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Women’s History Month Special Article:
Interview with Professor Natalia Nikolova

Sima Noghanian
Ruckus Networks

Sunnyvale, CA, USA
Sima_noghanian@ieee.org

Abstract – In recent years, Applied Computational Elec-
tromagnetics Society (ACES) Journal has highlighted
the work of women in applied and computational elec-
tromagnetics. These articles aim not only to showcase
the contributions of outstanding female researchers and
educators but also to inspire young students and pro-
fessionals as they pursue their careers in the field. This
year, we were fortunate to learn from Professor Natalia
Nikolova, who shared her insights about her professional
journey, as well as her advice and guidance for the next
generation of scientists and engineers.

Index Terms – Women in STEM, women in
applied and computational electromagnetics, women in
microwave and antennas.

I. INTRODUCTION
This year, I had the opportunity to interview Pro-

fessor Natalia Nikolova, a highly respected educator,
mentor, leader, and researcher. I have followed her work
for many years and have learned tremendously from her
lectures and scientific publications. Her contributions
to the field and dedication to education have been a
constant source of inspiration. Beyond her impressive
expertise, Professor Nikolova stands out for her humility
and approachability. Despite her accomplishments, she
remains down-to-earth, friendly, and genuinely support-
ive of others, making her not only an outstanding scholar
but also a remarkable role model.

Professor Nikolova (Fig. 1) is a professor in the
Department of Electrical and Computer Engineering at
McMaster University and has received numerous recog-
nitions for her contributions to microwave imaging and
computational electromagnetics [1]. She is a Fellow of
the IEEE and the Canadian Academy of Engineering
(Fig. 2), and she held the prestigious Canada Research
Chair in High-Frequency Electromagnetics. Her work
and leadership have been widely recognized through
professional honors, invited lectures, and service to
the international electromagnetics community. Professor

Nikolova has built a strong record of teaching, mentor-
ship, and research leadership.

Fig. 1. Professor Natalia K. Nikolova.

At McMaster University, she founded and leads the
Electromagnetic Vision (EMVi) Laboratory, where her
group develops advanced methods for microwave and
millimeter-wave imaging, inverse scattering, and radar
sensing. Her research includes pioneering contributions
to microwave imaging and sensitivity analysis, devel-
oping computational techniques that reconstruct images
from electromagnetic measurements and evaluate how
variations in material properties or geometry affect sys-
tem performance. These advances have important appli-
cations in medical diagnostics, security screening, and
non-destructive evaluation. Prof. Nikolova has authored
more than 310 refereed manuscripts, 7 book chapters,
and 2 books, including the monograph “Introduction to
Microwave Imaging” [2]. She has delivered 58 invited
lectures, webinars, and short courses internationally on
the subjects of microwave imaging and computer-aided
electromagnetic analysis and design, including an inspir-
ing lecture delivered at ACES EM School in February
2026.

Submitted On: November 17, 2026
Accepted On: November 18, 2026 1054-4887 © ACES
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Fig. 2. Professor Nikolova receiving her official cer-
tificate as a fellow of the Canadian Academy of
Engineering.

II. QUESTIONS AND ANSWERS (Q & A)
Q1: Can you share a bit about your journey to becom-
ing a professor? What was your motivation in your
career path?

A1: As a student, I aspired to be a researcher and
make discoveries, but being a professor was not my
goal. As a post-doctoral fellow, however, I appreciated
the academic freedom in research choices, the daily
interaction with bright researchers and students in the
university, and the feeling of accomplishment brought
by teaching. The first exposure to teaching revealed that
it requires as much focus, innovation, and creativity as
research. I really enjoyed it, especially when I saw the
spark of understanding and excitement in the eyes of
the students. So, when an opportunity presented itself
at McMaster University, I took it.

Q2: What initially sparked your interest in engineer-
ing, and how did you decide to specialize in electro-
magnetics (EM)?

A2: My career path was strongly influenced by my
years as an undergraduate student in the Radio Engineer-
ing Department at the Technical University of Varna,
Bulgaria, which, at the time, boasted the best antenna
and microwave labs in the country. Seeing the antennas
and the test instrumentation in action, along with a
design project on a low-noise amplifier using the first
microwave circuit simulator PUFF, made me an EM
enthusiast. During my Ph.D. studies at the University
of Electro-Communications, Tokyo, Japan (Fig. 3), I
focused on time-domain full-wave simulations under the
guidance of Prof. Eikichi Yamashita, one of Japan’s
renowned pioneers in computational electromagnetics.
On a more fundamental level, my career path has been
driven by curiosity about how electromagnetism shapes
nature and how we harness it.

