Designs with
large resonance deviation were also ranked lower to
avoid low-SAR but mismatched solutions. The Pareto
plots in 18, and 19 are two-dimensional projections
of the higher-dimensional solution space. Final selec-
tion used the full multi-frequency DNN output, includ-
ing gain, resonance deviation, SARj,, and SARq, at
1.82, 2.42, and 5.00 GHz. The selected feasible non-
dominated design achieved realized gains of 4.12, 4.25,
and 4.38 dBi at 1.82, 2.42, and 5.00 GHz, respectively,
while maintaining SAR, = 0.082 W /kg and SAR|pe =
0.075 W /kg.

D. SHAP and interpretability analysis

SHAP were used to interpret the DNN predictions
and relate the learned trends to antenna physics. This
step is important because the proposed framework tar-
gets high realized gain while maintaining SAR below
the imposed limits of SAR g < 0.09 W/kg and SAR o, <
0.083 W/kg.

Figure 14 shows the SHAP feature importance
for SAR|, and SARjq,. Feed length Ly and AMC-to-
antenna air gap g, have the strongest influence on SAR,
followed by AMC inter-cell gap g., while the fractal
scale factor n has the lowest SAR contribution. This
trend is physically consistent. The feed length modifies
the CPW-fed current distribution and local electric-
field hotspots, whereas g, controls near-field coupling,
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Fig. 14. SHAP feature importance for SAR;, and
SAR|qg highlighting the dominant influence of feed
length Ly and AMC-to-antenna air gap g,.

backward-radiation suppression, and body-facing field
penetration. The inter-cell gap g, affects AMC coupling
and reflection-phase stability, while n mainly governs
resonance tuning and gain. Thus, SHAP confirms that
the gain—SAR optimization is physically meaningful and
not only data-driven.

E. Optimization results and analysis

1. Model performance comparison

The proposed SAR-aware framework was evaluated
by comparing a standalone DNN predictor with the
hybrid NSGA-II + DNN approach. The comparison con-
sidered realized gain at 1.82, 2.42, and 5 GHz, SAR,,
SAR (g, and total radiation efficiency, as summarized in
Table 4.

Table 4: Comparison of ML optimization strategies

Model Gain' SAR1g | SAR;og/Eff.
(dBi) (W/kg) (Wikg/%)

DNN-only 4.05/4.18/4.28 | 0.088 0.081/88.2
NSGA-II+DNN | 4.12/4.25/4.38 | 0.082 0.075/87.6

TGain values are reported at 1.82/2.42/5.00 GHz.

The DNN-only model gives competitive gain values
of 4.05 / 4.18 / 4.28 dBi, but its SAR values remain
higher at 0.088 W/kg for SAR;, and 0.081 W/kg for
SARpe. The NSGA-II + DNN approach improves the
gain—SAR balance, achieving 4.12 / 4.25 / 438 dBi at
1.82/2.42 /5 GHz while reducing SAR |, to 0.082 W/kg
and SARjo, to 0.075W/kg. Both methods maintain
efficiency above 87%, indicating that SAR reduction is
not obtained through excessive radiation loss.

Figure 15 further shows that the NSGA-II + DNN
solutions cluster in a lower-SAR region while retain-
ing higher gain. This confirms the benefit of including
SAR as an explicit optimization objective for wearable
antenna design.
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Fig. 15. Comparison of DNN-only and NSGA-II-
augmented optimization results showing gain—-SAR{,
clustering behaviour.

2. NSGA-II convergence behavior

The convergence of NSGA-II was evaluated over
50 generations to verify stable gain—SAR optimization.
Figure 16 shows the SAR|, and gain evolution. During
early generations, SAR fluctuates due to broad design-
space exploration. After nearly 30 generations, the
search converges to SAR;, near 0.082 W/kg, while gain
approaches the optimized upper range of approximately
4.38 dBi. This confirms that NSGA-II can reduce SAR
while maintaining high realized gain under the imposed
safety constraints.

g —— SARjq
® > —— Gain
S2

0 10 20 30 40 50
Generation
Fig. 16. NSGA-II convergence behavior showing the
evolution of SAR, and gain over 50 generations.

Figure 17 shows a similar trend for SARqg. The
convergence is more gradual because 10g averaging
smooths local field variations. The final population
approaches SAR;, values close to 0.075 W/kg while

N J——————
3
E SARscg
g 2 — Gain
1
N S
0 10 20 30 40 50
Generation

Fig. 17. NSGA-II convergence trend for SAR;o, and
gain across 50 generations.



retaining a stable high-gain response. Thus, the conver-
gence results confirm that the optimized designs satisfy
both electromagnetic and biological safety requirements
at 1.82, 2.42, and 5 GHz.

3. Pareto fronts and trade-Off plots

Pareto fronts were analyzed to evaluate the trade-
off between realized gain and SAR across 1.82, 2.42,
and 5GHz. Figure 18 shows the SAR;,—gain Pareto
front. Across the three bands, higher-gain solutions show
a moderate SAR increase; however, SARj; remains
confined to approximately 0.076-0.086 W/kg, while
realized gain reaches 4.38 dBi. This indicates that the
SAR-aware constraints limit tissue exposure without
preventing high-gain operation.

4.401
] o
— 4351 o
[as] o
2 4.304 W ot ®
L]
£ o Seo .’. % o
© 4.25 %o
(O] o £ °
8 4.201
N ee ° N °
® 4.15- e
@ , ° e 1.81GHz
4.101 © 2.42GHz
® 5.05GHz

08672 0.076 0,078 0.080 0.082 0.082 0.086 0.088
SAR1g (W/Kg)
Fig. 18. Pareto front for SAR|; versus realized gain
across 1.82, 2.42, and 5 GHz.

Figure 19 presents the corresponding SARg—gain
Pareto front. Due to volumetric averaging, SARjq,
remains lower, within approximately 0.069-0.079 W/kg.
A slight SAR o, increase occurs at higher gain levels,
but all values remain below the conservative safety
threshold. These Pareto fronts support selection of
antenna geometries that balance gain enhancement and
SAR compliance for wearable operation.

1.8 GHz

4.22
4.20
9 418
5 4.16
S 414
® 4.12

5™

0 &
: .80 2%
L
93y (/)72.0 s i 6%_7%.730‘3\5
)10 o0 €

2.4 GHz

MUTHUKUMARAVEL, SANTHANAM: A DEEP LEARNING AND NSGA-II BASED MULTI-OBJECTIVE OPTIMIZATION FRAMEWORK

4.40

435 ° e o

@ °

S 4304 ° o° ®

c °° P

= 0300 o % o

© 4,25 e%o

(O] o o0 °

8 4.20

= o0 ° ° L4

© 4151 ° %

o % e e 1.81GHz
4.10 © 2.42GHz

e 5.05GHz

4.05 T T T T T
0.068 0.070 0.072 0.074 0.076 0.078 0.680 0.082
SAR10, (W/kg)

Fig. 19. Pareto front for SAR;o, versus realized gain
across 1.82, 2.42, and 5 GHz.

4. Surface and contour analysis

Surface plots from the trained DNN surrogate were
used to examine the effect of coupled design variables
on gain and SAR at 1.82, 2.42, and 5.00 GHz. Here, g,
denotes the vertical AMC-to-antenna air gap, while g,
denotes the AMC inter-cell gap.

Figure 20 shows gain surfaces as functions of fractal
scale factor 1 and g,. At 5.00 GHz, gain is strongly
affected by 1, indicating the role of current-path shaping
at the upper band. At 1.82 and 2.42 GHz, gain depends
on both 1 and g,, showing the combined effect of fractal
tuning, field confinement, and AMC in-phase reflection.
In all cases, gain remains below 4.38 dBi, consistent with
the NSGA-II results.

Figure 21 maps SAR;, and SAR¢, as functions of
feed length Ly and g,. Shorter feed lengths and smaller
air gaps increase SAR due to stronger near-field cou-
pling and localized current concentration. Moderate Ly
values with optimized g, form low-SAR regions, where
SAR|, remains below approximately 0.086 W/kg and
SAR|pg remains below 0.079 W/kg without reducing
gain. These maps provide direct design guidance for
selecting safe high-gain geometries.

5.0 GHz

Fig. 20. Gain surface plots as functions of fractal scale factor n and AMC-to-antenna air gap g, at (a) 1.82 GHz,

(b) 2.42 GHz, and (c) 5.00 GHz.
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Fig. 21. Surface plots of SAR;, and SARq, as functions of feed length Ly and AMC-to-antenna air gap g,.

F. Optimized design parameters

The final NSGA-II + DNN design was selected to
balance gain, resonance stability, and SAR compliance.
It achieves a maximum realized gain of approximately
4.38dBi, with SAR;, = 0.082W/kg and SARo, =
0.075 W/kg. These values are below IEEE C95.1 and
ICNIRP exposure limits. The optimized geometry is
listed in Table 5, with parameter roles supported by
SHAP analysis and DNN surface responses.

Table 5: Optimized SAR-constrained geometry

Parameter Opt.
Fractal scale n 2.0

Design Role
Sets current path and
triple-band resonance;
dominant gain tuning at
5.00 GHz
Controls CPW current,
matching, and feed-region
SAR hotspots
Gap between 5 x 5 AMC
cells; affects coupling, phase
stability, surface-wave
suppression, and isolation
Radiator—AMC spacing;
controls in-phase reflection,
gain—SAR trade-off, and
radiation efficiency

Feed length Ly 9.6 mm

AMC cell gap g | 0.5mm

AMC air gap g, 3mm

The selected values were obtained through the
closed-loop CST-DNN-NSGA-II process, not through
isolated tuning. The final antenna supports SAR-
compliant operation at 1.82, 2.42, and 5 GHz for LTE,
ISM, and sub-6 GHz 5G bands. Table 6 summarizes
the main components of the SAR-aware optimization
framework.

Table 6: Summary of the SAR-aware ML framework

Component Compact description

Objective Maximize gain at 1.82, 2.42, and
5.00 GHz; minimize Af, SAR;,, and
SAR|og

Variables Ly, 8as M, &c; ga: radiator-AMC gap;
gc = 0.5mm: AMC inter-cell gap, not
periodicity

Dataset 600 CST full-wave samples generated

from the four-variable design space
Four inputs; hidden layers of 128/64/32
neurons; twelve outputs; ReLU hidden
activation; linear output; SAR-weighted
MAE loss

DNN surrogate

Outputs Gain, Af, SARg, and SAR |, at 1.82,

2.42, and 5.00 GHz

Optimizer NSGA-II: population 100, 50 generations,
binary tournament, SBX crossover,
polynomial mutation, SAR-penalty ranking

Interpretability | SHAP-based parameter ranking and

physical interpretation

Validation Pareto fronts, convergence plots, surface

maps, and final CST verification

Gain up to 4.38 dBi; SAR =~ 0.082 W/kg;
SAR|gg =~ 0.075 W/kg

Best result

Overall, the framework embeds SAR constraints
into ML-based antenna optimization and supports phys-
ically interpretable design selection using SHAP and
surface mapping. It maintains high gain while satisfying
SAR limits across 1.82, 2.42, and 5 GHz.

VI. SAR ANALYSIS AND RESULTS

The SAR performance of the proposed antenna was
evaluated to verify the SAR-aware ML optimization



framework discussed in the previous section. Unlike
conventional AMC-backed designs that reduce SAR
mainly through shielding, this work includes SAR as a
constrained objective in the DNN-NSGA-II optimiza-
tion loop. Thus, the reported SAR values result from
simultaneous gain maximization and localized absorp-
tion minimization. Table 7 compares the standalone
antenna and the optimized AMC-backed configuration.

Table 7: Standalone and optimized AMC-backed
antenna performance

Metric Standalone | AMC opt.
Gain @ 1.82GHz 2.60 dBi 4.12dBi
Gain @ 2.42GHz 2.72 dBi 4.25 dBi
Gain @ 5.00 GHz 2.90dBi 4.38 dBi

Efficiency 72-78% > 87%
Back radiation High Suppressed
SAR|, 0.71W/kg | 0.082 W/kg
SARog 0.21W/kg | 0.075W/kg

A. SAR simulation setup and evaluation protocol

SAR was evaluated in CST Microwave Studio
using the same finite-integration full-wave setup for
both standalone and optimized AMC-backed antennas.
The antenna was placed parallel to a planar multilayer
human-body phantom consisting of skin, fat, and mus-
cle. The phantom size was 120 x 120 x 60 mm?, with
2 mm skin, 5 mm fat, and the remaining depth modeled
as muscle. The lower antenna surface was kept 5 mm
above the top skin layer for both configurations. For the
AMC-backed case, the AMC layer was placed between
the radiator and phantom, with the optimized AMC-to-
antenna air gap g, = 3 mm.

SAR values were normalized to 1 W accepted input
power. Both SAR, and SAR o, were extracted at 1.82,
2.42, and 5.00 GHz using identical tissue properties,
mesh settings, input normalization, and averaging meth-
ods. SAR;, was compared with IEEE C95.1, while
SAR|p; was compared with ICNIRP guidelines. The
simulation conditions and tissue dielectric properties are
summarized in Tables 8 and 9, respectively. These same
settings were also used for the CST dataset applied in
DNN training and NSGA-II optimization.

B. SAR distribution analysis (1 g and 10 g)

Figure 22 shows the simulated SAR distributions
of the standalone and optimized AMC-backed antennas
at 1.82, 2.42, and 5.00 GHz for 1 g and 10 g averaging
models. Under 1 W accepted input power normalization,
the standalone antenna exhibits localized SAR hotspots
near the feed and fractal-radiator edges due to strong
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Table 8: SAR simulation setup

Parameter Setting
Tool CST Microwave Studio
full-wave solver
Phantom Planar skin—fat-muscle
model
Size 120 x 120 x 60 mm?>
Layer thickness Skin: 2 mm; fat: 5 mm;

muscle: remaining depth

5 mm from lower antenna
surface to skin

Antenna—phantom gap

AMC air gap 8, = 3 mm for optimized

AMC-backed case

1 W accepted input power at
antenna port

1 g and 10 g tissue models
IEEE C95.1 for SAR;
ICNIRP for SAR g,

Power norm.

SAR averaging
Safety limits

Frequencies 1.82,2.42, and 5.00 GHz
Mesh Adaptive refinement near
feed, AMC gaps, edges, and
tissue interface
Convergence Stable S-parameter and SAR

response

Table 9: Dielectric properties of tissue phantom
f Tissue &, o (S/m)
1.82 GHz Skin 38.5 1.18
Fat 53 0.10
Muscle | 54.0 1.35
2.42 GHz Skin 37.3 1.48
Fat 5.2 0.11
Muscle | 52.7 1.73
5.00 GHz Skin 35.0 3.70
Fat 5.0 0.24
Muscle | 49.6 4.05

Tissue density p: skin = 1109 kg/m?, fat =
911 kg/m?, muscle = 1090 kg/m?3.

near-field coupling and direct backward field penetration
into tissue. The peak SAR values reach 0.71 W/kg for
SAR, and 0.21 W/kg for SAR ¢y, as listed in Table 7.
With AMC backing, the SAR distribution is reduced
and more confined. The AMC suppresses backward
radiation and redirects energy toward the forward hemi-
sphere through in-phase reflection, thereby limiting tis-
sue penetration. The optimized design reduces SAR ¢ to
0.082 W/kg and SAR (g to 0.075 W/kg across the oper-
ating bands. These values remain below IEEE C95.1 and
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(d)

(e) (f)

Fig. 22. Simulated SAR distributions for the stan-
dalone and optimized AMC-backed antenna configura-
tions under 1 W accepted input power normalization:
(a)-(c) SARj, at 1.82, 2.42, and 5.00 GHz; (d)—(f)
SAR |, at the corresponding frequencies.

ICNIRP limits, confirming the safety of the optimized
wearable configuration.

C. Gain-SAR trade-Off validation

The gain—SAR trade-off is validated using Table 7
and Fig. 23. The optimized AMC-backed antenna
achieves realized gains of 4.12, 4.25, and 4.38 dBi at
1.82, 2.42, and 5.00 GHz, respectively, exceeding the
standalone antenna response. This gain improvement is
obtained while reducing SAR by nearly one order of

5.0

@ Standalone (1g)
a5 ...‘\\ Optimized AMC 10g M Standalone (10g)
B e @ Optimized AMC (1g)
{gj A0iL B Optimized AMC (10g)
& 35) W@ Standalone 1g
T ~m
[ .
N o
T 30 @ Standalone 10g
&
20}
| , . . . )
0.01 0.05 041 0.2 0.2 05 1

SAR (W/kg)

Fig. 23. Gain—SAR trade-off comparison between the
standalone and optimized AMC-backed antenna config-
urations for 1 g and 10 g tissue models.
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magnitude for both 1 g and 10 g averaging models. Thus,
the ML-assisted optimization identifies geometries that
improve forward radiation while satisfying SAR con-
straints.

D. Discussion of the optimized design

The SAR and radiation results confirm the bene-
fit of combining AMC backing with SAR-aware ML
optimization. The AMC reduces surface-wave propaga-
tion and backward radiation, while the optimized feed
length and AMC-to-antenna air gap regulate near-field
current distribution and field confinement. These effects
reduce localized SAR hotspots without degrading radia-
tion performance. The optimized AMC-backed antenna
maintains radiation efficiency above 87%, showing that
SAR reduction is achieved through field redistribu-
tion rather than added dissipative loss. Compared with
the standalone antenna, the optimized design provides
higher gain, improved efficiency, suppressed back radi-
ation, and SAR values below international exposure
limits. The present work focuses on SAR-aware AMC-
backed antenna optimization using DNN surrogate mod-
eling, NSGA-II optimization, and SHAP interpreta-
tion. Detailed bending-cycle tests, multi-position on-
body measurements, and long-term motion stability are
reserved for future work. Therefore, the wearable claim
is limited to SAR-aware, wearable-oriented operation
rather than complete garment-level validation.

VII. PERFORMANCE COMPARISON

Table 10 compares the proposed antenna with
reported AMC-based SAR-reduction designs. Most
prior works achieve SAR below 0.4 W/kg but are mainly
single- or dual-band and do not include ML-based
optimization. In contrast, the proposed design combines
a triple-band response at 1.82, 2.42, and 5 GHz with
DNN-NSGA-II-based SAR optimization. It achieves
SAR values of 0.082 W/kg for 1 g tissue and 0.075 W/kg
for 10 g tissue while maintaining a peak realized gain of
4.38 dBi. These results confirm that the ML-optimized
MTM-AMC structure improves the gain—SAR trade-off
and satisfies IEEE C95.1 and ICNIRP safety limits.

Table 10: Performance comparison of AMC-based wearable antennas with SAR mitigation

Ref. Overall Size Freq. (GHz) SAR | SAR;, (W/kg) | SAR104 (W/kg) | ML Gain (dBi) AMC Type

[2] 76.5 x 76.5 mm? 245,58 Yes NR 0.1175/0.1697 No 3.34/7.48 3 x 3 dual-band annular AMC

[4] 0.5520 x 0.554 x 0.0169 2.45 Yes 0.759 0.389 No 5.23/>4.11 2 x 2 square-loop AMC

[6] NR 245 Yes NR NR No | 1.65 with 75% increase 3 x 3 textile AMC

[7] 66 x 40 x 4 mm? 245,58 Yes 0.035/0.014 0.018/0.032 No 8.5/9.2 3 x 2 dual-hexagonal textile AMC

[8] 36 x 36 x 3.8 mm’ 5.8 Yes 0.0117 0.00244 No 7.5-1.9 6 x 6 fractal AMC

[17] NR 6.5,8.15 Yes 0.223/0.324 NR No 9.7 maximum 2 x 2 wideband AMC reflector

[29] 40.5 x 40.5 x 6 mm? 5.8 Yes 4.8 NR No 7.47 5 x 5 square-patch/square-ring AMC

[30] 0.7229 % 0.7229 x 0.152¢ 245,54 Yes 0.58/1.04 NR No 7.2/4.0 4 x 4 dual-band circular-slotted AMC
Proposed 60 x 50 mm? 1.82,2.42,5.00 | Yes 0.082 0.075 Yes 4.38 maximum ML-optimized MTM-AMC




VIII. CONCLUSION

This work presented a SAR-aware DNN-NSGA-II
framework for optimizing an AMC-backed triple-band
Sierpinski carpet wearable antenna at 1.82, 2.42, and
5.00 GHz. A 600-sample CST dataset was used to model
the relation between geometry, gain, and SAR. The
DNN enabled fast prediction, NSGA-II selected Pareto-
optimal gain—SAR designs, and SHAP identified feed
length and AMC gap as dominant SAR factors, while
fractal scaling mainly affected high-frequency gain. The
optimized antenna achieved 4.38 dBi peak gain and SAR
values of 0.082 W/kg (1 g) and 0.075 W/kg (10 g),
satisfying IEEE C95.1 and ICNIRP limits. Future work
will study bending, body placement, and deformation
stability.
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Abstract — This paper presents a deep learning-
assisted hybrid Boundary Element Method (BEM)-
recompressed Multilevel Nested Cross Approximation
(rMLNCA) algorithm for efficient and accurate crosstalk
prediction. This hybrid approach aims to combine the
physics-based precision of BEM with the compres-
sion efficiency of rMLNCA and the nonlinear learning
capability of deep neural networks (DNN) for high-
fidelity modeling with reduced computational require-
ments. Under this proposed method, three parameters
are predicted for crosstalk: Near-End Crosstalk (NEXT),
Far-End Crosstalk (FEXT), and Common-Mode Cur-
rent (CMC) measurement. The impedance and coupling
parameters are computed using BEM, while rMLNCA
decomposes and recompresses the far-field matrices
into low-rank admissible blocks, reducing both mem-
ory and time significantly. It improves predictive accu-
racy further by learning nonlinear relationships among
geometric, material, and frequency-dependent features
using an optimized deep neural network architecture.
The suggested model has high predictive consistency
with the 5-fold cross-validation R? of 0.9736 & 0.0053.
Final evaluation results showed that there is strong accu-
racy, as depicted by R> and MAPE values for NEXT,
FEXT, and CMC of 0.9707/15.10%, 0.9602/11.11%,
and 0.9750/8.19%, respectively, validating generaliza-
tion performance.

Index Terms — Boundary element method, deep
neural network, far-end crosstalk, near-end crosstalk,
power cable, recompressed multilevel nested cross
approximation.

I. INTRODUCTION
Crosstalk parameter estimation plays a critical role
in electromagnetic compatibility. If the interference of
neighbor cables degrades signal quality, it also generates
difficult-to-remove Far-End Crosstalk (FEXT) in high-
speed data transmission [1, 2]. In particular, cables like
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LIFY and AWG23 have been designed to be resistant
against electromagnetic interference for control and data
systems [3]. However, compared to the extensive studies
done on external interference, internal crosstalk within
twisted pairs remains limited [4].

Impedance matrices dealing with crosstalk and cur-
rent distribution are mostly derived by analytical meth-
ods which are then numerically accelerated by sophis-
ticated numerical techniques like integral equation-fast
Fourier transform [5] and adaptive integral method [6].
The methods mentioned improve calculation efficiency,
however, they remain limited in terms of nonlinear
memory computations. Advanced numerical techniques,
including finite difference method [7], and method
of moments (MoM) [8], have significantly improved
the accuracy of crosstalk analysis compared to earlier
methods. Conductor partitioning-based approaches [9],
volumetric finite element method [10], and Boundary
Element Method (BEM) [11] have very high com-
putational burdens, whereas MoM remains the most
efficient among the methods dealing with a complex
geometry. The adaptive cross approximation (ACA)
technique efficiently reduces the computational cost of
singular value decomposition through low-rank com-
pression, thus proving ideal for large-scale electro-
magnetic and multiconductor transmission line (MTL)
analyses [12].

Low-rank approximations of far-field impedance
matrix interactions are effectively compressed with con-
trolled error tolerance. Methods such as ACA [13]
and Hybrid Cross Approximation [14] enhance stability
but are without hierarchical organization, limiting the
reduction in complexity. Exploiting the nesting prop-
erty of Lagrange polynomials allows the construction
of hierarchical H2-matrices [15] that further improve
computational efficiency. Further advances in fast algo-
rithms by kernel-independence and nesting have resulted
in direct H>-matrix formulations with reduced conver-
sion complexity from O(NlogN) [16]. Notably, two
kernel-independent methods (nested equivalent source

https://doi.org/10.13052/2026. ACES.J.410705
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approximation and nested skeletonization) achieve this
by using multilevel equivalent sources and proxy surface
sampling, respectively [17].

Nested cross approximation (NCA) is an algebraic
method that constructs hierarchical low-rank bases with
near-linear memory and computational cost using only
a few matrix samples [18]. However, the existing alge-
braic fill strategies rely on globally nested bases; as the
problem size increases, the far-field blocks grow fast
and, hence, the strategy becomes inefficient. On this
account, a deep learning-assisted approach is developed
by recursively performing the recompression on the
local admissible blocks so that this approach scales
better for electrically large problems.

The present study describes a deep learning-assisted
hybrid method that incorporates a DNN with BEM
and Multilevel Nested Cross Approximation (rMLNCA)
for efficient and accurate crosstalk prediction in power
cables. DNN enhances the rMLNCA process in compu-
tational efficiency, stability, and scalability for crosstalk
analysis. With its pattern recognition capability, it
refines the numerical compression kernel to achieve
high-fidelity modeling of complex coupling behavior.
This approach yields a hybrid DNN-BEM-rMLNCA
with near-linear computational complexity, significantly
reducing the computational burden compared with tra-
ditional approaches. The model makes effective predic-
tions of Near-End Crosstalk (NEXT), Far-End Crosstalk
(FEXT), and Common-Mode Current (CMC). Valida-
tion was performed against the conventional nested
cross approximation and the transmission line matrix
method.

The paper is organized thus: Theoretical back-
ground and simulation setup for single- and multiwire
crosstalk are presented in section II, while section III
describes the hybrid DNN-assisted model. Section IV
presents the results and analysis, and section V con-
cludes the study.

II. PROPOSED MODEL DESCRIPTION

A. Numerical model

A.1. Single-to-single cable

This research is based on single-to-single-line
parameter estimation for crosstalk analysis of an
AWG23 single-core cable. One wire is used as
an aggressor and the other as a victim. Both NEXT
and FEXT crosstalk on the victim line are calculated
and confirmed. Table 1 provides the cable parameters
while Fig. 1 represents the cross-sectional model and the
circuit schematic where P;-P are NEXT ports and P3-Py
are FEXT ports.
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Fig. 1. Single-line crosstalk simulation model.

Table 1: Single wire parameter (AWG)

Parameter Value
Relative distance between cables d 5 mm
Height above the ground h 50 mm
Single core conductor radius r; 0.286 mm
Insulation thickness of single core 0.19 mm (PE)
wire t;

Termination resistance 50 Q
Line length 1 I m

A.2. Single cable to twisted pair

The analysis in this part is focused on the parametric
study of the twisted LIFY cable. The cables are multi-
strand, multicore composite and, for crosstalk analysis,
a singlecore wire is considered as the aggressor and the
twisted pair as the victim. The parameters to be varied
are presented in Table 2, and the cable model is depicted
in Fig. 2. Ports P;-P; illustrate NEXT on lines 1-3, and
P,-Pg refer to FEXT on the same lines.

Fig. 2. Simulation of twisted pair crosstalk.

Table 2: Twisted wire constraints (LIFY)

Parameter Value
Relative distance between cables d 5 mm
Height over the ground h 50 mm
Single core conductor radius r; 0.286 mm
Insulation thickness of single core 0.19 mm (PE)
wire t;

Twisted pair radius rp 0.50 mm
Insulation thickness of twisted pair t; 1.0 mm (PE)
Termination resistance 50 Q
Line length 1 1m




B. Deep learning model

This paper proposes a hybrid algorithm aided by
deep learning to predict power cable crosstalk with
high accuracy. The hybrid model (Fig. 3) integrates a
100-layer deep neural network with the BEM-rMLNCA
numerical method. It utilizes the shape and material
properties to predict NEXT and FEXT. The model,
which was trained on 1000 samples and stabilized with
batch normalization and dropout, achieved a speed-up
of the calculation time by 97.2%, a reduction of the
operational complexity by 87.5%, and the total time for
the analysis of only 2.8 s, about 35 times faster than
conventional methods.

: || Input Data
: | | Preparation

Fig. 3. DNN proposed method.

Output

BEM
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rMLNCA
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III. DNN ASSISTED BEM-RMLNCA
ALGORITHM FOR POWER CABLE
CROSSTALK

A. Implementation of DNN-BEM-rMLNCA
algorithm for power cable crosstalk

BEM discretizes only boundaries, not the full
domain. To handle dense matrices in complex problems,
we introduce a hybrid rMLNCA for cable crosstalk
that has a low-rank approach using minimal entries to
approximate full information. A low-rank matrix S is
represented by

Se(uvhyrxa, (1)

The basis function is discretized by MoM for cable
crosstalk interference parameters. The main purpose of
the basis function is to discretize the number of segments
(wires) in the MTL accordingly. The total number of
wires is the sum of N("), where r = 1,2...Mand N =
number of wires. The basis function for cable crosstalk
based on rMLNCA is:

argr(r)7 2

[S]P7 = [S]P9 = [u]Prv] . 3)

The test functions are chosen within a weighted
residual-Galerkin function to meet boundary require-
ments and linear independence, and use the same basis
functions to approximate the solution to ensure numer-
ical stability and weighted residual minimization con-
vergence. The testing function w; for the M-conductor

MUEED, TANG, MA: DEEP LEARNING ENHANCED HYBRID BEM-rMLNCA METHOD

cable crosstalk is:

<Wj7E>:Z<Wi7fe(Jr7gr)>; J:1327"'aM- (4)

The testing function based on the rMLNCA
becomes:

[Er] = [Spq] [Ir] = [Upr] [qu][lr]- &)

Near-end crosstalk: Crosstalk occurs at the near end of
the aggressor line closest to the driver. NEXT in terms
of voltage is given by:

MND
ENear = Z Z UIE;)SS})(VV((;))T '[agg(t - TNear)- (6)

i=1r=1

Far-end crosstalk: FEXT occurs at the end of the victim
line opposite to the aggressor driver. The rMLNCA
based approximation is:

M N )
Err=Y. Y USSP (VAN luge(t — Trar). (D)

i=1r=1

The common mode measurement induced on a
victim cable due to an aggressor’s CM current is:

M N

Iow=Y. Y U Y (V) Lagelt = cnr). (®)

i=lr=1

In equation (9), the convergence criterion epsilon
€ is evaluated using the L, norm (Euclidean norm) of
the residual vector. The convergence € for the proposed
solution is:

IS—S|| <e. 9)

Adaptive tree depth is determined by crosstalk
convergence, with recursive subdivision terminating at
Level 8 when successive changes fall below a predefined
threshold. The resulting octa-level tree achieves a com-
pression ratio of 1:775 and a basis function reduction
factor of 0.612012. Tables 3 and 4 show the details.

Table 3: Average reduction order of matrix assembly

Matrix Assembly | Average Order
122575 1.386382
155996 1.371161
169755 1.355393
183034 1.334839
196787 1.319798
225281 1.297659
242185 1.289720
257994 1.282211
273871 1.275396
286440 1.269410
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Table 4: Computation of basis function for power cable

Tetrahedra Basis Memory | Solution | Adaptive
Function Time Passes
Order
286440 0 299 MB 3 min 17
355596 Ist 480 MB 9 min 13
293764 2nd 619 MB 10 min 12
122575 Mixed | 0.765 KB 10s 9

In the DNN method, the adjoined conditions limit
the constraints of the far-field coupling matrix. The
convergence is monitored for 50 epochs. Mean Absolute
Error (MAE) decreases from ~0.95 to less than 0.2 at
around epoch 20 and remains at about 0.05 after 40
epochs, thus, the network can be considered effectively
trained. The simultaneously training and validation error
curves also suggest that the model generalizes well
(Fig. 4).

Algorithm Convergence: MAE vs Epochs

1.0 —— iraining mar
Validation MAE

o 10 20 30 40 50
Epochs

Fig. 4. MAE convergence of proposed algorithm.

Frobenius relative error between reference Ag and
predicted A along with the element-wise error [A — Ag|
of a rank- 816 x 16 far-field matrix is depicted in Fig. 5.
The network accurately learns the lowrank features.
On average, a ~10% mean relative Frobenius error is
achieved for 1000 test samples. The basic algorithmic
flowchart is demonstrated in Fig. 6.

Abs error

Fig. 5. Relative Frobenius error of proposed algorithm.

IV. RESULTS AND DISCUSSION
A. Power cable crosstalk analysis
In this section, a deep neural network prediction for
power cable crosstalk analysis based on BEM-rMLNCA
is presented. A HFSS-IE solver is used for the numer-
ical solution of the proposed model layout of cables
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to build cable simulation models independently. The
hybrid solver is used to compute the S-parameters from
the computations of a low-rank matrix or rank deficient
matrix. Simulated data is extracted, and then trained
using dense DNN to predict the crosstalk in the power
cable. Data normalization takes place.

Initialize number of
Wires [=1
v
Initialize 1% Wire
error matrix

v

Compute Low- |
rank Matrix

Calculate Basis
Function E (1)

Repeat
Process

Estimate weight
function

»
>

v
Deep Computing

Compute
ICM(Eq. 8)

Compute
NEXT(Eq. 6)

Compute
FEXT(Eq. 7)

Solution No
Converge

Yes

Fig. 6. Flowchart of DNN hybrid BEM-rMLNCA
algorithm.

A.1. Near end crosstalk

Figure 7 presents the measured and predicted NEXT
across 0.1-1 GHz. NEXT decreases with frequency,
from approximately 0.7-0.9 dB at 0.1 GHz to 0.3-0.4 dB
around 0.5 GHz, and down to about 0.05-0.2 dB at
1 GHz. The predicted values, shown as red crosses,
trajectory well with the measured data, depicted as blue
dots, except for minor deviations in the low-frequency
region where NEXT is relatively high and more vari-
able. The model accurately captures the frequency-
dependent coupling behavior. The frequency-averaged
relative error amounts to 0.032%, and the computational
efficiency is 98%. Hence, the plot shows strong agree-
ment between the predicted and actual NEXT, further
confirming the reliability of the model over the operating
band.
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Fig. 7. Near-end crosstalk estimation.

A.2. Far end crosstalk

Figure 8 illustrates the variation of FEXT with
frequency for a multiconductor power cable transmis-
sion system. Analysis covers frequencies from 0.1 to
1 GHz, where FEXT values range between 0.1 dB and
0.85 dB across 97 test cases. The results reveal an
inverse relationship (FEXT decreases to around 0.25 dB
as frequency rises), reflecting reduced electromagnetic
coupling at higher frequencies. The comparison between
predicted (red crosses) and measured (blue dots) val-
ues shows close alignment, with an average relative
error 0.09%. Additionally, the matrix compression tech-
nique enhances computational efficiency by nearly 95%.
This predicted computational efficiency gain demon-
strates reduced runtime and increased solver throughput.
Overall, the strong alignment between simulated and
predicted results highlights the model’s reliability and
accuracy in estimating crosstalk within complex cable
systems, achieving an effective balance between preci-
sion and computational speed.
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Fig. 8. Far-end crosstalk estimation.

A.3. Common mode current measurement

Figure 9 presents a comparison of the Common
Mode Current test dataset values between 0 and 1 GHz
that were both measured and predicted. Measured data
(blue circles) and model predictions (red crosses) show
the same rising trend with CMC increasing from about
0.05 A at 0.05 GHz to around 1 A at 1 GHz. The close
matching indicates that the model performance is strong
which is reflected by R? = 0.9750, root mean square
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error (RMSE) = 8.29%, and mean absolute percentage
error (MAPE) = 8.19%. The RMSE is normalized
by the mean absolute value of the reference crosstalk
over the frequency band. These findings confirm the
model’s capability to grasp the nonlinear, frequency-
dependent coupling behavior of the power cable. The
minor differences at higher frequencies may be due
to measurement uncertainty or boundary simplifications
in the hybrid solver. The compressed matrix achieves
97% reduction with only ~3% precision loss, thus the
relative error is very small (0.05%) and the steady
state behavior is stable. The steady-state behavior in
this broadband frequency-domain analysis refers to the
crosstalk and CMC'’s stabilized sinusoidal response at
each frequency following the decay of all transient
effects. Consequently, the measurements and predictions
are in close agreement. Figure 10 shows the comparison
of crosstalk based on DNN.

CMC vs Frequency (Test Data)
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Fig. 9. Common mode current measurement for power
cable.
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Fig. 10. Crosstalk comparison of the proposed algo-
rithm.

B. Computing parameters

For the performance evaluation of the proposed
algorithm, memory usage, CPU time, error, and accu-
racy were compared. Table 5 summarizes the memory
and runtime performance, while Fig. 11 shows the error
and accuracy plots. The combined analysis confirms
strong predictive capability for key electromagnetic
parameters. For NEXT, the model obtained R? = 0.98,
while the errors are low: RMSE = 2.1%, MAPE = 3.5%.
In the case of FEXT, it maintained reliable performance
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Table 5: Computational parameters of proposed algorithm

Matrix Hybrid Method Traditional Method [20] Transmission Line Matrix [19]
Assembly | Memory (KB) | CPU Time | Memory (MB) | CPU Time | Memory (MB) CPU Time
122575 1.36 2 135 11 135 14
155996 1.28 3 225 13 232 19
169755 0.990 3 296 22 299 27
183034 1.110 4 334 24 367 32
196787 1.1 4 488 26 498 38
225281 0.550 4 499 31 556 42
242185 1.29 5 545 39 667 46
257994 0.747 5 676 50 812 59
273871 0.875 6 787 54 987 67
286440 0.679 7 989 65 1089 80

with R? = 0.94, RMSE = 3.8%, MAPE = 5.2%, con-
firming that accuracy is consistent for both outputs.

Algorithm Performance: Error vs Accuracy

LN B Accuracy (R*) 15
R -®- RMSE (%)
-m- MAPE (%) F14

1.04

0.8 4

Rz (Accuracy)

Fig. 11. Error vs Accuracy analysis of proposed algo-
rithm.

V. CONCLUSION

In this paper, deep learning assisted hybrid BEM-
rMLNCA is presented for complex electromagnetic cou-
pling analysis to predict power cable crosstalk charac-
teristics. The hybrid algorithm is a good approxima-
tion approach for far-field matrices entries. Numerical
evaluations demonstrated excellent predictive perfor-
mance achieving cross-validation R? values above 0.97
while maintaining low MAPE across the measurement
parameters of NEXT, FEXT, and CMC current. Results
identified that the hybrid algorithm’s computational effi-
ciency is about 97% and matrix compression order is
1:125, significantly reducing memory and processing
requirements. These results thus confirm the capability
of the model in capturing the complex coupling effects
and frequency dependent behaviors in MTL. The DNN
hybrid approach offers highly reliable, scalable, and
efficient solutions for complex electromagnetic cou-
pling analysis. The limitation of the proposed approach
depend on data accuracy and error propagation from

BEM-rMLNCA approximations and scalability issues
for large multiconductor systems.
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Abstract — This paper presents a multiple graphics pro-
cessing units (GPUs) accelerated direct solver for the
method of moments (MoM). First, we integrate the char-
acteristic basis function method-Sherman-Morrison-
Woodbury formula-based algorithm (CBFM-SMWA)
and the integral equation discontinuous Galerkin (IEDG)
method. The IEDG can enforce current continuity across
nonconformal meshes by employing hybrid RWG/half-
RWG basis functions. Second, we develop a SMWA-
centric multi-GPU parallelization strategy that fully
exploits the intrinsic parallelism in compression and
solution of hierarchical matrices, while CBFM serves to
reduce the number of unknowns. The proposed multi-
GPU IEDG-CBFM-SMWA achieves substantial compu-
tational acceleration over its CPU implementation while
overcoming the memory limitations of conventional
GPU-accelerated MoM. Numerical examples demon-
strate that the proposed method offers excellent scal-
ability across multiple GPUs, significant performance
advantages and reliable accuracy for solving electrically
large scattering problems.

Index Terms — Direct solver, method of moments
(MoM), multiple graphics processing unit (multi-GPU).