Fig. 3. Professor Nikolova receiving her Ph.D. degree
certificate at the graduation ceremony in 1997.

Q3: Could you describe your experience going from
B.Sc. degree to a graduate degree and then a post-
doctoral fellowship? I understand you did your B.Sc.
in Bulgaria, your graduate degree in Japan, and your
post-doctoral fellowship in Canada. How did the study
and research in different countries and cultures influ-
ence you, your approach to solving difficult problems,
and your points of view?

A3: I had the exceptional opportunity to pursue my
Ph.D. studies in Japan thanks to a scholarship from
the Japanese government (the Monbusho scholarship).
I remember well my first days in Tokyo, when I was
dazzled by the highly technological and orderly society
that made the crowded multi-million city function like
a clockwork. The Japanese people and culture had a
marked influence on me. In their reserved but kind and
calm ways, they taught me patience, persistence, time
management, and punctuality, and the importance of
paying attention to detail (Fig. 4). To this day, it is
these qualities that I find essential in solving difficult
problems.

Fig. 4. Professor Nikolov called on stage to perform at
the Taiko Ceremony, held during the IEEE APMC 1996
conference.
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On to Canada, where I met the kindest people
and where I found my final career destination. In
Canada, innovation and creativity are strongly encour-
aged, which directed my research into topics such as
high-frequency electromagnetic sensitivity analysis and
microwave imaging, which, at the time, were emerging
and not well-understood topics.

Q4: Did you have a mentor who influenced your career
path? How do you think mentorship impacts students’
and young professionals’ success?

A4: Both my Ph.D. and post-doctoral supervisors influ-
enced my career path. They have influenced my choices
of research topics as well as activities within pro-
fessional societies such as the IEEE and ACES. The
mentorship of my post-doctoral supervisor, Prof. John
Bandler, was the most long-lasting as he was also a
collaborator for over a decade in the research for effi-
cient sensitivity analysis methods. Prof. Bandler (Fig. 5)
was a strong proponent of women in the engineering
profession. His encouragement and support helped me
and numerous other female professionals pursue suc-
cessful academic and industrial R&D careers. I think
that mentorship is one of the most effective ways of
setting young professionals on a path to success.

Fig. 5. Professor Nikolova with the late Prof. John
Bandler and her students, celebrating the new year.

Q5: Why do you believe it is crucial to have female
role models in electromagnetics and engineering in
general?

A5: Of course, female role models show that a suc-
cessful career is possible in these demanding, male-
dominated fields. Importantly, female senior researchers
and academics also enable networking, mentorship, and
support of female junior researchers in their career
advancement. This latter role is crucial for expanding
the presence of young female professionals in our fields
(Fig. 5).

Q6: What are some of the biggest challenges women
face in this field, and how can academia and/or indus-
try better support diversity?

A6: The challenges that women in this field face likely
depend on the region and the institution where they
practice their profession. Discrimination and prejudice
against female engineers seem to be on the decline
worldwide, but the problem still exists. The technical
qualifications and capabilities of female engineers may
be unreasonably scrutinized, whereas those of their male
counterparts are not. This puts much pressure on female
engineers to prove themselves over and beyond the
norm. In my experience, this is less of a problem in
academia compared to industry. But another major chal-
lenge comes from balancing work and family. It is this
challenge, in my opinion, that inhibits gender diversity
in the demanding engineering professions. How can
academia and industry address this? This is a difficult
and long-standing question. In my opinion, there must
be accommodation across all genders, to allow for work-
life balance, as well as on-site facilities for childcare
and health care in the case of larger organizations.
But society and governments must also recognize the
importance of such accommodations and give incentives
to employers to implement them.

Q7: Can you share a particularly memorable moment
from your teaching or research that reinforced your
passion for academia?

A7: There are two “eureka” moments in my research
that are indeed memorable. One is the derivation of
the analytical response-sensitivity formula for scatter-
ing parameters. The second is the discovery of a new
inverse-scattering formula, which led to a significant
improvement of our microwave imaging reconstruc-
tion with the scattered-power mapping method. But
my passion for academia is most strongly reinforced
by the enthusiastic feedback from my undergradu-
ate students in the electromagnetics courses and the
antenna/microwave course. I feel that my biggest career
accomplishment is getting my students excited about
electromagnetics, microwave, and antenna engineering,
and seeing them continue to graduate school to pursue
advancement in this field.