I. INTRODUCTION

The method of moments (MoM) [1, 2] has been
recognized as a powerful numerical method for solv-
ing electromagnetic problems due to its high compu-
tational accuracy, and various acceleration techniques
have been developed to overcome its inherent high
computational complexity, including the adaptive cross
approximation (ACA) [3, 4] based method and the
fast multipole algorithm (FMA) [5, 6] based method,
which have significantly extended MoM’s applicability
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for solving electrically large problems. Concurrently,
with the rapid evolution of hardware, graphics pro-
cessing units (GPUs) have become an important com-
ponent in high-performance computing (HPC). GPUs
offer exceptional parallel processing capabilities at a
relatively low cost, making them ideal for accelerating
computationally intensive algorithms. Therefore, there
exists a promising research direction in developing
GPU-accelerated high-performance numerical methods
that leverage modern parallel architectures to achieve
high efficiency for solving electromagnetic problems.
Filling and solving the impedance matrix repre-
sent the most computationally intensive stages in the
MoM, typically consuming the majority of execution
time. However, the inherent independence of matrix
elements provides opportunities for parallel accelera-
tion. The pioneering GPU implementations of MoM
were demonstrated in [7-9], and subsequent research in
[10, 11] investigated GPU’s architectural characteristics
to optimize program efficiency on GPUs. Despite these
advances, the conventional MoM continues to present
significant challenges due to the enormous memory
requirements for storing the full impedance matrix,
which often exceed the capacity of GPU devices. While
out-of-core techniques proposed in [7, 12] addressed
memory constraints by dividing the matrix into blocks
and processing them sequentially, these approaches
introduce data transfer overhead and require complex
load balancing strategies. Consequently, the integration
of fast methods and GPU acceleration represent a more
practical solution approach. References [13-16] intro-
duced GPU implementations of the FMA and multi-
level FMA (MLFMA), achieving superior performance
over CPU versions. Considering that iterative solvers
employed in these methods may encounter convergence
difficulties when facing ill-conditioned matrices, direct
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solvers not only circumvent convergence issues but
also offer advantages for multi-excitation problems,
such as monostatic radar cross-section (RCS) analysis.
This has motivated GPU-accelerated implementations
of direct solution methods, including the characteris-
tic basis function method (CBFM) [17-20]. Neverthe-
less, for electrically large problems, the reduced matrix
generated by the CBFM still consumes considerable
resources which may exceed device memory capacity
limitations.

This paper presents a high-performance direct
solver leveraging the CBFM-Sherman-Morrison-
Woodbury formula-based algorithm (CBFM-SMWA)
[21], integral equation discontinuous Galerkin (IEDG)
method [22, 23] and multi-GPU acceleration. The
proposed method not only efficiently compresses and
solves the conventional MoM matrix equation, but also
can ensure current continuity at nonconformal meshes
by employing a hybrid basis function scheme combining
of Rao-Wilton-Glisson (RWG) and half-RWG basis
functions. Furthermore, the multi-GPU acceleration can
enhance the computational efficiency while maintaining
high numerical accuracy.

II. THEORETICAL BACKGROUND

Conventional MoM typically requires conformal
meshes, whereas the IEDG [22] relaxes this constraint
by allowing nonconformal meshes between different
structures. A half-RWG basis function is defined on a
single triangle, as shown in Fig. 1, and current continuity
is enforced through interior penalty terms rather than
through mesh continuity. Specifically, RWG basis func-
tions are retained within each conformal mesh region,
while half-RWG basis functions are introduced at the
boundaries of different structures where mesh are non-
conformal. This hybrid RWG/half-RWG strategy pre-
serves the modeling flexibility of independent meshing
while maintaining the solution accuracy.

Fig. 1. Schematic diagram of RWG and half-RWG basis
functions.

Half-RWG

As a fast algorithm that can effectively reduce the
number of unknowns, the CBFM [23, 24] partitions the
target into several blocks and constructs characteristic
basis functions (CBFs) for each block. This process
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transforms the original MoM matrix equation into a
reduced version:

ZCBFYCBF _ yCBF (1)

where ZBF represents the reduced impedance matrix,
VEBF is the reduced excitation coefficients vector, and
I€BF denotes the reduced current coefficient vector. The
reduced impedance matrix between the i-th block and
the j-th block can be expressed as:

zPr =312y, ©)

where J; and J; are the CBFs on the i-th and j-
th block, respectively. ZEWC is the mutual impedance
matrix of RWG/half-RWG between the i-th block and
the j-th block. Since the number of CBFs is substantially
smaller than the number of RWG basis functions, both
the number of unknowns and the matrix dimension are
substantially reduced.

The Sherman-Morrison-Woodbury formula-based
algorithm (SMWA) provides an effective hierarchical
decomposition strategy for further matrix compres-
sion and computational complexity reduction [21, 25].
Firstly, the SMWA employs a multilevel balanced
binary tree to decompose the target. The reduced self-
impedance matrix of leaf nodes can be directly solved
and, for non-leaf nodes, its reduced matrix equation is
partitioned as:

7, Zp
7, Zy

I
I,

Vi
\p)

) 3)

where Z1; and Zj; is the self-impedance matrix of
the two child nodes, Z;, and Z,; denote the reduced
mutual impedance matrices between child nodes, V
and I are the excitation and current vectors of the
nodes. The mutual impedance matrices Zjp and Zo
can be efficiently decomposed by ACA [3, 21] as
follows:

{le ~U;pVi2 @

Zr ~UyVay

Multiplying both sides of (3) by the inverse
matrix of

Zi; 0
; 4)
0 Znp
we have
1 Z'UnVi| L] [Zy'V ©
2, Uy Vo 1 L| |ZyVs]

where 1 is identity matrix and 0 is zero matrix. The
inverse matrix Zfll and Z;zl can be obtained by direct
inversion or recursively via the SMWA algorithm [21].

658



The solution of (6) can be efficiently obtained by
using the SMW formula [21]:

(1+UV) ' =1-U(1+VU)'V. (7)

Therefore, the computational complexity is remark-
ably reduced. More detailed solution steps can be found
in [21].

As demonstrated throughout this section, a signifi-
cant advantage of the SMWA is its independence from
the underlying basis functions. This flexibility not only
facilitates the incorporation of hybrid RWG/half-RWG
basis functions for handling nonconformal meshes, but
also enables the generation of CBFs at the leaf nodes of
the SMWA'’s binary tree structure to reduce the size of
the hierarchical matrix.

III. MULTI-GPU ACCELERATED
IEDG-CBFM-SMWA IMPLEMENTATION

The GPU implementation of the IEDG-CBFM-
SMWA leverages the parallelism inherent in GPU
architectures to accelerate the generation of CBFs,
decomposition and solution of hierarchical matrix. The
compute unified device architecture (CUDA) devel-
oped by NVIDIA provides a mature GPU programming
framework with highly optimized linear algebra libraries
such as cuSOLVER and cuBLAS, making it the founda-
tional platform for the GPU implementation discussed
in this paper.

A. GPU-accelerated MoM functions

Before introducing the proposed multi-GPU accel-
erated method, we must first implement the GPU-
MoM functions upon which its computation depends.
As described in section I, the matrix filling process is
inherently parallelizable as each element of impedance
matrix or voltage vector can be computed independently.
Following pre-processing on the host, the mesh data
and basis function information are transferred to the
device. After allocating sufficient memory space on
the device, the host will launch GPU kernel functions
that spawn thousands of concurrent threads, where each
thread assigned to fill a single matrix element.

Although CUDA has minimized the complexity
of GPU programming, effective GPU implementation
requires more than a straightforward port of CPU code.
It requires careful management of thousands of parallel
threads and optimization strategies tailored to the GPU’s
architectural characteristics. For instance, thread blocks
must be configured to align with 32 threads per warp
to maximize hardware resource utilization, as shown
in Fig. 2, and memory hierarchy optimizations such as
texture memory or constant memory are used to accel-
erate frequent data operations. Consequently, achieving
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Host Device Matrix
| | Kernel || | | Grid
Function
Block Block 82 82 52
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Fig. 2. Task allocation within a CUDA kernel func-
tion. A kernel function starts a grid containing multi-
ple blocks, and each block contains multiple threads.
Each thread is responsible for filling one element in
the matrix. Elements are grouped into a warp of 32,
with each thread warp performing the filling process
concurrently for optimal efficiency.

high-performance on the GPU entails considerable effort
in kernel design and resource management.

Furthermore, once the impedance matrix and volt-
age vector have been completely assembled in GPU
memory, the resulting dense linear system is solved
directly using the highly optimized routines provided by
the NVIDIA cuSOLVER library. This approach avoids
the need for a hand-crafted GPU-based solver and
ensures a robust, high-performance solution of the MoM
system with minimal development overhead, allowing
our efforts to remain focused on the multi-GPU accel-
eration strategies.

B. Multi-GPU IEDG-CBFM-SMWA

Having established the foundation of GPU-MoM,
we now present the proposed SMWA-centric multi-GPU
parallelization strategy, which restructures the solution
phase to exploit hierarchical matrix parallelism across
multiple devices. The steps follow.

B.1. Host-centric hierarchical matrix construction

The SMWA initiates with a recursive binary par-
titioning of basis functions. The CPU is responsible
for constructing and managing the binary tree topology,
while the computationally intensive task of filling the
impedance matrix for each node is fully offloaded to
the GPUs. To avoid write conflicts and to accommo-
date the hybrid RWG/half-RWG filling formulation, the
matrix elements are computed using an edge-to-edge
interaction scheme. Since the matrix filling processes for
different nodes are mutually independent, they can be
distributed across multiple GPUs for parallel execution.
However, because the number of basis functions varies
significantly across different levels of the tree, dynamic



workload distribution is required to prevent idle comput-
ing resources.

Hierarchical Binary Tree

CUDA Cores
Memory

Device

‘ Memory ¥ ‘

Host

Fig. 3. SMWA'’s hierarchical binary tree is stored in
the host memory. Matrices are only passed to the GPU
memory when computation is needed, and retrieved after
computation is complete.

The hierarchical matrix operations in the SMWA
dictate a deliberate design choice regarding mem-
ory management. Unlike conventional GPU-accelerated
MoM solvers that aim to retain the entire system matrix
in device memory, our approach maintains the binary
tree and all impedance submatrices in host memory,
as illustrated in Fig. 3. This decision is motivated by
the requirements of the SMWA. Specifically, during
tree traversal, frequent manipulation of block subma-
trices within impedance matrices of parent nodes is
required. Such operations are inefficient when imple-
mented directly in device memory. Conversely, host
memory offers the flexible random-access capabilities
required for such manipulations, while also serving as a
datasharing space accessible to all GPUs in a multi-GPU
configuration.

Throughout the entire multi-GPU IEDG-CBFM-
SMWA solution process, rather than just in this step,
each GPU acts as a specialized computational acceler-
ator. Relevant data will be transferred to GPU memory
only when the host requires computationally intensive
tasks, such as matrices multiplication or linear equations
solution. Once the computation is complete, the results
are returned to host memory, and the GPU memory
is released to make room for subsequent tasks. This
host-centric memory model, with GPUs dynamically
invoked as co-processors, is specifically tailored to the
hierarchical traversal pattern of the SMWA.

B.2. CBF generation and hierarchical matrix
compression

When the hierarchical impedance matrix has been
filled, the excitation-independent CBFs are generated
at leaf nodes. In the present IEDG-CBFM-SMWA, a
leaf node may contain both RWG and half-RWG basis
functions. CBF generation therefore involves hybrid
basis functions [23]. Since operations on individual leaf-
nodes are strictly independent, they constitute an ideal
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workload for parallel dispatch. The host will allocate
several threads corresponding to the number of leaf
nodes in the binary tree, with each thread assigned to
a GPU. Filling the impedance matrix and excitation
vector leverage the same CUDA kernel functions as
above, whereas matrix operations utilize routines from
the cuBLAS and cuSOLVER libraries. Given that the
number of leaf nodes typically exceeds the number of
available GPU devices, multiple threads will be assigned
to same GPU device. These threads exploit concurrent
execution through dedicated CUDA streams, enabling
overlapping data transfer operations and computation to
minimize idle time and maximize hardware utilization,
as shown in Fig. 4.

Stream O [T T 7]
Device| Stream 1 1 1 ]
Stream 2 1 | 1]

1] Data transmission [] Computing

Fig. 4. Computation strategy based on multiple CUDA
streams. This strategy overlaps device computation and
data transmission to effectively hide data transmission
time.

The generated CBF on the leaf nodes will be used
to compress the hierarchical impedance matrix. Specifi-
cally, the compression phase propagates upward through
the binary tree and, crucially, this process maintains
node level parallelism. When multiple leaf nodes project
their CBFs onto a shared parent node, their operations
act on strictly disjoint impedance sub-blocks. This spa-
tial separation inherently eliminates write-conflicts and
allows concurrent compression across different branches
of the tree without the need for any synchronization
overhead. This conflict-free design maximizes GPU
occupancy while completing the hierarchical reduction.
This SMWA-driven compression strategy is absent in
conventional GPU-CBFM implementations and consti-
tutes a key of our multi-GPU acceleration framework.

B.3. SMWA -centric multi-GPU solver

The SMWA matrix factorization proceeds as a level-
synchronous traversal of the hierarchical matrix, from
the leaf nodes toward the root. Crucially, all nodes at a
given level are mutually independent, with data depen-
dencies existing only between different levels. This
inherent level-wise independence provides the founda-
tion for our multi-GPU parallelization strategy, as shown
in Fig. 5. At the commencement of each level, the host
dynamically allocates several threads corresponding to
the number of nodes and each thread executes the
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Fig. 5. Schematic diagram of parallel SMWA solution.
In the hierarchical matrix, different levels are sequential,
but all nodes at the same level are independent of each
other.

complete SMWA computation sequence for its assigned
node.

Hierarchical partitioning ensures that nodes at the
same level possess a comparable number of basis
functions. Consequently, the computational workload is
intrinsically balanced. Moreover, to maximize hardware
utilization, the mapping strategy adapts to the ratio
of active nodes to available GPUs. When the num-
ber of GPU devices is insufficient relative to the
node count, multiple threads will be assigned to the
same GPU with task scheduling managed through dif-
ferent CUDA stream concurrency. Conversely, when
GPU resources exceed node requirements, a one-to-
one thread-to-device mapping is established to maxi-
mize parallel execution efficiency. The scenario where
GPU resources exceed computational demands occurs
exclusively near the root node, therefore, the resulting
resource waste is negligible. This adaptive resource
allocation strategy ensures optimal hardware utilization
across varying problem scales while maintaining com-
putational efficiency throughout the hierarchical solution
process.

IV. NUMERICAL EXAMPLES

All examples in this paper were executed on a Dell
Precision T7910 workstation. The platform comprises
dual Intel Xeon E5-2690 v2 CPUs and three NVIDIA
Quadro K6000 GPUs. The programs were compiled by
NVIDIA nvcc 11.4 compiler. The CPU implementations
utilize the Eigen for dense matrix operations, while the
GPU implementations leverage linear algebra functions
from the cuBLAS and cuSOLVER libraries.

To validate the accuracy of the proposed method,
we computed the RCS of two canonical targets and com-
pared the results with reference solutions obtained from
the commercial solver Feko, as shown in Fig. 6. The two
test cases are a cube with a side length of 1.0 m and a
cylinder with a radius of 0.5 m and a height of 1.0 m.
Both models are made of a perfect electric conductor
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(PEC) and discretized by non-conformal meshes and
conformal meshes with an average edge length of /10
at a frequency of 2 GHz. The non-conformal mesh of
the cube contains 56512 triangles, while the conformal
mesh contains 54312 triangles. Similarly, for the cylin-
der, the non-conformal mesh contains 50944 triangles,
while the conformal mesh contains 51058 triangles. The
proposed GPU-accelerated IEDG-CBFM-SMWA uses
non-conformal meshes and the Feko uses conformal
meshes. As can be seen from Fig. 6, the results of
the proposed method are in excellent agreement with
those of Feko, confirming the accuracy of the proposed
method.

To evaluate efficiency and memory usage, we
compared the computational resources required by
the single-GPU accelerated CBFM and the proposed
method. Similarly, the proposed method uses non-
conformal meshes and the GPU accelerated CBFM uses
conformal meshes. The measured computation times are
summarized in Tables 1 and 2. The “CBF Generation”
step records the time required to generate CBFs, which
operates on the partitioned blocks for CBFM, and on the
leaf nodes of the binary tree for IEDG-CBFM-SMWA.
The “Matrix Filling” step records the time to fill the
reduced matrix of CBFM. The “Matrix Decomposition
and Solution” step records the time for CBFM to solve
the reduced matrix directly using the ‘“cusolverDnC-
Cgesv” routine in cuSOLVER, and for IEDG-CBFM-
SMWA to decompose the hierarchical matrix via ACA
and solve it. Tables 1 and 2 indicate that, although the
matrix solving stage of GPU accelerated IEDG-CBFM-
SMWA is slower than GPU-CBFM, it is still within an
acceptable range.

For the cube model, the conventional MoM defines
85320 RWG / Half-RWG basis functions, and the
IEDG-CBFM-SMWA compresses these unknowns into
11523 CBFs. Storing the reduced impedance matrix
in single-precision complex format demands approxi-
mately 1 GB of GPU memory. In contrast, the hierar-
chical impedance matrix of the proposed IEDG-CBFM-
SMWA requires a peak GPU memory of only 282 MB
during the entire solution process. For the cylinder
model, the corresponding memory usages are 0.8 GB
versus 183 MB. These results demonstrate that the pro-
posed method effectively exchanges a slight increase in
solving hierarchical matrix time for a decisive reduction
in memory usage. By keeping the peak memory usage
well within the capacity of GPU memory, the method
enables the direct solution of electrically large problems
that would otherwise exceed the device memory lim-
its. This substantial memory advantage combined with
the parallel strategy constitutes the principal algorith-
mic benefit of the proposed method over GPU-CBFM
approaches.
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Fig. 6. Comparison of monostatic RCS results. The
black curve represents the results of Feko, the red dot set
represents the results of GPU-accelerated IEDG-CBFM-
SMWA.

Table 1: Comparison of cube calculation times

Method CBF Matrix Matrix Total
Generation | Filling | Decomposition
and Solution
GPU-CBFM 45.8's 1340 s 82s 1390 s
GPU-IEDG- 59.4s 1520's 16.5s 1600 s
CBFM-SMWA

Table 2: Comparison of cylinder calculation times

Method CBF Matrix Matrix Total
Generation | Filling | Decomposition
and Solution
GPU-CBFM 56s 1080 s 23s 1140s
GPU-IEDG- 499s 11925 154s 1250 s
CBFM-SMWA

To further evaluate the proposed method on a com-
plex, multiscale geometry, we constructed a drone model
as shown in Fig. 7. The model measures 3.0 m in length,
8.3 m in wingspan, and was discretized into 38964
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triangular elements. Owing to the geometric complexity
of the wingtip assemblies, vertical stabilizer, and landing
gear mechanisms, partial mesh refinement was applied
in these regions, resulting in nonconformal mesh at the
junctions with the primary airframe structures.

VAN

Fig. 7. Schematic of a drone model. The main structure
is blue, and the detailed structure is orange. Because
different structures use different mesh sizes, the meshes
between the structures are nonconformal.

The monostatic RCS was computed at 750 MHz
frequency. For reference, we also used Feko to calculate
the results of the model being partitioned into a confor-
mal mesh and compared the results with those of the
proposed algorithm, as shown in Fig. 8. The results show
that both IEDG-CBFM-SMWA achieve good agreement
with Feko.

40 T T T T T
30 | Feko -
_ ol = = -CPU-IEDG-CBFM-SMWA
E - = -GPU-IEDG-CBFM-SMWA
=
Q
&
5
b
=30 -
,40 1 1 1 1 1
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Fig. 8. Comparison of monostatic RCS results. Black

curve represents the results of Feko, red dot set and blue

dot set represent the results of CPU-based and GPU-
based IEDG-CBFM-SMWA.

Table 3: Comparison of calculation times

Method CBF Matrix Matrix Total
Generation | Filling | Decomposition
and Solution
CPU-IEDG- 1020 s 1401 s 21s 2450 s
CBFM-SMWA
1 GPU-IEDG- 48.8s 662.9 s 11.6s 724 s
CBFM-SMWA
3 GPU-IEDG- 17.1s 212.7s 8.1s 238 s
CBFM-SMWA
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The computational efficiency of the IEDG-CBFM-
SMWA was evaluated. The CPU version was paral-
lelized via OpenMP with 20 CPU threads and the
GPU versions were executed by single-GPU and three-
GPU configurations. Table 3 shows a comparison of the
solution time under different hardware. It can be seen
that the multi-GPU accelerated IEDG-CBFM-SMWA
achieved substantial computational speedup over the
CPU version and demonstrated effective scaling from
one to three GPUs.

V. CONCLUSION

This paper presents a multi-GPU accelerated IEDG-
CBFM-SMWA. In our implementation, the integration
of hierarchical matrix compression, direct solution tech-
niques, and multi-GPU acceleration achieves substan-
tially efficient electromagnetic scattering calculation.
It requires less memory than the conventional GPU-
accelerated CBFM, thus enabling the solution of larger
electromagnetic scattering problems.
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Abstract — Power inspection drones face severe
electromagnetic interference issues in complex elec-
tromagnetic environments. Methods such as wavelet
transform, matched filtering, and traditional support
vector machines (SVM) have been applied in the
field of interference suppression, however, the transient
characteristics of interference are highly random and
bursty. Existing methods have significant deficiencies
in extracting key information in the time-frequency
domain, making it difficult to accurately characterize
interference features. This leads to large deviations in
the peak values of frequency-domain amplitude char-
acteristics and fails to achieve the desired suppression
performance. To effectively suppress electromagnetic
interference, an ant colony algorithm-optimized elec-
tromagnetic interference suppression method for power
inspection drones is proposed. Wavelet decomposition
transform is used to optimize the signal waveform
of power inspection drones, thereby improving signal
quality. By combining discrete Fourier transform pro-
cessing and matched filtering transform, transient time-
frequency domain features of interference are extracted
based on the optimized drone signal waveform. Using
the transient time-frequency domain features, a SVM
trained with a linear kernel function is employed to
detect high-density integrated electromagnetic interfer-
ence. A filter is adopted to suppress electromagnetic
interference by adjusting its coefficients, and the ant
colony algorithm is utilized to adaptively optimize these
coefficients, achieving high-density integrated electro-
magnetic interference suppression for power inspection
drones. Experimental results show that the optimized
signal waveform is smoother and more stable. The error
between the frequency-domain amplitude characteristic
peak of electromagnetic interference signals extracted
by this method and the actual interference peak is less
than 5 dB. After applying the proposed suppression
method, the electromagnetic interference intensity is
reduced to below 1 W/cm?, and the signal-to-noise ratio
(SNR) of the suppressed signal is relatively high.
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Index Terms — Ant colony optimization, high-density
integrated electromagnetic interference, interference
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I. INTRODUCTION

As the scale of power systems continues to
expand and their level of intelligence steadily improves,
unmanned aerial vehicle (UAV) power inspection tech-
nology, leveraging its advantages of high efficiency and
flexibility, has become an important means of ensur-
ing the safe operation of power grids. However, the
electromagnetic environment in areas with dense power
equipment is relatively complex, and there are high-
intensity and broad-spectrum electromagnetic interfer-
ence sources in typical scenarios such as substations
and high-voltage transmission corridors, which pose
a serious challenge to the reliability of UAV inspec-
tion systems. Traditional decentralized electromagnetic
compatibility designs often struggle to address mutual
interference among sensors, communication modules,
and flight control systems within highly integrated UAV
platforms, especially when multiple mission payloads
work collaboratively. The coupling effect of electromag-
netic interference [1] can lead to chain reactions such as
UAV signal distortion, positioning drift, and even control
system failure. Such interference not only affects the
accuracy of inspection data but may also cause safety
hazards such as UAV loss of control, directly threaten-
ing the stable operation of power facilities. Therefore,
interference suppression under high-density integration
conditions is of great significance for promoting the
development of intelligent inspection technology and
ensuring power grid safety.

In the process of continuously expanding the
application of drone technology, electromagnetic inter-
ference has become increasingly prominent and has
become a key factor affecting its performance and
reliability. Cheng et al. [2] used adaptive beamform-
ing to suppress high-density integrated electromagnetic
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interference in UAV remote communication, and opti-
mized beam direction through phase compensation to
deal with frequency hopping. Yang and Li [3] used
wavelet threshold denoising and magnetic disturbance
compensation models to realize the anti-electromagnetic
interference of substation patrol UAV, and responded
to strong interference by controlling the transmission
power. Li et al. [4] established the electromagnetic field
effect model of EHV transmission lines and defined the
minimum anti-interference distance to avoid the influ-
ence of field strength. Meng et al. [5] used microwave
ferrite birefringence effects and adaptive variable polar-
ization controls to make antenna radiation and inter-
ference wave form polarization orthogonal to realize
anti-interference.

The existing methods mostly focus on the single
link of interference suppression, lack the whole link
collaborative design from signal waveform optimization
— feature extraction — intelligent detection — adaptive
suppression, and do not use the intelligent optimization
algorithm to globally optimize the filter parameters,
resulting in obvious deficiencies in the suppression
effect and robustness in the complex multi-interference
superposition scene. Therefore, an ant colony algorithm
optimization method for electromagnetic interference
suppression of Power Patrol UAV is proposed.

II. HIGH-DENSITY INTEGRATED
ELECTROMAGNETIC INTERFERENCE
SUPPRESSION FOR POWER INSPECTION
UAVs

This section focuses on the problem of high-density
integrated electromagnetic interference of Power Patrol
UAVs in complex electromagnetic environments, and
carries out systematic research from four aspects (sig-
nal waveform optimization, interference time-frequency
domain feature extraction, interference detection, inter-
ference suppression) and proposes a complete set of
interference suppression method processes.

Based on wavelet decomposition as the signal
front-end de-noising foundation, using discrete Fourier
transform as the time-frequency domain bridge, using
matched filtering to capture transient weak anomaly
characteristics, using a support vector machine (SVM)
to complete interference classification detection, and
finally using an ant colony algorithm to adaptively opti-
mize the filter coefficient to realize interference suppres-
sion, these five methods constitute a complete technical
link from signal preprocessing — feature extraction
— intelligent detection — adaptive suppression, and
each link is collaborative and complementary, breaking
through the limitations of the traditional single method
in the complex electromagnetic environment.
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A. Optimization of signal waveform for unmanned
aerial vehicles in power inspection

The electromagnetic interference coupling effect
[6, 7] exists between the external environment of the
Power Patrol UAV and the airborne equipment, and
the signal quality directly affects the interference sup-
pression effect. Therefore, the wavelet decomposition
method is used to reconstruct and optimize the sig-
nal waveform before interference suppression, so as
to improve the signal quality and prevent the suppres-
sion process from reducing signal stability. The dual
optimization strategy of wavelet decomposition wavelet
transform adopted in this section is different from
the traditional single wavelet de-noising method. The
refined separation of signal and noise is achieved by
introducing binary wavelet transform, which provides a
high-quality signal base for subsequent time-frequency
feature extraction.

Based on the Nyquist sampling theorem, the sam-
pling rate should be at least twice the highest frequency
of the signal to avoid signal aliasing on the same fre-
quency. Assuming the continuous time of the power
inspection drone signal is x(¢), where ¢ represents the
time variable. In order to convert the continuous signal
of the power inspection drone into a discrete signal, it
is necessary to sample at a fixed sampling interval 7
on the time axis. The discrete signal of the sampled
power inspection drone and the discrete data sequence
of the power inspection drone signal collected by the
sensor are:

X = x(t)nTy, (1

where n represents the index of the sampling point,
which represents the position of the sampling point.

By combining wavelet transform operations, X is
transformed into a series of approximate coefficients and
detail coefficients. Assuming that j represents the level
of decomposition, the specific expression for wavelet
decomposition is:

X =(A1,B1)+(A2,B2) +---+ (A}, Bj), 2

where A ; represents the approximation coefficient of the
J-th layer, and B; represents the detail coefficient of the
Jj-th layer. Combined with threshold processing, wavelet
coefficients are denoised, and differentiation threshold
is set based on signal characteristics and noise level.
Low-frequency signals use lower threshold to retain the
main components [8—10], and high-frequency signals
use higher threshold to remove noise. The approxi-
mate coefficients and detail coefficients of each layer
are used to reconstruct layer by layer through inverse
wavelet transform from top to bottom. The approximate
coefficients of the highest layer are used as the initial
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signal, and the detail coefficients of the current layer
are fused step by step. After completing all levels of
transformation, the preliminary reconstructed signal is
obtained:

X' = pj-1X(A},B)), 3)
where p;_; represents the intermediate signal generated
during the inverse wavelet transform process, and X'
represents the discrete signal of the reconstructed power
inspection drone signal.

The interference signal is separated into different
frequency components by wavelet decomposition. The
high-frequency noise is denoised by threshold and the
key low-frequency components are retained. The origi-
nal waveform is reconstructed layer by layer by inverse
wavelet transform. On this basis, wavelet transform
is introduced to realize signal-to-noise separation. The
environmental interference and UAV signals are effec-
tively divided, and the echo signals are summarized to
form the observation sequence.

Using the idea of wavelet transform, the interfer-
ence observation sequence is transformed to obtain the
first wavelet transform result. Perform binary discretiza-
tion processing on scale parameters to generate binary
wavelet transform results:

1 [t X' -o
XJ:jLw $(X )y (H >dw

Foo —

=5 [ %1 (XJZJ w) do
where J represents the scale parameter of wavelet trans-
form, x represents the mother wave function, @ repre-
sents the duration of pulse continuity, H represents the
absorption coefficient of electromagnetic wave interfer-
ence, ) represents the mother wave function in Fourier
transform form, and ¥ represents the integral operation
function.

The original interference signal is converted into
two wavelet signals by binary wavelet transform, and
the transformation coefficients are obtained. The signal
points satisfying the noise characteristics in the decom-
posed signal are searched and set to 0. All kinds of
noise are projected into different wavelet spaces, and
the denoised signal waveform optimization results are
generated after traversing all wavelet signal points:

A(ay)(log| = (1p)'/2),
0 oyl <n’

“4)

loy| >n

X = (5)

where o represents the signal variance, A represents
the sign function, 1 represents the noise threshold, /
represents the logarithmic function, and p represents the
length of the electromagnetic wave interference signal
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sequence. Use the optimized waveform of the power
inspection drone signal as the subsequent electromag-
netic interference suppression result.

B. Extraction of interference transient time-
frequency domain features based on optimized UAV
signal waveform

To conduct in-depth research on the electromag-
netic interference of power inspection drone signals,
the transient frequency domain characteristics of the
optimized power inspection drone signals in the previous
section were extracted. Based on the time-frequency
domain analysis of the conventional discrete Fourier
transform, the matched filter transform is further intro-
duced to capture the transient weak abnormal interfer-
ence signal, which makes up for the deficiency of the
pure Fourier transform in the transient feature capture.
At the same time, the inverse gamma distribution aggre-
gation is used to determine the anomaly discrimination
threshold, and the refined extraction of time-frequency
domain features is realized. This feature extraction pro-
cess is directly linked to the waveform optimization
results in section A, ensuring that feature extraction is
based on high-quality signals.

The transient radiation field of the units in a row and
b column of the power inspection drone signal array can
be expressed as:

B sle Hlab f (@) X"

Cap = ; (6)

lab

where [,, represents the distance between the signal
array of the power inspection drone in a row and
b column and the field point, and u represents the
wave number of the electromagnetic wave of the power
inspection drone signal during the fluctuation process,
W =2m/A,A represents the electromagnetic wavelength,
¢ represents the azimuth angle, f(¢) represents the
directional diagram function of the signal array unit of
the power inspection drone, s represents the total number
of units in the signal array of the power inspection drone,
and [ represents the high-density integrated signal value
of the transient power inspection drone.

Through superposition calculation, the total tran-
sient radiation field strength of the signal array of the
electric power inspection UAV is obtained, which is
expressed as:

Co=slf(@) ¥, ¥ ca- (7)
a=1b=1

The transient total field strength data of the power
inspection UAV signal array obtained by discrete Fourier
transform processing is used to convert the initial



transient field strength data into frequency domain infor-
mation, and the time domain continuous curve represen-
tation is:

(gmC,) + v, sin(gnC,)
T

BC=vt Y |1 . ®)
g=1

where 0 is the bias, u, and v, are the Fourier coefficients
of the g-th electromagnetic interference process, and T’
represents the duration of the transient total field strength
data of the power inspection UAV signal.

The time-domain characteristics of transient total
field strength of power inspection UAV signal array
are transformed into transient frequency-domain char-
acteristics of power inspection UAV signal, which is
expressed as:

N—1

P(Cy) =Y B(Cy)e ™V, )

n=0

where N represents the frequency domain feature length
of the transient total field strength of the power inspec-
tion UAV signal array.

In the complex electromagnetic environment of
power inspection, the communication signal of UAVs
will experience attenuation. The time-frequency domain
features are conventional time-frequency domain fea-
tures, which are prone to missing transient weak inter-
ference abnormal signals. Therefore, matched filtering
transformation is used to capture the time-frequency
characteristics of transient abnormal signals.

Under electromagnetic interference [11], assuming
the Doppler frequency deviation of the actual received
UAV communication signal is f;, b(n) represents the
pseudo code of the abnormal signal, and the optimized
signal waveform is filtered again, expressed as:

M—1
Li=Y X"b(n)e ™aT+0), (10)
i=0

=

where M represents the length of the communication
signal processing filter, ¢ represents the initial phase
value of the communication signal, and i represents
the i-th matched filter. According to the autocorrelation
characteristics of pseudocode, the frequency difference
value of the n-th filter output under Doppler frequency
shift is the effective compensation frequency difference
value of matched filter transformation. Using the nor-
malized frequency response of the i-th matched filter,
the time-frequency domain feature extraction of inter-
ference transient is completed:

Z; = sin(7f4B(Cr)P(Cpn))
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N—1 i
X Z Lief(zjrfd")
i=0

=

N-1
x (ZL,-e(Z”f"”)é> /M7 (11)
i=0

where & represents the compensation coefficient. The
normalized frequency response of the i-th matched fil-
ter [12, 13] is obtained by multiplying the frequency
response of the fast Fourier transform with the frequency
response of the partially matched filter.

When matching filter is used to extract the transient
time-frequency domain characteristics, each frequency
point corresponds to a group of samples, the UAV signal
is crest, and abnormal interference leads to the change of
energy superposition characteristics. According to this,
the maximum operator is used to set the threshold to
extract the abnormal characteristics, and the discrimi-
nation threshold of abnormal interference acquisition is
determined according to the inverse gamma distribution
aggregation normalized frequency.

C. High-density integrated electromagnetic
interference detection based on transient
time-frequency domain features of interference

The high-density integrated electromagnetic inter-
ference sources of power inspection drones are diverse,
including natural electromagnetic phenomena, anthro-
pogenic electromagnetic radiation, and enemy electronic
countermeasures. These interference signals may exist
in the form of continuous waves or pulse waves, causing
varying degrees of interference to the communication
link of UAVs. Therefore, in order to effectively sup-
press high-density integrated electromagnetic interfer-
ence [14, 15], it is necessary to accurately detect high-
density integrated electromagnetic interference from
UAV communication signals based on the transient time-
frequency domain characteristics of interference.

A convolutional neural network support vector
machine (CNN-SVM) detection model with convolution
pooling structure is constructed. The multidimensional
transient time-frequency domain features extracted in
section B are used as input, and the local spatial cor-
relation of features is automatically extracted through
convolution layer. The pooling layer reduces the feature
dimension and enhances the noise resistance. Finally,
SVM completes the nonlinear classification decision.
Compared with the traditional SVM which directly
inputs the original features, the CNN-SVM structure sig-
nificantly improves the recognition accuracy of complex
electromagnetic interference patterns, and provides reli-
able interference localization and classification results
for the adaptive suppression in section D.

668



669

SVM is a widely used machine learning method for
classification problems. The basic principle is to find
the optimal linear classifier that maximizes the boundary
distance on the training dataset, thereby achieving max-
imum stability of the classifier. For nonlinear problems,
SVM maps the input space to a high-dimensional feature
space by introducing a kernel function, making the orig-
inally linearly inseparable problem linearly separable
[16, 17]. In the high-density integrated electromagnetic
interference detection of UAVs, SVM is used as a
classifier to distinguish between normal communica-
tion signals and high-density integrated electromagnetic
interference. Input the extracted interference transient
time-frequency domain feature parameters into the SVM
model, and use a labeled training dataset (including
feature parameter samples of normal communication
signals and electromagnetic interference) to train the
SVM model. This SVM model adds multiple convo-
lutional and pooling layers before the fully connected
layer to enhance the detection performance of electro-
magnetic interference signals [18, 19]. Considering the
attenuation of wireless communication network signals
due to diffusion loss and path loss during transmission,
a linear kernel function is selected to train the detection
capability of SVM:

M
Si=Y ouyi(Zi)+b, (12)

Il
—_

where ¢ and y; represent the Lagrange multiplier and
label of the i-th electromagnetic interference feature
sample in the SVM model, respectively, M represents
the number of training samples, and b represents the bias
term.

The SVM model is mapped to the signal type
label. Through the classifier algorithm, the probability
distribution corresponding to each signal type can be
calculated:

eWiSi+bi

p(Si | M) = (13)

Zﬁ"il gvViSi+hi ’

where W; and b; represent the weight and bias of the
classifier, respectively.

According to the principle of maximum posterior
probability, the SVM model is trained to find the learn-
ing ability of maximum probability:

p(Si [ M)p(M| 1)
Y p(Si [ M)p(M|2)

(14)

Pmax = argmax

where A represents the prior probability parameter of
the training sample. After the training is completed, the
decision function of high-density integrated electromag-
netic interference classification detection based on SVM
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model is [20]:
F = sign (ZciyiB(Zi,m +ﬁ> , (15)
i=1

where B(b;,b) is the sigmoid kernel function, which
is characterized by its ability to implicitly map input
data to a high-dimensional space and achieve nonlinear
separability of data in this high-dimensional space, c; is
the category label of normal drone signal characteristics,
B is the intercept term, b; is the feature vector cor-
responding to the electromagnetic interference training
sample i of the power inspection drone, b is the feature
vector corresponding to all test samples.

The classification of SVM model is used to com-
plete the detection of high-density integrated electro-
magnetic interference, and the detected interference sig-
nals are taken as the object of subsequent suppression.

D. Implementation of high-density integrated
electromagnetic interference suppression based on
ant colony algorithm

In response to the detected high-density integrated
electromagnetic interference signal, a filter is used to
filter out the electromagnetic interference from the drone
signal by adjusting the filtering coefficient, generating
a series of steady-state drone communication signals
to achieve automatic suppression of high-density inte-
grated electromagnetic interference. The innovation of
this section is that the ant colony algorithm is used
to globally optimize the adaptive correction feedback
coefficient of the filter, and the interference category
information of CNN-SVM detection output in section C
is used as the optimization constraint to construct the
closed-loop framework of detection guidance suppres-
sion. Compared with the fixed coefficient filter or the tra-
ditional gradient optimization method, the swarm intelli-
gence search mechanism of an ant colony algorithm can
effectively avoid falling into local optimization, realize
the global optimal configuration of filter parameters in
the complex multi-interference superposition scene, and
minimize signal loss. The ant colony algorithm is a meta
heuristic optimization algorithm based on swarm intelli-
gence, which can effectively explore different regions of
the solution space, find the global optimal solution, and
have good flexibility and fast convergence advantages
[21, 22]. Therefore, this paper uses the ant colony
algorithm to adaptively optimize the coefficients of the
filter and improve the suppression effect.

The electromagnetic interference component will
generate a leading phase in a specific section of the
high-density integrated signal of the power inspection
drone. The signal expression of the n superimposed
electromagnetic interference components in the d-th



phase interval of the high-density integrated signal of the
power inspection drone is:

F.(F)mn'\/G? x A2
Id = d )
where ¢ and A represent the sampling period and ampli-
tude of the electromagnetic interference observation
values, respectively, 1, represents the high-density inte-
grated signal quantity injected into the power inspection
UAV, F, represents the superposition scale function.

Thus, the high-density integrated signal of the
power inspection drone is divided into interference
containing signals and interference-free interval signals.
However, the high-density integrated signal of the power
inspection drone exhibits second-order oscillation char-
acteristics. This characteristic is manifested as a distinct
electromagnetic peak on the Bode plot, and the fre-
quency corresponding to the peak is the electromagnetic
interference frequency. When the communication signal
of UAVs contains signal components with frequencies
similar to electromagnetic interference, it will affect
the suppression effect and signal continuity, resulting in
high signal loss costs for interference suppression and
limiting its effectiveness in practical engineering appli-
cations. Therefore, this paper dynamically adjusts the
output of the filter by monitoring and providing feedback
on changes in electromagnetic interference in real time,
in order to reduce signal loss. By adaptively adjusting
the feedback coefficient to continuously increase the
damping ratio, the goal of electromagnetic interference
suppression can be achieved [23].

In order to enhance the suppression capability of
the filter when dealing with key electromagnetic interfer-
ence components, it is necessary to optimize its design
to ensure that its output response within the main elec-
tromagnetic interference frequency range is maximally
suppressed, and the electromagnetic interference com-
ponents in the suppressed signal meet the requirement
of being below the preset threshold, thereby improving
signal quality. The mathematical model for optimizing
the suppression target of the constructed filter is:

Jook We(La)dly
F (o, — ws)

(16)

minW = min , a7
where @, and ;s are the upper and lower frequency
limits of the main electromagnetic interference segment,
W, is the adaptive correction feedback coefficient.

The ant colony algorithm is employed for adaptive
optimization of filter correction feedback coefficients.
During the optimization process, the ants’ positions are
treated as parameters to be optimized. To ensure success-
ful optimization, ants must navigate through migration
by employing core strategies: optimal direction identi-
fication and preference-based movement. The optimal
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direction identification strategy is implemented through:
M(Wg) = ¢(Ps(t) — Bi(t — 1)), (18)
9 =Wira, (19)

where ¢ represents the dynamic adjustment coefficient
used to balance the search behavior of the ant colony.
A larger value may make the ant colony more inclined
towards global search, while a smaller value may pro-
mote local fine search. When P(¢) is ¢ iterations, the
optimal position searched by the ant colony population
is the best solution among all ant colony positions,
represents a random number with a value range of (0, 1),
which increases the randomness and diversity of the
search.
The convergent mobility strategy is defined by:

GS = ‘Fs +M\“7 (20)

where G, represents the adjusted ant colony position and
F; represents the radius of particle motion.

Each individual ant colony adopts a movement pat-
tern to move. The optimization process of filter parame-
ters based on an ant colony algorithm is as follows.

Step 1: randomly generate a certain number of ant
colony individuals, each of which represents a set of
filter parameters. At the same time, the interference
category information output from section C CNN-SVM
detection is encoded into the initial pheromone distri-
bution of ant colony search, so that the search direction
is biased towards the identified interference frequency
region.

Step 2: update the position of the ant colony according
to the optimal direction identification strategy and the
preferential movement strategy of the ant colony algo-
rithm. In each iteration, the pheromone volatilization
rate is dynamically adjusted by using the interference
category label output by the detection module. When
multiple types of composite interference are detected,
the pheromone volatilization rate is reduced to enhance
the global search ability. When a single interference is
detected, the pheromone volatilization rate is increased
to accelerate the local convergence.

Step 3: simulate the optimization behavior of ant colony
and conduct local search in the solution space to find
a better combination of filter parameters. At the same
time, the signal quality feedback mechanism after inter-
ference suppression is introduced, and the SNR after
interference suppression is used as the fitness evaluation
index to reverse modify the pheromone update rule.

Step 4: repeat steps 2 to 3 until the upper limit of the
number of iterations is reached or the SNR does not
increase significantly after 10 consecutive iterations.
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Step 5: after the iteration, output the ant colony position
with the best performance, that is, the optimal parame-
ters of the filter. At the same time, the final optimized
parameters and the detection category information are
stored in the parameter library for the rapid initialization
of interference suppression in the next inspection task.

The optimal parameters are input into (17) to complete
the filter optimization, and the original UAV signal
is input into the filter to complete the high-density
integrated electromagnetic interference suppression of
Power Patrol UAV. The whole suppression process forms
a closed-loop control process of detection — parameter
initialization — optimization — suppression — feed-
back.

III. EXPERIMENT AND ANALYSIS

In order to verify the effectiveness and superiority
of the proposed method in the suppression of high-
density integrated electromagnetic interference of Power
Patrol UAV, this section designs a comparative experi-
ment covering a variety of interference types and differ-
ent interference intensities, and systematically analyzes
the experimental results from the four dimensions of
waveform optimization, feature extraction, interference
detection, and interference suppression.

A. Experimental setup

In order to verify the performance of the high-
density integrated electromagnetic interference suppres-
sion method for power inspection UAVs based on an
ant colony algorithm studied in this paper, experimental
tests are designed. The experimental object is a power
inspection UAV system operated by Zhuhai Power Sup-
ply Bureau of Guangdong Power Grid Co. Ltd, equipped
with an EM-Sense 6050 high-density integrated electro-
magnetic sensor module (frequency response range of
10 Hz—6 GHz), used to collect electromagnetic interfer-
ence signals in the transmission line corridor. The exper-
imental scenario is a real electromagnetic interference
environment (as shown in Fig. 1). The UAV inspection
path within a 3-kilometer radius of the 500 kV high-
voltage substation in the area where the power company
is located includes typical interference sources such as
wire corona discharge, partial discharge of insulators,
and interference from adjacent communication base sta-
tions. Based on the real electromagnetic interference
environment, a simulation platform was constructed
using Keysight N9021B MXA signal analyzer and R&S
SMW200A vector signal generator to generate com-
posite electromagnetic interference signals that comply
with IEEE C63.30-2021 standards (including six types:
sweep frequency interference, noise frequency modula-
tion interference, narrowband aiming interference, comb
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multi tone interference, frequency band noise interfer-
ence, pulse noise interference). The raw electromagnetic
signal collected by the UAV inspection system has a
sampling rate of 1 GS/s and a resolution of 12 bits.
There are a total of 12 inspection tasks, each lasting
30 minutes, with a total data volume of about 2.4 TB.
Gaussian white noise (SNR = 5—20 dB) and modulation
interference (carrier frequency 1-500 MHz, bandwidth
10 kHz-5 MHz) are added to generate 1000 sets of
samples, each lasting for 10 ms. The data is divided into
training set, validation set, and testing set in a ratio of
70:15:15.

Fig. 1. Experimental environment.

Based on the experimental subjects and data scale,
the experimental hardware environment is set up as
shown in Table 1.

Table 1: Hardware settings of experimental environment

Hardware Deploy
DIJI Matrice 300 RTK (RTK

positioning accuracy 1 cm)

Drone platform

Electromagnetic EM-Sense 6050 (6 GHz

transducer bandwidth, 16 channel
synchronization)

Signal simulator R&S SMW200A (20 GHz RF
bandwidth)

Computing servers Dell PowerEdge R750 (2%

Intel Xeon Gold 6348, 512 GB
DDR4, 4x NVIDIA A100

80 GB)

Huawei OceanStor 6800 (total
capacity 1 PB)

Cisco Catalyst 9400

Memory system

Network equipment

The software environment for running the research
method program is shown in Table 2.

Based on the above experimental software and hard-
ware environment, run the wavelet transform, matched
filter transform, SVM, and ant colony algorithm applied
in this paper. The algorithm settings are shown in
Table 3.



Table 2: Experimental software environment settings

Software Environment Allocation

Monitor system Ubuntu 20.04 LTS (Linux

kernel 5.15)

Programming language Python 3.8
Simulation platform MATLAB 2023a
Machine learning SciPy 1.10.1

framework

Signal processing tools PyTorch 1.12.1

Table 3: Algorithm parameter settings

Method Parameter Item Set Value
Wavelet Basis Function Daubechies 4
Transform
Decomposition 6 layers
Layers
Support Vector Kernel Function Radial Basis
Machine Function (RBF)
Grid Search 0.01
Validation Step
Matched Filtering | Typical 50 ns
Interference Pulse
Width
Rising Edge 20 ns
Threshold Setting | 3 x o (noise
standard
deviation)
Ant Colony Ant Count 50
Algorithm (ACO)
Pheromone 1
Factor (&)
Heuristic Factor 2
B)
Pheromone 0.1
Volatilization
Rate (p)
Number of 200
Iterations

Under the same environmental and data conditions
mentioned above, the methods of adaptive beamforming
technology [2] and wavelet threshold denoising and
magnetic interference compensation model [3] will be
used as comparison methods to conduct comparative
tests with the method proposed in this paper.

B. Analysis of experimental results

B.1. Optimization results of power inspection UAV
signal waveform

This paper uses wavelet decomposition transform
to reconstruct and optimize the waveform of the power
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inspection drone signal before interference suppression,
in order to improve signal quality. The waveform opti-
mization results of the power inspection drone signal
obtained by this method are shown in Fig. 2.

1.0

Before optimization
"""" After optimization

0.4

Fig. 2. Optimization results of signal waveform for
unmanned aerial vehicle for power inspection.

From the experimental results in Fig. 2, it can
be seen that the optimized signal waveform exhibits
significant optimization effects compared to the original
signal. The high-frequency noise and interference com-
ponents have been effectively decomposed, resulting in
smoother and more stable signal waveforms. At the same
time, the amplitude and phase information of the drone
signal were accurately preserved without any significant
distortion or distortion.

B.2. Extraction results of interference transient
time-frequency domain features

Based on the transient radiation total field strength
of the drone signal array, the discrete Fourier transform
is used to extract the transient frequency domain features
of the optimized power inspection drone signal at dif-
ferent frequencies. The extraction results are shown in
Fig. 3.
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Fig. 3. Extraction results of time-frequency domain
features of interference transient.
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Fig. 4. Comparison of the accuracy of high-density integrated electromagnetic interference detection: (a) approach of
the present study, (b) methodology of adaptive beamforming technology, and (c) methodology of wavelet threshold
denoising and magnetic interference compensation model.

Table 4: Comparison of electromagnetic interference detection performance of different methods

Method Average Average Recall | Average | Average Detection
Accuracy (%) Rate (%) F1 Score Time (ms)
Proposed Adaptive beamforming technology 96.4 95.7 96.0 12.3
Wavelet threshold denoising and magnetic 82.1 79.3 80.7 18.7
interference compensation model 85.6 83.2 84.4 15.9

As shown in Fig. 3, the method proposed in this
paper extracts the frequency domain amplitude char-
acteristic peak values of electromagnetic interference
signals from UAV signal arrays through discrete Fourier
transform, which are basically consistent with the actual
interference peak values, with an error of less than 5 dB,
meeting the requirements of signal feature extraction.
Based on the frequency domain amplitude characteristic
peak, interference signals can be effectively detected.

B.3. High density integrated
interference detection effect

electromagnetic

This method is based on the time-frequency domain
characteristics of interference transients, and runs a
SVM algorithm with set parameters to detect high-
density integrated electromagnetic interference from
power inspection drones in drone communication
signals. Compare the accuracy of three methods for
detecting six types of electromagnetic interference:
sweep frequency interference, noise frequency mod-
ulation interference, narrowband aiming interference,
comb shaped multi tone interference, frequency band
noise interference, and pulse noise interference. Use a
confusion matrix to characterize the detection results, as
shown in Fig. 4.

From Fig. 4, it can be seen that the proposed
method has a much higher accuracy rate in detect-
ing high-density integrated electromagnetic interference

than the other two methods, indicating that the proposed
method can more accurately classify different types of
electromagnetic interference signals into corresponding
categories, reducing false positives and false negatives,
and has advantages in detection accuracy.

In order to further quantify the detection perfor-
mance, this paper calculates the average accuracy, recall,
and F1 scores of each method on the test set, as well
as the average time-consuming of a single detection
(ms). The results are shown in Table 4. It can be seen
from Table 4 that the accuracy rate, recall rate, and F1
score of this method are significantly better than those in
adaptive beamforming technology and wavelet thresh-
old denoising and magnetic interference compensation
model, which are at least 10.8, 12.4, and 11.6 percentage
points higher. This shows that the proposed method has
lower risk of false detection and missed detection in
interference detection.

In terms of computational efficiency, due to the
CNN-SVM structure, the convolution layer and pooling
layer can extract features in parallel, and the average
time-consuming of a single detection is only 12.3 ms,
34% less than the method in adaptive beamforming
technology and 23% less than the method in wavelet
threshold denoising and magnetic interference compen-
sation model, which can meet the requirements of UAV
real-time processing. It is worth discussing that the
method in adaptive beamforming technology relies on
traditional SVM to directly input the original features,



which has a weak ability to distinguish complex inter-
ference patterns, resulting in a low recall rate. Although
the method in wavelet threshold denoising and magnetic
interference compensation model uses the depth net-
work, it is not optimized for the time-frequency domain
features, and the features are easy to be confused under
low SNR, so the accuracy rate is lower than that of this
method. In this paper, the weak transient characteristics
are enhanced by matched filter transform and, combined
with CNN-SVM structure, the high-precision and high-
efficiency interference detection is realized.

B.4. Suppression effect of high-density integrated
electromagnetic interference for power inspection
UAVs

The electromagnetic interference suppression
method proposed in this paper is applied to suppress
the high-density integrated electromagnetic radiation
interference of power inspection drones. The amplitude
spectrum of electromagnetic interference before and
after suppression is shown in Fig. 5.

Electromagnetic interference amplitude/W/cm®

I 1 1 L
0 200 400 600 800 1000 1200
Signal frequency/Hz

(@

Electromagnetic interference amplitude/W/cm®

1 1 1
0 200 400 600 800 1000 1200
Signal frequency/Hz

(b)

Fig. 5. Electromagnetic interference amplitude (a)
before and (b) after suppression.

From Fig. 5 it can be seen that, before electro-
magnetic interference suppression, the electromagnetic
amplitude of the drone signal can reach over 2.0 W/cm?.
After applying the method described in this paper
for suppression, the electromagnetic interference inten-
sity was significantly reduced, and the electromagnetic
amplitude change tended to stabilize, controlled at a
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level below 1 W/cm?. This result indicates that the sup-
pression method proposed in this paper has significant
effectiveness in practical applications.

In order to quantitatively demonstrate the suppres-
sion effect of the method proposed in this paper, SNR
was selected as the evaluation index. The larger the
SNR, the better the electromagnetic interference sup-
pression effect, making the communication signal of
the drone clearer. The signal-to-noise of high-density
integrated electromagnetic interference suppression for
power inspection drones using three comparative meth-
ods is shown in Fig. 6.

28

26

24

22

Signal to noise ratio/dB
>

1
1 2 3 4 5 6 7 8 9 10
Number of signal groups

— @— The proposed method — ll— Adaptive beamforming technology
----4k--- Wavelet threshold denoising and magnetic interference compensation model

Fig. 6. Signal-to-noise ratio for electromagnetic interfer-
ence suppression.

From Fig. 6 it can be seen that, as the number
of signal groups increases, the SNR of our method
fluctuates but, overall, it remains above 22 dB and
consistently higher than the other two methods, proof
that the proposed method has the best electromagnetic
interference suppression effect, which can better pre-
serve useful signals while suppressing electromagnetic
interference, thereby improving signal quality.

In order to further verify the robustness of this
method under different interference intensities, the elec-
tromagnetic interference suppression performance of
this method, adaptive beamforming technology method,
and wavelet threshold denoising and magnetic inter-
ference compensation model method are compared in
four scenarios with SNRs of 5 dB, 10 dB, 15 dB,
and 20 dB. At the same time, in order to investigate
the comprehensive suppression ability of the method
under the condition of superposition of multiple types of
interference, two groups of composite interference sce-
narios, i.e., frequency sweep interference and narrow-
band aiming interference, impulse noise interference and
frequency band noise interference, were set for testing.
The SNR results of each method after suppression in
different scenes are shown in Table 5. It can be seen
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Table 5: Comparison of signal-to-noise ratio after suppression by various methods in different scenarios

Scenario/Method Proposed Adaptive Wavelet Threshold Denoising and Magnetic
Method | Beamforming Technology Interference Compensation Model

SNR =5dB 18.6 12.3 14.1

SNR = 10dB 21.4 15.8 17.2

SNR =15dB 24.7 19.5 20.8

SNR =20 dB 27.3 22.1 23.6

frequency+narrowb and 19.2 13.5 15.8

composite interference

Pulse+band composite 17.8 11.7 13.9

interference

from Table 5 that under the four single interference
intensity scenarios, the SNR after suppression of this
method is significantly better than that of adaptive beam-
forming technology and wavelet threshold denoising and
magnetic interference compensation model, especially
under the condition of strong interference with low SNR
(5 dB). The SNR of this method is 6.3 dB higher than
that of adaptive beamforming technology and 4.5 dB
higher than that of wavelet threshold denoising and
magnetic interference compensation model, reflecting
the stronger anti-interference ability of this method in
the strong interference environment.

In the complex interference scenario, the proposed
method also maintains the highest SNR after suppres-
sion, which shows that the filter parameters optimized
by an ant colony algorithm can adaptively cope with
the complex situation of multi type interference super-
position and has good robustness. The method in Cheng
et al. [2] relies on adaptive beamforming, which reduces
the accuracy of beam pointing control when multiple
interference sources exist at the same time, resulting in
the deterioration of the suppression effect. The wavelet
threshold de-noising method in Yang and Li [3] has
the problem of confusion between high-frequency use-
ful signals and interference components in the face of
composite interference, and the improvement of SNR
after suppression is limited. To sum up, this method
shows the optimal suppression performance and the
strongest robustness under the conditions of different
interference intensity and multiple types of interference
superposition, and can effectively ensure the commu-
nication reliability of Power Patrol UAV in complex
electromagnetic environment.

IV. CONCLUSION
The paper studies the high-density integrated elec-
tromagnetic interference suppression method for power
inspection unmanned aerial vehicles based on an
ant colony algorithm. Using wavelet decomposition
transform to optimize the signal waveform of power

inspection unmanned aerial vehicles, combined with
discrete Fourier transform processing and matched fil-
tering transform, extracting the time-frequency domain
characteristics of interference transients, and using an
ant colony algorithm to achieve high-density integrated
electromagnetic interference suppression of power
inspection unmanned aerial vehicles. The test results
show that the frequency domain amplitude characteristic
peak of the electromagnetic interference signal extracted
by this method has a low error compared to the actual
interference peak, effectively reducing the intensity of
electromagnetic interference and improving the signal-
to-noise ratio and quality of the signal.
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Abstract — Accurate diffraction modeling is essential for
ray-tracing-based wireless propagation prediction. The
geometric representation of objects in the simulation
scene greatly affects diffraction prediction accuracy.
Conventional triangular meshes lack the explicit edge
information required for diffraction modeling, while
global voxelization introduces geometric distortion and
substantial computational overhead. This paper presents
a hybrid triangle—voxel model that performs local vox-
elization only within potential diffraction regions (PDR)
determined by the first Fresnel zone. The proposed
method reconstructs diffraction paths that cannot be
captured by pure triangular meshes while preserving
triangular facets for direct and reflected rays. Com-
pared with a commercial ray-tracing tool, it achieves
an average ray—surface intersection error of 246.4 mm
and average path loss, delay, and phase errors of 0.35
dB, 0.12 ns, and 42.0°, respectively. It also reduces the
voxel count and computation time by 60% and 25%.
The results show that the proposed model balances
diffraction-path recoverability, geometric fidelity, and
computational efficiency.

Index Terms — Diffraction modeling, hybrid triangle—
voxel model, potential diffraction region, ray tracing.

I. INTRODUCTION
As wireless communication systems evolve and
the need for reliable radio coverage in complex
environments increases [1], accurate modeling of radio
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frequency propagation has become increasingly impor-
tant. Diffraction plays a crucial role in non-line-of-sight
(NLOS) scenarios, imposing stringent requirements on
the physical accuracy and environmental adaptability of
wireless propagation models [2, 3].

Among various propagation modeling methods, ray
tracing has long been a core technology of wireless prop-
agation prediction [4-6]. Its theoretical foundations are
rooted in geometric optics (GO), geometric diffraction
theory (GTD), and uniform diffraction theory (UTD)
[7-9]. Ray tracing approximates the propagation of elec-
tromagnetic waves from the transmitter to the receiver as
optical rays characterizing multipath components.

Diffraction is essential for accurately characteriz-
ing the field strength in NLOS regions [10]. How-
ever, the prediction accuracy of UTD-based diffrac-
tion strongly depends on well-defined edges in the
geometric model [11-13]. Triangular mesh models are
widely used to represent complex surfaces due to their
geometric fidelity and storage efficiency. Nevertheless,
such smooth triangular surfaces cannot naturally pro-
vide the sharp edge structures required for UTD-based
diffraction modeling [14]. Degli-Esposti et al. [15] pro-
posed several acceleration techniques for ray-tracing
field prediction models, including Fresnel-zone-based
spatial filtering that limits intersection calculations to
geometrically relevant regions. Fresnel-zone concepts
have also been used in UTD-based propagation models
to improve the efficiency and accuracy of multiple-
diffraction prediction [16]. While such approaches effec-
tively reduce the number of candidate facets involved

https://doi.org/10.13052/2026. ACES.J.410708
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in ray tracing, they primarily aim at improving com-
putational efficiency on existing geometric models and
do not address a fundamental limitation of triangular
meshes in diffraction modeling: smooth triangular sur-
faces reconstructed from real scenes usually lack the
explicit sharp edges required by UTD diffraction formu-
lations. Sun et al. [17] proposed a triangular mesh-based
edge extraction method using local normal variations
and geodesic neighborhoods to segment and preserve
sharp features. Baerentzen [18] explored mesh optimiza-
tion strategies to preserve sharp features. However, these
methods are computationally expensive and impractical
when dealing with dense, large-scale, or highly irregular
realistic models.

In contrast, voxel-based models are well-suited for
diffraction modeling using UTD or similar theories
because their inherent mesh structure naturally intro-
duces discrete edge and angular features [19]. Ama-
natides and Woo [20] proposed a fast voxel traversal
algorithm that significantly reduces the cost of ray-
voxel cross-testing. Diez et al. [21] optimized the surface
voxelization of triangular meshes by detecting gaps and
enforcing isometric scan lines, thereby achieving higher
fidelity voxel surfaces. Despite these advancements,
global voxelization of an entire environment still intro-
duces substantial geometric distortion and incurs sharp
increases in memory usage and runtime, which limits
its applicability to high-precision wireless propagation
modeling.

In this paper, a new hybrid triangle-voxel model is
proposed that enables efficient diffraction path calcula-
tions in ray tracing while maintaining high geometric
accuracy. Based on the first Fresnel region, potential
diffraction region (PDR) between the transmitter and
receiver are identified, and voxelization is performed
only within these localized regions. In this way, the
proposed representation preserves the surface fidelity
required for direct and reflected paths and, at the same
time, introduces localized discrete geometric features
that are beneficial for diffraction path search. The pro-
posed method yields results highly consistent with those
of Wireless InSite (WI) in identifying valid diffraction
paths, while reducing the voxelization count by approx-
imately 60% and computation time by approximately
25% compared with global voxelization.

II. HYBRID TRIANGLE-VOXEL
MODELING METHODOLOGY

A. Triangular mesh model reconstruction

The propagation scenario considered in this study
involves a sculpture model surrounded by four transmit-
ters and four receivers. To accurately model the realistic
propagation environment, a multi-view 3D reconstruc-
tion approach was employed. Specifically, as shown
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in Fig. 1 (a), multi-view photographs of the sculp-
ture reconstructed using Structure-from-Motion (SfM)
and Multi-View Stereo (MVS) techniques in COLMAP,
resulting in the point cloud model presented in Fig. 1 (b)
[22, 23]. Subsequently, Poisson surface reconstruction
was used to convert the point clouds into a digital model
suitable for ray tracing simulation. The resulting digital
model is composed of a large number of triangular
surfaces. Figure 1 (c) shows the triangular model of the
sculpture.

Fig. 1. Generation of sculpture triangle mesh model.
(a) Dataset. (b) Point cloud model. (c) Triangle mesh
model.

As the geometric basis of ray tracing simulation, the
reconstructed triangular mesh model not only represents
the environment geometry with high accuracy, but also
offers efficient storage, making it suited for modeling
direct and reflected propagation. However, due to the
absence of well-defined diffraction edges, conventional
triangular meshes cannot accurately characterize diffrac-
tion mechanism in ray tracing.

B. Fresnel-guided potential diffraction

selection

region

In order to accurately describe the diffraction mech-
anism in ray tracing, it is necessary to identify the
regions where diffraction may occur. According to the
UTD, diffraction can occur only along shape edges or
wedge structures in the propagation environment [24].
However, in the triangular mesh model reconstructed
from the real scene, the surfaces are geometrically con-
tinuous and lack explicit edges that serve as diffrac-
tion boundaries. This makes it difficult for traditional
ray tracing algorithm to detect and trace diffraction
paths.

To overcome this limitation, a hybrid triangle-voxel
model is proposed, which performs local voxelization
only in regions where diffraction may occur. These
regions, referred to as PDR, are determined based on the
first Fresnel region between each transmitter (TX) and
receiver (RX) pair [25]. For each triangular surface of
the sculpture model, its centroid is denoted as P;, and
the distances from P, to the TX and RX are defined



as follows:

* dy = |P,— TX]: the distance from P to the trans-
mitter.
* dy =|P,— RX|: the distance from P, to the receiver.

The radius R of the first Fresnel zone at point P; is

given by:
Adidy
R= , 1
\/ di+d> )

where A is the wavelength. To provide a flexible PDR
selection criterion, a Fresnel-zone threshold factor « is
introduced. If the shortest distance from the centroid P;
to the line connecting the transmitter and receiver is less
than or equal to R, the triangular facet is classified as
part of the PDR:

d(P,TXRX) < aR, 2)

where d(P;, TXRX) denotes the shortest distance from P;
to the TX-RX connecting line, and ¢ controls the size
of the selected PDR. When « is smaller than 1, the PDR
becomes more compact, which reduces the number of
facets to be voxelized but may miss potential diffraction
regions near the Fresnel-zone boundary. When o is
larger than 1, more surrounding facets are included,
which improves the robustness of diffraction-edge
recovery but increases the voxelization cost. Unless oth-
erwise specified, & = 1 is used in this work, correspond-
ing to the standard first Fresnel-zone selection. Figure 2
illustrates the potential diffraction zones detected in
the statue scene with four transceivers when o = 1,
and displays the Fresnel zone ellipsoids for each TX-
RX pair represented as ellipses in both horizontal and
vertical directions. This criterion ensures that diffraction
calculations are restricted to the geometrically effective

Triangular facets
EmPDR

4 Transmitter

* Receiver
Horizontal Fresnel ellipse
= =Vertical Fresnel ellipse

Fig. 2. Sculpture model with highlighted PDR regions.
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area, thereby avoiding unnecessary global voxelization
and reducing computational overhead.

C. Local voxelization in PDR

After identifying the PDR, a local voxelization
algorithm is applied to convert the corresponding trian-
gular facets into voxel representations. The voxel size
is denoted by A. A smaller A provides finer geometric
resolution and more accurate local diffraction edges, but
it also increases the number of voxels and the compu-
tational cost. In contrast, a larger A reduces the voxel
count but may introduce stronger staircase distortion
and inaccurate edge positions. Therefore, the voxel size
should be selected according to the wavelength and the
required geometric accuracy. In this work, A is chosen
to be approximately one-third of the wavelength, which
provides a balance between diffraction-edge representa-
tion and computational efficiency.

For all vertices of the triangular facets within the
PDR, an axis-aligned bounding box (AABB) is first
calculated. To avoid boundary truncation during vox-
elization, the PDR bounding box is further expanded by
n,, voxel layers, where n,,, denotes the PDR margin layer
number. The physical margin can be expressed as

m = n,A, 3

where A is the voxel size. A small margin may truncate
potential diffraction edges near the PDR boundary, while
an excessively large margin increases the local voxeliza-
tion region and weakens the computational advantage of
the proposed method. Therefore, a limited number of
margin layers is used to ensure stable edge extraction
without significantly increasing the voxel count.

The expanded bounding box is then divided into
uniform voxel grids. For each triangular facet in the
PDR, a local AABB is further calculated to restrict the
range of candidate voxels. Each voxel in this subset
is tested using its center point: if the center is within
the bounding box of the triangle, the voxel is selected
as part of the voxelized representation of the PDR. By
traversing all candidate voxels, local voxelization of the
PDR is completed, as illustrated in Fig. 3, resulting in a
hybrid triangle—voxel representation [26].

These voxels provide well-defined edges and cor-
ners, which serve as the geometric singularities required
for formulating diffraction in ray tracing. At the same
time, voxelization is applied only to localized regions
rather than the entire scene, and the remainder of the
environment continues to be represented by triangular
meshes. This hybrid representation preserves the geo-
metric fidelity required for accurate direct and reflected
ray interactions, while avoiding the substantial compu-
tational and memory overhead associated with globally
voxelizing the entire model.
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Triangular facets

I Voxel

Fig. 3. A hybrid triangle-voxel model.

D. Diffraction treatment on voxel edges within the
UTD framework

In the proposed hybrid triangle-voxel model,
diffraction is calculated based on the UTD. After local
voxelization is performed within the PDR, the intersec-
tion lines between adjacent voxel faces are extracted as
candidate diffraction edges. Each voxel edge is regarded
as an equivalent local wedge edge. For each TX-RX pair,
only the voxel edges satisfying the visibility conditions
from the transmitter to the edge and from the edge to the
receiver are retained for diffraction calculation.

Let rr, rr, and rp denote the positions of the trans-
mitter, receiver, and diffraction point on a valid voxel
edge, respectively. The distances from the transmitter to
the diffraction point and from the diffraction point to the
receiver are expressed as:

s1 = |lrp —rr|, 4)

Sy = ||I'Rfl'D||. (5)

The diffracted electric field at the receiver can be
generally written as:

E; = E;(rp)DutpA(s1,s2) exp[—jk(s1 +52)],  (6)

where E;(rp) is the incident electric field at the diffrac-
tion point, Dytp is the UTD diffraction coefficient
determined by the local wedge geometry, A(s;,s7) is the
spreading factor, and k = 27/A is the wavenumber.

Therefore, the voxel edges introduced in the PDR
provide the geometric singularities required for UTD-
based diffraction modeling. The remaining triangular
facets outside the PDR are still used for direct and
reflected rays. In this way, the proposed model enables
diffraction-path calculation while avoiding the geomet-
ric distortion and computational overhead caused by
global voxelization.
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III. SIMULATION AND ANALYSIS

A. Ray-tracing results with the proposed model

In this section, the pure triangular mesh model,
the global voxelization model, and the proposed hybrid
triangle-voxel model are applied and evaluated on our
UTD-Based Ray-Tracing Solver (URTS). Meanwhile,
the proposed hybrid model is also implemented on the
commercial Wireless InSite platform to further validate
its accuracy. The evaluation scenario includes a 3.28-
meter-high sculpture placed on a ground plane, with a
modeled ground region of 1.5 m in radius, which is
mainly composed of three materials: concrete, marble,
and gypsum, each modeled with different thicknesses.
There are four transmitters and four receivers around
the sculpture. As shown in Table 1, the number of PDR
facets decreases as the frequency increases because of
the reduced Fresnel-zone size, whereas the number of
voxels increases significantly when the voxel size is
scaled with the wavelength. Considering PDR visibility,
diffraction edge resolution, and voxelization cost, the
carrier frequency is set to 1 GHz, corresponding to a
wavelength of approximately 0.3 m. The voxel size is
selected as 0.1 m, which is approximately one-third of
the wavelength.

Table 1: Voxelization characteristics under different fre-
quencies

Freq. | A (m) | Voxel PDR | Voxels
Size (m) | Facets
0.8 GHz | 0.375 0.125 638 186
1.0 GHz | 0.300 0.100 568 360
1.5GHz | 0.200 | 0.0667 448 882
24GHz | 0.125 | 0.0417 332 2533

Figure 4 (a) shows the ray tracing results using
the pure triangular mesh representation, where only six
direct paths and seven reflected paths are observed.
This is because, in the UTD method, diffraction can
only occur at explicitly defined geometric edges, which
are used to locate diffraction points, compute diffrac-
tion coefficients, and characterize the diffracted rays.
However, the pure triangular mesh approximates the
sculpture with smooth, continuously connected sur-
faces, making it impossible to locate valid diffrac-
tion edges and therefore yielding no diffraction paths.
Figure 4 (b) shows the results obtained with full vox-
elization. Because each voxel provides well-defined
boundaries and sharp edges, three diffraction paths
are successfully detected. However, full voxelization
produces faceted, staircase surfaces, which generate
additional non-physical reflection paths due to the dis-
cretized geometry. Figure 4 (c) illustrates the results of
the proposed local voxelization scheme, which preserves
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Fig. 4. Comparison of URTS and WI ray tracing
results under different geometric modeling schemes.
(a) URTS simulation using a pure triangular mesh
model. (b) URTS simulation using global voxelization
model. (¢) URTS simulation using a hybrid triangle-
voxel model. (d) WI simulation using a hybrid triangle-
voxel model.

the geometric continuity of most surfaces while still
providing discrete edges in the diffractive regions.
Consequently, the physically valid diffraction paths
are retained, and the spurious reflections introduced
by full voxelization are effectively eliminated. Finally,
Fig. 4 (d) presents the results obtained using the WI
platform under the same local voxelization configura-
tion, which closely match the URTS results in both
path count and spatial distribution, demonstrating that
the proposed hybrid modeling approach is applicable
to different ray-tracing platforms and yields consistent
propagation behavior across them.

B. Model accuracy analysis

The geometric distortion of the model surface
directly affects the accuracy of ray—surface intersection
prediction, which is critical for reliable ray tracing com-
putation. To quantitatively assess the geometric fidelity
of the proposed hybrid triangle-voxel representation, the
root mean square surface distance (RMSD) between
the voxelized model and the original triangular mesh is
evaluated using the pure triangular surface model as the
reference. The RMSD is defined as:

1 N
RMSD = ’/N Y a2, (7
i=1
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where N denotes the number of sampling points uni-
formly distributed on the surface of the original tri-
angular mesh, and d; represents the shortest distance
from sampling point P; to the surface of the voxelized
model. A total of 10,000 sampling points are uniformly
distributed over the mesh surface. For each sampling
point P;, the shortest distance d; to the voxelized surface
is computed. The mean squared distance (MSD) is then
obtained by averaging all di2 values, and its square root
yields the root mean square deviation (RMSD), which
quantifies the global surface deviation. A smaller RMSD
indicates a closer match to the reference geometry and
thus less geometric distortion.

Figure 5 shows a quantitative comparison of the
mean distance, median distance, and RMSD between the
global voxelized and the proposed hybrid triangle—voxel
models. All evaluated error metrics of the hybrid model
are lower than those of the global voxel model. In
particular, the RMSD is reduced by approximately 7%
compared to the global voxelization, indicating that
local voxelization more accurately preserves the original
surface geometry. The hybrid model effectively reduces
local surface distortion, which in turn improves the
accuracy of ray—surface intersection prediction in ray-
tracing propagation simulations.

1 Global Voxel Model

[] Hybrid Triangle-Voxel Model
0.030 0.029619

0027544, 0.026734

0.035

0.027758

0.025671 0.025866

0.025

0.020

Distance(m)

o
(=1
=
[

0.010

0.005

0.000

Mean Distance ~ Median Distance RMSD

Fig. 5. Quantitative comparison of the mean distance,
median distance, and RMSD between the global vox-
elization model and the hybrid triangle—voxel model.

In addition to geometric fidelity, the accuracy of
the diffraction path generated by the application of the
hybrid model is verified by comparing and analyzing
the spatial deviation of ray-surface intersection points
along the propagation paths obtained from URTS and
WI. For each pair of corresponding intersection points
along a propagation path, the 3D Euclidean distance e;
is calculated. These pointwise errors are then averaged
to obtain the path-level mean error &, , €xpressed as:

1 %
Epath = N7p Zeia (®)
i=1
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where N, is the number of intersections on the path. The
overall average error is obtained by further averaging the
path-level mean errors of all reflection and diffraction
paths:

N,

1 paths
Coverall = N Z €. (9)
paths  j—1

Figure 6 summarizes the results. The fifth reflection path
exhibits the largest deviation of 402.7 mm due to its
high sensitivity to geometric displacement, whereas the
diffraction paths show smaller errors. Most path errors
fall within *1 standard deviation of the mean, as indi-
cated by the red shaded area. The average intersection
error between URTS and WI is 246.4 mm.

450 .
-@-Reflection Paths

402.7 mm N .
400 -A-Diffraction Paths|

350.6 mm

350 3233 mm

or (mm)

300

Oyerall Ayg: 246.4 mm

o
a
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%200 - 181.0 m
150

100 + - - + -

1 2 3 4 5 6 7
Path Index

Fig. 6. Mean errors of ray—surface intersections for

reflection and diffraction paths.

In addition, the path loss error, delay error, and
phase error of the three dominant diffraction paths are
calculated. The path loss error is defined as the absolute
difference between the path losses predicted by URTS
and WI. Since the same transmitted power and antenna
configurations are used in both platforms, this metric
is equivalent to the received-power deviation of the
corresponding path. The delay error is obtained from the
difference between the total propagation delays of the
corresponding paths, while the phase error is calculated
from the path-length difference normalized by the wave-
length and wrapped into the range of —180° to 180°.

Table 2 summarizes the propagation-domain errors
of the three dominant diffraction paths. The average
path loss error is 0.35 dB, and the maximum path

Table 2: Propagation-domain errors of diffraction paths

Path | Path Loss Delay Phase
Error (dB) | Error (ns) | Error (deg)
Dl 0.18 0.08 28.8
D2 0.34 0.11 39.6
D3 0.52 0.16 57.6
Mean 0.35 0.12 42.0
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loss error is 0.52 dB. The average delay error is 0.12
ns, corresponding to a small path-length deviation of
approximately 36 mm. The average phase error is 42.0°,
and the maximum phase error is 57.6°. Since phase is
highly sensitive to path-length differences at 1 GHz,
these results are acceptable for diffraction-path valida-
tion. Overall, the proposed hybrid triangle—voxel model
preserves the main spatial, power, delay, and phase char-
acteristics of diffraction paths while maintaining high
geometric fidelity, thereby demonstrating its physical
reliability for diffraction modeling.

C. Computational efficiency and complexity analysis

To evaluate the computational efficiency of the pro-
posed method, experiments were performed on a work-
station equipped with an Intel (R) Core (TM) i9-14900K
CPU @ 3.20 GHz and an NVIDIA GeForce RTX 3090
GPU. The sculptural model used in the experiments
contains 3383 triangular faces. Table 3 summarizes the
voxel counts, peak memory usage, and preprocessing
time for both global and local voxelization schemes.
Compared with the global voxelization (887 voxels), the
local voxelization scheme uses only 360 voxels, achiev-
ing a 60% reduction in voxel count, a 25% decrease
in computation time, and slightly lower peak memory
consumption. Although the performance improvement
may appear moderate due to the small-scale test scene,
the acceleration is expected to be more significant in
larger environments, where global voxelization would
require substantially more voxels.

Table 3: Computational cost comparison of global and
local voxelization

Model Number | Memory | Computation
of Voxels | Usage (MB) Time (s)
Full Voxelization 887 34.9219 53
Local Voxelization 360 33.7891 40

IV. CONCLUSION

This paper presents a hybrid triangle—voxel model
for efficient diffraction modeling in ray tracing. By
identifying potential diffraction regions based on the
first Fresnel-zone criterion and applying local voxeliza-
tion only within these regions, the proposed method
preserves geometric fidelity while reducing voxel count
by 60% and computation time by 25%. Simulation
results show close agreement with those from commer-
cial software, with an average ray—surface intersection
error of 246.4 mm. For the dominant diffraction paths,
the average path loss error, delay error, and phase
error are 0.35 dB, 0.12 ns, and 42.0°, respectively.
These results demonstrate that the proposed model



preserves the main spatial, power, delay, and phase
characteristics of diffraction paths while maintaining
computational efficiency. The proposed model provides
a physically interpretable approach for improving UTD-
based diffraction prediction in reconstructed triangular-
mesh scenarios. Future work will extend the validation
to larger indoor and urban environments under different
frequency bands.
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Abstract — As oil and gas resource development extends
into increasingly complex geological conditions, reliable
downhole signal transmission has become a critical
challenge in drilling and measurement-while-drilling
(MWD) operations. In engineering practice, downhole
low-frequency electromagnetic wave (LF-EM) transmis-
sion is widely used as an important means of downhole
data telemetry because of its low dependence on drilling
fluid. However, uncertainties in formation properties and
fluctuations in geological parameters can significantly
affect electromagnetic signal transmission, making it
difficult for surface systems to stably receive downhole
information in practical applications. To address this
issue, a transmission channel model for downhole LF-
EM is established based on FEKO. First, sensitivity
analysis is performed to identify the key uncertainty
parameters that have the most significant influence on
signal attenuation. Then, the Kriging method and the
Stochastic Collocation Method (SCM) are employed to
conduct uncertainty analysis and to obtain the proba-
bility density function (PDF) of the received magnetic-
field strength within the parameter fluctuation range.
To compare the reliability and applicability of the two
methods, Monte Carlo Method (MCM) simulation is
adopted as the benchmark, and the Mean Equivalent
Area Method (MEAM) is introduced for comprehensive
evaluation. Results show that the SCM exhibits overall
better fitting accuracy and computational stability than
the Kriging method, making it more suitable for proba-
bilistic prediction and risk assessment of downhole low-
frequency electromagnetic transmission.

Index Terms — Downhole signal transmission, low-
frequency electromagnetic waves, sensitivity analysis,
uncertainty analysis.
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I. INTRODUCTION

As oil and gas exploration and development con-
tinue to advance toward deep, ultra-deep, and more com-
plex geological environments, the stable and efficient
transmission of downhole signals has become a critical
challenge in drilling and measurement-while-drilling
(MWD) operations [1, 2]. Among various downhole
wireless telemetry technologies, low-frequency elec-
tromagnetic wave communication, owing to its strong
medium penetration capability and relatively long effec-
tive transmission distance, can overcome the limitations
of conventional communication methods to a certain
extent and provide important support for real-time data
transmission and downhole condition monitoring [3, 4].
However, the diversity of formation media, together with
the spatial heterogeneity of electromagnetic parameters
such as electrical conductivity and permittivity, can
lead to significant energy attenuation of low-frequency
electromagnetic wave signals and even cause communi-
cation interruption [5-7], thereby reducing the reliability
of this technology under complex formation conditions
and limiting its engineering applicability. Therefore, this
study focuses on the simulation and prediction of low-
frequency electromagnetic wave propagation under geo-
logical multi-parameter uncertainty. By characterizing
and predicting the statistical behavior of the received
signals, the proposed framework provides quantitative
support for engineering design and risk assessment.

To characterize the propagation process of down-
hole low-frequency electromagnetic wave (LF-EM),
numerical electromagnetic simulation generally adopts
mainstream numerical methods such as the finite-
difference time-domain method (FDTD), the finite ele-
ment method (FEM), and the Method of Moments
(MoM), along with various improved and hybrid
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strategies derived from them [8]. For the downhole
low-frequency propagation scenario considered in this
paper, the electrical size of the model is relatively
small, and the MoM provides a good balance between
computational accuracy and efficiency. Previous studies
have shown that Streich and Swidinsky established an
electromagnetic source model with metallic wellbore
coupling based on the MoM and analyzed the spa-
tial distribution characteristics of electromagnetic fields
in layered formations [9]. Wang et al. developed a
propagation model for extremely low-frequency electro-
magnetic waves in wellbores and stratified formations,
and verified its effectiveness through both simulations
and experiments [10]. In recent years, [11] proposed a
numerical model based on the two-dimensional MoM
for low-frequency electromagnetic problems, systemat-
ically analyzing the effects of different discretization
schemes on computational accuracy and numerical sta-
bility, thereby providing theoretical support for efficient
simulation. Based on the above considerations, this
paper adopts the MoM and performs the solution using
the three-dimensional full-wave electromagnetic simu-
lation platform FEKO. Its low-frequency stabilization
technique can effectively alleviate the numerical insta-
bility of the conventional MoM at extremely low fre-
quencies, thereby saving computational resources while
maintaining computational accuracy.

Under this simulation framework, non-intrusive
uncertainty quantification methods are adopted in this
study to address the uncertainty of formation param-
eters, including Stochastic Reduced Order Models
(SROM) [12], MoM [13], Monte Carlo Method (MCM)
[14, 15], Kriging method [16], and Stochastic Colloca-
tion Method (SCM) [17]. Among these methods, both
SROM and the MoM are computationally efficient, but
their accuracy is usually limited. The MCM is widely
regarded as a reliable benchmark, but its computational
cost becomes significant when the cost of a single
simulation is high. In contrast, the Kriging method and
SCM offer better overall trade-offs between efficiency
and accuracy, although they still face the problem of
large computational scale in high-dimensional param-
eter spaces. In addition, the computational cost of a
single FEKO simulation grows with the dimensionality
of the random parameter space. To alleviate this issue,
the sensitivity-analysis-based random variable reduction
strategy proposed in [18] can be used to screen key ran-
dom variables during the preprocessing stage, thereby
effectively improving the computational efficiency of
uncertainty analysis methods.

Based on the above methodology, this study
investigates the uncertainty arising from random
variations in formation conductivity and layer thickness
within a FEKO-based low-frequency electromagnetic
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transmission model. First, sensitivity analysis 1is
employed to identify the dominant uncertainty param-
eters and reduce the dimensionality of the random
variable space. Subsequently, Kriging and SCM sur-
rogate models are developed to characterize and predict
the statistical response of the received magnetic field
intensity under parameter uncertainty. MCM is adopted
as a benchmark for evaluating the two approaches in
terms of computational efficiency, probability density
function (PDF) fitting performance, and errors in key
statistical measures. Furthermore, to quantitatively
assess the prediction accuracy, Mean Equivalent Area
Method (MEAM) proposed in [19] is introduced.
Combined with statistical indicators, including the
mean, variance, relative error, and computational cost, a
comprehensive evaluation of the predictive performance
of different methods is conducted. The proposed frame-
work provides an effective approach for uncertainty
quantification of low-frequency electromagnetic wave
propagation in downhole communication channels and
offers quantitative support for engineering design and
risk assessment.

The structure of this paper is as follows. Section II
introduces the modeling process of the low-frequency
electromagnetic transmission channel based on FEKO.
Section III presents parameter preprocessing using sen-
sitivity analysis. Section IV describes the procedures of
uncertainty analysis based on the Kriging method and
SCM, and comparatively evaluates the two methods.
Section V concludes the paper.

II. LF-EM TRANSMISSION CHANNEL
MODELING USING FEKO
In the downhole wireless direct-reading system
(Fig. 1), the transmitting tool is lowered along the tubing
to the target formation, where downhole production or
environmental data are acquired and then transmitted

Emitting Antenna

Fig. 1. Electromagnetic-wave-based downhole wireless
direct-reading system.
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to the surface through low-frequency electromagnetic
waves. The surface receiver performs signal recep-
tion, demodulation, and decoding, thereby establishing
a downhole-to-surface wireless transmission link [20].
However, due to the intricacy of the formation system,
signal transmission may fail under complex formation
conditions. The spatially non-uniform distribution of
salinity, mineralization, and medium composition in the
formation results in significant spatial variability and
uncertainty in electromagnetic parameters, such as elec-
trical conductivity and relative permittivity, at different
depths. In addition, formation interfaces often appear
as transition zones rather than clear boundaries, which
leads to uncertainty in layer division and parameter
assignment. Moreover, when constructing a continuous
FEKO formation model from discrete data, assumptions
are inevitably introduced. Therefore, statistically derived
geometric parameters, such as formation thickness, are
more appropriately characterized by interval estimation.

To achieve a balance between computational
tractability and geological realism, this study is based
on the measured formation data from the Yishan Slope
of the Ordos Basin, and the formation layers are
statistically grouped according to the ranges of elec-
trical conductivity. For layers with stable lithology,
small dispersion, and relatively weak influence on signal
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Fig. 2. FEKO-based simulation flowchart.
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transmission, deterministic parameters are constructed
using the weighted average method. For layers with
strong heterogeneity, significant fluctuations, and dom-
inant influence on transmission, the parameter intervals
are retained to characterize their uncertainty.

As a result, the complex formation is equivalently
represented by a nine-layer stratified FEKO medium
model, and the electrical conductivity and layer thick-
ness of each layer are listed in Table 1. The core of the
transmitter is a loop antenna operating under a given
working frequency and excitation current. To reduce
the complexity of FEKO modeling, it is equivalently
represented in this paper by a magnetic dipole source
in the form of a current loop with a known time-
varying current. The time-varying electromagnetic field
excited by the magnetic dipole source induces eddy cur-
rents in the formation, which further radiate secondary
magnetic fields. In this way, signal transmission along
the wellbore direction is achieved through a contin-
uous “‘magnetic-to-electric-to-magnetic” induction pro-
cess. Finally, the received magnetic-field strength on
the top plane of the FEKO model is taken as the
signal reception value. The simulation flow for elec-
tromagnetic transmission channel modeling from the
deepest downhole position to the wellhead is shown
in Fig. 2.

FEKO simulation model diagram
Magnetic field strength
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Table 1: Parameters of the nine-layer geological model in FEKO

Formation Group 1 2 3 4
Electrical Conductivity (S/m) [5.5,6.2] [0.32, 0.8] 0.0865 [1,2.1]
Layer Thickness (m) [1017.5, 1296.5] 329.5 229 [1330, 1382]
5 6 7 8 9
0.015 0.0072 0.00385 [0.0007, 0.001] 0.00003
320.75 [47.25, 175.5] 23.5 112.5 50
_ _ _ _ _ _
dyg Ureko (517--~,§i+7,---7§n) —Urgko (&1,--, &, &)
ISpos(i) = —= =2 x
dé&; %
~ Ureko (&, &i+ 8. &) —Ureko (&1, &1y &) +o(8)
dye UFEKO(EhH«;Ei_%a 75;1)_UFEKO(Elwn»éiwuaén)
ISneq(i) = =2x
dé; %

7UFEK0(§1a~~->§i_6i,---

&) — Ureko (&1, &ir . &)

III. SENSITIVITY ANALYSIS AND
RANDOM-VARIABLE REDUCTION

During the transmission of downhole LF-EM,
uncertainties in formation, medium parameters can
significantly affect signal propagation characteristics.
Uncertainty analysis aims to characterize the response
behavior of simulation outputs under perturbations in
random input parameters. Since different input variables
contribute unequally to the output response, the fast
sensitivity analysis approach proposed in [18] is adopted
to identify the relative importance of uncertain input
variables. This method is based on a one-at-a-time
(OAT) perturbation strategy, in which only a single input
parameter is varied while all remaining parameters are
maintained at their nominal values, thereby avoiding
the high-dimensional combinatorial computations asso-
ciated with simultaneous perturbations of all variables.
Compared with direct uncertainty propagation involving
the entire random parameter space, the OAT approach
typically requires only local updates of model parame-
ters, resulting in reduced geometric modifications, mesh
reconstruction efforts, and computational costs. Conse-
quently, sensitivity indices of the input parameters can
be efficiently obtained at a relatively low computational
expense. Subsequently, random variables with negligible
sensitivity are replaced by their mean values, thereby
achieving random variable reduction and reducing the
dimensionality of the uncertainty space. The calcu-
lation procedure is described as shown in (1). After
obtaining the sensitivity evaluation results under positive
perturbation IS,,(i) and negative perturbation ISy, (i),

+0(8). (D

the method constructs a comprehensive sensitivity index
IS(i) by averaging and combining the results from both
sides:

I8(i) = [IS pos (1) | =+ [ISneg (1)) 2)

The relative contribution of each random variable to
the output response can be obtained through normaliza-
tion:

IS0
Y IS(i)

where & is the mean of random variable &, and
UEFKO(El,...,Ei,...,én) is the received magnetic-field
strength obtained from the FEKO simulation at the
deterministic point {&y,...,&;,...,&,}. For the uncer-
tainty parameter k(&) = A+ B x §;, & denotes a uni-
formly distributed random variable over [—1,1], the
mean and variance of the uncertain input parameter

P(i) 3)

are ky and kg, respectively, where { kn 1
ke = 3B
o = % is a small perturbation quantity. S(i) denotes
the sensitivity analysis result associated with random

variable &;, and o(§;) denotes the approximation error.
Based on the FEKO simulation model for downhole
LF-EM transmission, seven groups of uncertain inputs
exhibiting significant fluctuations in the measured data
are selected in this study, as defined in (4), for sensitivity
analysis. These include the electrical conductivity of
the first layer oy(&), second layer 0,(&), fourth layer
04(€), and eighth layer og(&), as well as the thick-
ness of the first layer h(&), fourth layer hs(&), and

». Here,
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Table 2: Sensitivity analysis results for the seven groups of fluctuating parameters

Uncertainty Parameters

a1(§) | 02(8)

a4(§) | as(§) | hi(§) | ha(§) | he(§)

Sensitivity Index 1.94% | 1.81%

52.28% | 0.07% | 42.04% | 1.26% | 0.6%

sixth layer hg(&). The received magnetic-field strength
obtained through POSTFEKO post-processing is then
systematically evaluated.

01(&1) =5.85+0.35x & [s/m]
02(&)=0.56+0.24 x & [s/m]

04(&) =1.55+0.55 x & [s/m]

G3(E4) = 0.00085 +0.00015 x &, [s/m]
Iy (Es) = 1157+ 139.5 x &s [m]

ha(86) = 1356 +26 x &6 [m]

he(&7) = 111.375+64.125 x & [m] (4)

where &1,&,&3,84,E5,E and & are uniformly dis-
tributed random variables over the interval [—1, 1].

The sensitivity analysis results are presented in
Table 2. The parameters o (&), 02(&), 05(&), ha(&), and
he(&) account for less than 2% of the total weight,
indicating that their effects on the output are negligible.
Therefore, in the subsequent uncertainty analysis, they
are equivalently replaced by their mean values according
to (5).

o1(&1) =585

02(&) =0.56

o3 (&4) = 0.00085

ha(86) = 1356

he(&7) = 111.375. (5)

In summary, the sensitivity analysis achieves ran-
dom variable reduction during the preprocessing stage,
accurately quantifies the influence of each forma-
tion parameter on the received magnetic-field strength
obtained in POSTFEKO, and identifies the electrical
conductivity of the fourth layer o4(&) and the thickness
of the first layer /(&) as the dominant factors affecting
electromagnetic wave signal attenuation. This provides
clear guidance for surrogate model construction in the
subsequent uncertainty analysis.

IV. UNCERTAINTY ANALYSIS USING
KRIGING AND SCM
A. Kriging
The Kriging method is a surrogate modeling
approach based on statistical learning. Its central idea

is to generate multiple sets of deterministic parameters
using Latin Hypercube Sampling (LHS), obtain the
corresponding deterministic simulation results through
numerical simulations, and then use these results to train
and construct a surrogate model. The surrogate model
is subsequently used as an approximate substitute for
the complex original model in uncertainty analysis. The
basic procedure is illustrated in Fig. 3. In this study,
the high-sensitivity parameters identified by sensitivity
analysis are selected as uncertain inputs. A twodimen-
sional parameter space is constructed using the electrical
conductivity of the fourth layer over the interval [I,
2.1] S/m and the thickness of the first layer over the
interval [1017.5, 1296.5] m. LHS is then employed to
generate nine training samples so as to cover represen-
tative regions of the parameter space, and the result-
ing sampling point vectors are given as shown in (6).
A deterministic FEKO simulation in (7) is performed
for each sample to obtain the corresponding received
magnetic-field strength:

Skriging(K) = [X1,X2]
X; = [1.47,1.48,1.854,1.589,2.049,1.599,
1.09,1.403,1.936)7 (s/m) (6)
X, = [1064.71,1099.25,1163.72, 1117,
1030.24,1291.8,1140.64,1158.12,

1107.77)7 (m)
Yreko = [9.08,6.94,2.688,5.287,5.73,1.432,
8.7,4.97,3.686](mA/m), (7)

where K denotes the sample index generated by Latin
Hypercube Sampling. The training input matrix is S €
R?*2, and the corresponding output vector is ¥ € R°.
Each row of S corresponds to one LHS sample, and the
associated entry of Y denotes the received magnetic-field
strength obtained from the FEKO simulation.

The training set {Syiging(K),YrEko} for surrogate
model construction is thus obtained. By selecting an
appropriate fitting model, a surrogate model can be
established to approximately represent the response sur-
face of the FEKO model within the parameter space.
Based on the trained surrogate model, a large number
of prediction samples can be rapidly generated within
the parameter fluctuation range (1600 samples in this
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Fig. 3. Schematic illustration of the Kriging method (two-dimensional example).

study), from which the PDF of the received magnetic-
field strength can be estimated. In this way, efficient
statistical analysis and rapid prediction of the output
distribution can be achieved.

B. SCM

SCM is an efficient uncertainty quantification
approach based on Polynomial Chaos Expansion (PCE).
Its central idea is to represent the output of a stochastic
system as a polynomial function of the input random
variables by means of orthogonal polynomial expansion.
The specific procedure is illustrated in Fig. 4. For the
two-dimensional uncertainty case, the random vector
is defined as X = {X;,X>}. According to the gener-
alized polynomial chaos theory, the zeros {zi,...,zx}
of the chaos polynomial are then selected and com-
bined in tensor-product form to generate the colloca-
tion points [17]. Let X = {x%,x%,...,x?} and Xp =
{3, ,xg} denote the one-dimensional collocation
nodes associated with the two uncertain variables. The
two-dimensional collocation set is then constructed by
their tensor product. Therefore, a total of 9 x 9 = 81
collocation points are obtained, as shown in (8).

By conducting multiple deterministic FEKO simu-
lations at the collocation points p(X) and then applying

multidimensional Lagrange interpolation, the polyno-
mial response with respect to the random variables can
be obtained as shown in (8).

X; =[1.124,1.124,1.124,1.976,1.976,1.976,
1.55,1.55,1.55](s/m)
X, = [1048.9,1261.5,1157,1048.9,1261.5,
1157,1048.9,1261.5,1157](m), ®)
P(X)=X1®Xy = {(x},x]) |i,j=1,...,9}

2

Mrxo(X) = ¥ FEKO[pi(X)|Lilpi(X). p(X).X]  (9)
i=0

where FEKO[p;(X)] denotes the deterministic
simulation result at collocation point p;(X), and
Li[pi(X),p(X),X] denotes the value of the multidi-
mensional Lagrange interpolation polynomial evaluated
at p;(X). Here, Mpgxo(X) can be regarded as the
trained surrogate model. By further substituting 5000
randomly sampled points within the fluctuation range
into Mpgko(X), the uncertainty analysis results of
the received magnetic-field strength can be efficiently
obtained.
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Fig. 4. Schematic illustration of the SCM (two-dimensional example).

C. Accuracy validation

Both surrogate models employed for uncertainty
analysis were trained using the same set of nine sam-
pling points. After model construction, 1600 prediction
samples and 5000 prediction samples were generated for
the Kriging and SCM models, respectively, to estimate
PDF of the received magnetic field intensity. It should
be noted that the difference in the number of prediction
samples only affects the smoothness of the resulting
PDF curves and does not influence the predictive accu-
racy of the surrogate models.

To evaluate the accuracy of the uncertainty analysis
results obtained using the Kriging and SCM approaches,
an additional set of 500 test samples was generated
within the variation ranges of the high-sensitivity param-
eters using LHS. Corresponding outputs were obtained
through FEKO simulations for each sample. Taking the
PDF generated by MCM as the reference benchmark,
the statistical predictions of the two surrogate-based
approaches were compared and validated. The results
indicate that the PDF curves predicted by both Kriging
and SCM exhibit good agreement with the MCM bench-
mark within the principal probability region and capture
the overall trend of the output distribution. This suggests
that both surrogate models are capable of reproducing
the uncertainty characteristics of the received magnetic
field intensity. To further assess the reliability of the
two uncertainty analysis approaches, PDF comparisons
obtained using nine and 36 training samples are pre-
sented in Fig. 5. When only nine training samples are
employed, the SCM prediction shows closer agreement
with the MCM benchmark in terms of distribution width
and the right-tail region, whereas the Kriging model
still exhibits noticeable deviations. When the number of
training samples is increased to 36, the PDFs predicted
by both surrogate models become nearly indistinguish-
able from the MCM result. These observations indicate

that SCM can achieve satisfactory prediction accuracy
with relatively few training samples, whereas the perfor-
mance of Kriging is more sensitive to the sample size.

Furthermore, quantitative comparisons of the mean,
variance, and their relative errors (Table 3) reveal that
the statistical measures predicted by SCM are con-
sistently closer to the MCM benchmark and exhibit
greater stability with increasing sample size. In con-
trast, Kriging shows larger errors under small-sample
conditions and a relatively weaker capability to capture
the complete characteristics of the probability distribu-
tion. Overall, under the conditions considered in this
study, SCM demonstrates superior accuracy, robust-
ness, and distribution-reconstruction capability com-
pared with Kriging, particularly in the small-sample
regime.

0.16 — T T T T
A\ - - - - SCM(9)
Kriging(9
014 F Mr(ﬂ%\',}'g( E
Kriging(36)
ok SCM(36)
>
B
2 o0l R
L
o
2008k ]
=
3]
S 006 E
$—
~
0.04 E
0.02 F E

-5 0 5 10 15 20 25 30
Magnetic field strength receive value(nA/m)

Fig. 5. Comparison of probability density functions.

To quantitatively assess the computational effi-
ciency of the two uncertainty analysis methods,
convergence studies were performed by progressively
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Table 3: Comparison of statistical metrics

Statistical Metric | Mean Value | Variance | Relative Error of Mean Value | Relative Error of Variance
MCM 5.5326 4.1888 0
Kriging (9) 5.5032 3.1440 00.53% 24.94%
SCM (9) 5.5242 4.1160 00.15% 1.74%
Kriging (36) 5.4704 4.1390 1.12% 1.19%
SCM (36) 5.5254 4.1432 0.13% 1.09%
Table 4: Similarity to MCM versus number of training samples
Number of Sample Sets 9 16 25 36
Kriging-MCM Similarity | 75.1% | 84.56% | 89.44% | 92.96%
SCM-MCM Similarity 98.2% | 98.65% | 98.94% | 99.05%
Table 5: Comparison of computational time
Analysis | Sensitivity Number of Total FEKO | Algorithm Total Sensitivity
Method Analysis Model Simulation Execution Computational Analysis
Time (min) Evaluations Time (min) Time (min) Time (min) Time Ratio
MCM 14.5 5000 2500 0.1 2514.6 0.58%
SCM 14.5 9 4.5 0.5 19.5 74.36%
Kriging 14.5 36 18 3.2 35.7 40.62%

increasing the number of training samples. MEAM was
adopted to quantify the similarity between the predicted
and reference distributions. Owing to the tensor-product
construction of SCM, the number of collocation points
in the two-dimensional parameter space is limited to
perfect squares. Consequently, experiments were con-
ducted using 9, 16, 25, and 36 training samples, and
the corresponding similarity values are summarized in
Table 4. Based on these results, the computational cost
required to achieve a similarity level of 90% was further
evaluated and compared.

As shown in Table 4, when only nine training
samples were employed, the similarity between the SCM
prediction and the MCM benchmark reached 98.2%,
which was substantially higher than the 75.1% achieved
by the Kriging model. When the number of training
samples was increased to 36, the similarity between
the Kriging prediction and the MCM benchmark also
exceeded 90%, indicating that both surrogate models can
achieve satisfactory prediction accuracy with sufficient
training samples. The computational time of a single
FEKO simulation was approximately 0.5 min. A total
of 4 x 7+ 1 = 29 FEKO simulations were required for
the sensitivity analysis procedure, corresponding to a
computational cost of approximately 14.5 min. The total
computational times of the different methods are sum-
marized in Table 5. It can be observed that the compu-
tational cost of MCM is significantly higher than those
of the surrogate-based uncertainty analysis approaches.

Furthermore, SCM achieves higher similarity to the
benchmark solution while requiring less computational
effort than Kriging.

These results indicate that SCM provides a more
favorable balance between prediction accuracy and com-
putational cost. Therefore, for the low-frequency elec-
tromagnetic transmission uncertainty problem consid-
ered in this study, SCM exhibits superior predictive
performance, computational efficiency, and numerical
robustness.

V. CONCLUSION

This paper investigates the uncertainty of forma-
tion parameters in the low-frequency electromagnetic
wave transmission system for downhole wireless direct-
reading technology. Based on measured formation data,
a refined nine-layer stratified geological model is estab-
lished, and the downhole-to-surface transmission chan-
nel is modeled and solved using the FEKO electromag-
netic simulation platform. First, preprocessing based
on sensitivity analysis indicates that the electrical con-
ductivity of the fourth layer and the thickness of the
first layer are the key fluctuating parameters affecting
electromagnetic wave signal attenuation. Subsequently,
the Kriging method and the SCM are employed to
obtain the PDF of the received magnetic-field strength
under fluctuations of the high-sensitivity parameters.
Compared with the MCM, the PDFs obtained by the
two methods exhibit a high degree of agreement with
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the MCM in terms of both the overall trend and the
high-probability-density region, thereby verifying their
statistical accuracy in uncertainty analysis. Finally, the
MEAM is introduced to quantitatively evaluate the
similarity between the predicted distributions and the
reference distribution. The results demonstrate that SCM
outperforms Kriging in terms of both distribution-fitting
quality and computational efficiency. Furthermore, the
predicted statistical measures, including the mean and
variance, are in closer agreement with the benchmark
solution. These findings indicate that SCM provides
higher predictive accuracy and greater numerical robust-
ness for the low-frequency electromagnetic transmission
uncertainty problem investigated in this work.
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Abstract — In this paper, an ultra-wideband and high-
selectivity reflective polarization converter is presented,
which is based on a simple stair-case shape. The sim-
ulation results indicate that the polarization converter
achieves ultra-wideband linear-to-circular polarization
conversion under linearly polarized incident wave. Its
3 dB axial ratio frequency band is 5.47-16.15 GHz, and
its relative bandwidth is 98.8%:; besides, linear-to-linear
polarization conversion is realized on both sides of the
circular polarization band from 4.57 to 5.30 GHz and
16.28 to 18.11 GHz when S;; < —10 dB. Therefore,
multiple polarization functions are realized using a sin-
gle simple structure. Moreover, the physical mechanism
and surface current distributions of the polarization con-
verter are analyzed. In addition, the sample is processed
and tested, verifying the feasibility of our idea.

Index Terms — Reflective polarization converter, stair-
case shape, tri-modal polarization conversion.

I. INTRODUCTION

Polarization is a basic characteristic of electro-
magnetic waves, and controlling polarization is of
great significance in many application fields such as
wireless communications, microwave radar, and optics
[1-3]. The emergence of metasurfaces provide the new
ideas for controlling the polarization of electromagnetic
waves, and polarization converters based on metasur-
face have the characteristics of compact structure, low
profile, and easier integration compared with traditional
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converters [4-6]. Therefore, the works of polarization
control are investigated in depth based on metasurface
polarization converters [7-9]. Among them, the main
types of polarization control are linear-to-linear (LTL),
linear-to-circular (LTC) and circular-to-circular (CTC)
[10-12], for example, a triple-arrow resonant structure
[13], which realizes the conversion from linear-polarized
to cross-polarized in the range of 8.0-18.5 GHz. Ref-
erence [14] proposed a double V-shaped metasurface
polarization converter to generate a broadband cross-
polarized reflection band from 12.4 to 27.96 GHz.
A metasurface polarization converter consists of an
inner cross structure and outer double C-shaped ring
was designed in [15], realizing the dual-band cross-
polarized in the ranges of 9.38 to 13.36 GHz and
14.84 to 20.36 GHz. Zheng et al. presented a reflec-
tive polarization converter with two meander-lines and
one metal-strip structure, which realizes low-frequency
cross-polarized (fractional bandwidth of 59.6%) and
high-frequency circular polarization conversion (frac-
tional bandwidth of 13.0%) at linear-polarized inci-
dence [16]. In addition, the transition band between
two polarization bands has a bandwidth of 12.6%. A
composite metasurface with metal strip and rectangular
ring was proposed by Huang [17]. Results show that
the cross-polarization conversion is achieved in two
frequency bands. In our previous work, we designed a
polarization converter based on inner cross structure and
outer two pairs of serpentine lines structure to achieve
polarization conversion in three frequency bands [9].
Based on the existing works, it is not difficult to find

https://doi.org/10.13052/2026.ACES.J.410710
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that metasurface polarization converters are easier to
achieve linearly polarized than circularly polarized, and
circular polarization conversion is difficult to achieve
ultra-wideband control. Furthermore, the design method
of using multi-structures to achieve multi-bands polar-
ization control needs to be changed. Therefore, design-
ing a single structure metasurface polarization converter
to achieve multi-bands multi-polarization control is a
great challenge.

A reflective polarization converter based on a single
meander line ring is proposed in this paper, which
achieves ultra-wideband LTC polarization conversion
and cross polarization conversion on both sides of the
circular polarization band. The innovations of this paper
are as follows. A single structure polarization converter
achieves three-frequency bands and two polarization
controls, which is an advantage that the existing works
do not have. The different polarization control frequency
bands have high-selectivity for electromagnetic waves.
In addition, the experiment results demonstrate the sim-
ulation data, and verify the feasibility of the design idea.

II. STRUCTURAL SIMULATION AND
THEORETICAL ANALYSIS

A. Structural simulation

A schematic diagram of the unit cell for our polar-
ization converter is represented in Fig. 1. The unit cell
consists of a dielectric substrate FABM220 (g, = 2.2,
tand = 0.001) covered with a single stair-case shape
metal structure and metal backplate, separated by an air
layer of thickness & = 4.5 mm. The single stair-case
shape is placed at an angle of 135° with respect to the
horizontal. Physical parameters of the single stair-case
shape are defined as p = 15 mm, /; = 2.5 mm, /, =
2.9 mm, w = 0.3 mm. Full-wave simulation software
CST Microwave Studio is used to simulate the designed
structure.

=Y

(a) (b

Fig. 1. Layout of the unit cell: (a) stereoscopic view and
(b) front view.

Since a single stair-case shape is symmetrical
about an oblique direction of 135°, the y-polarized
incident wave is taken as the example. The reflection
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coefficients of the co- and cross-polarization are ry,
and r,y, respectively. The phase difference between co-
and cross-polarization reflection coefficients is A, =
arg(ryy) — arg(ryy). Polarization conversion ratio (PCR)
and energy conversion ratio (ECR) are defined as PCR =
rs,/(rs, +r3,) and ECR = rZ, + r3 . Subsequently we
simulated the reflection coefficients and phase difference
of the polarization converter, as shown in Fig. 2.
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Fig. 2. Simulation results of reflection coefficients and
phase difference.

Figure 2 describes that co- and cross-polarization
reflection coefficients are almost equivalent in the gray
areas, and phase difference is almost equal to 90° (the
phase difference in some areas is —270°, which is also
90°). Hence, according to the standard of circularly
polarized waves, the reflected waves in the gray areas
are a left-handed circularly polarized wave. In addition,
the cross-polarized reflection happened in the range
of 4.57 to 5.30 GHz and 16.28 to 18.11 GHz when
S11 < —10 dB in the two orange areas. Therefore, the
designed polarization converter completes the polariza-
tion conversion in three-frequency bands using a single
structure, which is one of the advantages of this work.
Taking into account different incidence angles of the
y-polarized wave, the simulation results were not satis-
factory. The reason is that the increase in incident angle
destroys polarization stability and leads to separation of
polarization wave responses. High-order modes and gate
lobes are excited in the high frequency band, resulting
in impedance mismatch. Eventually, the electromagnetic
characteristics significantly deteriorated, and the curve
showed multiple peaks, depressions, and other phenom-
ena. Therefore, this paper does not include an analysis
of the incidence angles of the y-polarized wave.

Physical size values in the model are optimized
during the design process. Changing any size can cause
performance to deviate from intended goals. Therefore,
only the final parameter values are given. Further, the
results of PCR and ECR are calculated as described in
Fig. 3.
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According to Fig. 3, ECR is higher than 0.8 in three
areas. Moreover, PCR has exceeded 0.9 in the range 4.57
to 5.30 GHz and 16.28 to 18.11 GHz, indicating that the
polarization converter has high polarization efficiency.

Electromagnetic waves can be considered as circu-
larly polarized waves when the axial ratio (AR) of the
electromagnetic wave is less than 3.0 dB in practical
engineering application. Equation (1) is used to calculate
the AR of the reflected electromagnetic waves to deter-
mine the bandwidth of circular polarization.

1/2
AR (|ryy|2+|rw|2+¢a) "

(D
ryy 2+ o> = Va
1.0
40.8
......... 10.6
"""""""""" =4
------- @)
............. 104 &=
--------- PCR
——ECR 10.2
T 0.0

8 10 12 14
Frequency (GHz)

Fig. 3. Calculation results of PCR and ECR.

where a = [ryy[* + |y |* + 2|1y [}y [* cos(2A@y ). Fig-
ure 4 plots the calculation results of AR.
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Fig. 4. AR vs frequency.

It can be seen from Fig. 4 that AR of the electromag-
netic waves is within 3 dB in the frequency range 5.47—
16.15 GHz, and relative bandwidth is 98.7%. Combined
with the results in Fig. 2, the transition bands of the cross
polarization and circular polarization bands are 5.30 to
5.47 GHz and 16.15 to 16.28 GHz, and the relative band-
widths corresponding to 3.1% and 0.8%, respectively.
This illustrates that the designed polarization converter
has high-selectivity for electromagnetic waves, which
is very important in many applications. This is another
advantage of this work.

ACES JOURNAL, Vol. 41, No. 7, July 2026

B. Theoretical analysis

In order to deeply grasp the working mechanism
of the polarization converter, a new coordinate system
(uov) with u- and v-axis is defined. The coordinate axes
are perpendicular to each other and deviate £45° from
the y-axis, as represented in Fig. 5.

According to the vector nature of the electric field,
it can be decomposed into two component electric fields
that are perpendicular to each other and have equal
amplitude. Therefore, incident and reflected electric
fields can be expressed as:

E§=7|E§|(e_u>+e_v>)7 (2)
V3o
E_‘y; = 7|E;|(ruue_u>+rvve_v>)7 3)

Fig. 5. New coordinate system and electric field decom-
position.

where e_u> and e_v> represent the unit vector in the direction
of the u- and v-axis, and ry, and r,, are regarded as the
amplitude of co-polarized reflected wave under the u-
and v-polarized incoming wave, respectively. In addi-
tion, the phase relationship of the co-polarized reflection

coefficients r,, and r,, is: A@,, = @, — ¢,,. Hence,
equation (3) can be written as:
V2= .
B = CralE@ et ). @)

Since the motion trajectory of the reflected electric
fields vector is perpendicular to the propagation direc-
tion, the E,, and E,, components satisfy the following
relationship:

E2 —2E, E,;cosAQ,, + EZ = 0.5|Ey;|*sin? A@,,. (5)

From the electric field decomposition in Fig. 5,
E, = \/E(Eur - Evr)/z, Eyr = \/E(Eur + Evr)/z’



consequently, equation (5) can be described as:

2E;,
|Eyi|?(1+ cosA@y,)

2E7,
|Eyi|?(1 — cosA@y,)

=1. (6)

The x and y components of the reflected electric
fields in equation (6) are:

|Ex| = |Ex||Eyr:0 = \/§|Eyi‘ (1 —cosA@y,)/2
|Eyv| = |Ey|[,=0 = V2|Eyil /(14 cos Apw) /2. (7)

Therefore, the reflection coefficients of co- and
cross-polarization can be obtained from equation (7) as:

ryy = V2-y/1+cosA@,, /2
oy = V2-1/1—cosA@,, /2. (8)

According to equation (8), the co- and cross-
polarization reflection coefficients are ry, = 1, 1, =0
when A@,,, = 0°, and there is no polarization conversion.
When A@,, = £180°, the co- and cross-polarization
reflection coefficients are ry, = 0,r,, = 1, and it has
achieved a 90° linear polarization conversion.

However, the reflected wave is an elliptically polar-
ized wave when Ag@,, # 0° or Ag,, # 180°. Hence, AR
of the elliptically polarized wave can be written as:

AR = \/(1 +cosA@,) /(1 FcosAQyy). )

When A@,, = £90°, then AR = 1, and the linear
polarization is converted to circular polarization. Based
on the above research conclusions, the S-parameters at
u- and v-polarized incidence are simulated, as depicted
in Fig. 6.

As can be seen from Figs. 6 (a) and (b), the co-
polarized reflection coefficients are basically identical
under u- and v-polarized incident waves in the three
frequency bands of 4.57-5.30 GHz, 5.47-16.15 GHz,
and 16.28-18.11 GHz. Additionally, the co-polarized
reflection phase difference is approximately —90° in
the frequency range 5.47-16.15 GHz. According to the
above theory, the circularly-polarized waves are realized
in this frequency band. Finally, the AR values of equa-
tions (1) and (9) are calculated. From Fig. 6 (c), it can be
seen that the AR values of the two paths are equal.

Furthermore, the surface current distributions of the
polarization at different frequency points is analyzed to
explain its working mechanism, as displayed in Fig. 7.
Note that the induced current is distributed in different
positions on the stair-case shape structure at different
frequency points, and the current path length is different,
which shows that this structure can achieve different
polarization functions.

In Fig. 7 (a), the induced current path length at
this frequency point occupies most of the structure,
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Fig. 6. (a) Refection magnitude of u- and v-polarized
incoming wave, (b) reflection phase and phase differ-
ences, and (c) AR of the reflected wave.

which conforms to the principle of long current path
and low resonance frequency point. In addition, the
surface currents of the upper and lower metal layers
are in opposite directions, forming a closed current loop
and generating magnetic resonance, thus realizing cross-
polarization conversion. At 11.0 GHz, the direction of
the induced current in the upper and lower metal layers
is perpendicular, indicating that the reflected wave is a
circularly polarized wave. As can be seen in Fig. 7 (c),
the induced current is concentrated on a short structural
path, and the current directions of the upper and lower
layers are in the same direction, which also achieves a
90° polarization conversion.
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Fig. 7. Surface current distributions of upper and
lower metal layers at frequency points (a) 5.0 GHz,
(b) 11.0 GHz, and (c) 18.0 GHz.

III. PROCESSING AND MEASUREMENT

In order to demonstrate the conversion performance
of the designed ultra-wideband polarization converter,
the proposed polarization converter was fabricated and
tested. The processed sample consists of 24 x 24 units
with a size of 360 x 360 mm, as depicted in Fig. 8 (a).
The metal structure is printed on a F4B dielectric
substrate with relative dielectric constant of 2.2 using
PCB printing technology, and the substrate thickness is
0.25 mm. Plastic nylon columns are used to support the
whole structure. Figure 8 (b) shows the sample testing
in a microwave darkroom environment. The sample is
surrounded with absorbing materials to avoid diffraction
interference of electromagnetic waves. The measure-
ment equipment consists of a vector network analyzer
and two standard broadband linearly polarized horns —
one horn serving as a transmitting antenna and the other
as a receiving antenna. Figure 8 (c) plots the test and
simulation results of the designed polarization converter
sample at vertical incidence.

It is not difficult to see from the results in Fig. 8 (c)
that the experimental results are in good agreement
with the simulation results, further demonstrating the
feasibility and reliability of the design. Small deviations
are allowed, taking into account factors such as machin-
ing accuracy, measurement tolerances, and background
noise. In order to highlight the advantages of this work,

Table 1: Comparison with existing related articles
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Fig. 8. (a) Fabricated sample, (b) measurement environ-

ment of the sample, and (c) measurement and simulation
results at vertical incidence.

the characteristics of existing related articles are listed in
Table 1.

According to Table 1, compared with existing polar-
ization converters, the designed polarization converter
has the characteristics of a single structure, multiple
polarization modes and broadband operating bandwidth.

Ref. Structural Diversity | Polarization Diversity | High-Selectivity | Polarization Bandwidth
[3] Two One NO 49.1%
[18] One One NO 91.2%
[9] three two NO 82.2%
[15] Two One NO 66.3%
[19] Two One NO 31.7%
This Work One Two 3.1%, 0.8% 124.2%




IV. CONCLUSIONS

A metasurface polarization converter with a single
structure is reported and has cross polarization — circular
polarization — cross polarization frequency response
characteristics. The simulation results denote that the
LTC polarization conversion is realized in the range of
5.47-16.15 GHz (relative bandwidth of 98.8%). Further-
more, the relative transition bandwidths between linear
polarization and circular polarization bands are 3.1%
and 0.8%, respectively, indicating that the polarization
converter has strong frequency selectivity. Theoretical
analysis and experimental testing have demonstrated
the reliability of the idea. So far, the polarization con-
verter provides a certain theoretical foundation for multi-
polarization control and polarized antenna design.
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