Q8: What excites you the most about research in
applied and computational EM? Are there any emerg-
ing trends that you find particularly promising? What
do you see as the short- and long-term future for the
applied or computational electromagnetics?

A8: Applied and computational EM is an intersection
of engineering, mathematical physics, and applied math-
ematics. It is this interdisciplinarity that is exciting.
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One interesting trend for me is the rise of fast radar
simulators that can emulate a true real-time imaging
scenario, such as the imaging of a walking person, or
that of an imaging radar mounted on a UAV. Another
exciting trend is the development of novel fast image-
reconstruction algorithms along with the fully electronic
microwave and millimeter-wave imagers.

Q9: You are renowned for your work in microwave
imaging, including cancer imaging. What motivated
you to advance the research in this field?

A9: I am a believer in microwave technology as an alter-
native medical imaging modality, despite the numer-
ous challenges it still faces. My microwave-imaging
research was originally in the general field of inverse
scattering and real-time image reconstruction with syn-
thetic aperture radar. I took on the challenge of breast-
cancer diagnostics because current screening methods
are less effective than what is needed for early-stage
treatment. I also believe that the success of this technol-
ogy hinges on innovation in hardware, which is a very
interesting and engaging engineering research.

Q10: How can one person be better at leadership in her
field?

A10: Leadership begins with compassion, commitment
to help others, and listening to your team and colleagues.
Then comes the vision, the judgment of methods and
opportunities, and the hard work.

Q11: What advice would you give to students and
young professionals who are interested in pursuing

careers in applied and computational electromagnet-
ics?

A11: Think out of the box! There are always emerging
new technologies (THz, sensing and imaging) and new
materials (organics, semiconductors and plasmas), and
so there is always a need for new EM and multi-physics
analytical models and simulation tools.

REFERENCES
[1] Research Spotlight |Dr. Natalia Nikolova - Electrical
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ing. Cambridge, U.K.: Cambridge University Press,
2017. doi:10.1017/9781316084267.
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A Full-Wave Method for Radar Cross-Section Analysis
with Locally Generated Structured Electromagnetic Waves

Matthew J. Dodd1, Kobe Prior1, Joseph E. Diener1,
Veysel Demir2, and Atef Z. Elsherbeni1

1Department of Electrical Engineering
Colorado School of Mines, Golden, CO 80401, USA

mdodd@mines.edu, kdprior@mines.edu, jdiener@mines.edu,
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2Department of Electrical Engineering
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Abstract – This work presents a full-wave numerical
method for simulating the radar cross-section (RCS) of
targets illuminated by structured electromagnetic waves
generated by physically realizable sources embedded
within the simulation domain. The proposed framework
enables RCS prediction using practical excitation mech-
anisms, such as antenna arrays, rather than idealized
incident fields. To demonstrate the approach, we com-
pute the RCS of several canonical targets under illumi-
nation by an orbital angular momentum (OAM) vortex
wave produced by a uniform circular array (UCA) of
dipole antennas. The simulated results reveal distinctive
scattering behaviors and increased RCS diversity asso-
ciated with OAM-based structured wave excitation. The
methodology establishes a foundation for future studies
of target scattering under a broad range of structured
electromagnetic fields and source configurations.

Index Terms – Radar cross-sections, microwave orbital
angular momentum, finite difference time domain
(FDTD), method of moments (MoM).

I. INTRODUCTION
Structured electromagnetic waves constitute a class

of field distributions characterized by spatially varying
phase and amplitude profiles in the far field. Common
examples include Laguerre-Gaussian (LG) and Hermite-
Gaussian (HG) modes, which exhibit nontrivial wave-
front structures and unique propagation characteristics.
In this work, we focus on structured waves carrying
orbital angular momentum (OAM), often referred to as
vortex beams. The electric field of an OAM mode can be
expressed as

E(x,y,z) = E0(x,y,z)e− jkze jℓ tan−1(y/x), (1)

where ℓ ∈ Z is the azimuthal mode index and k = 2π

λ
is

the wavenumber.
A number of prior studies have investigated the

radar cross-section (RCS) diversity associated with
OAM-wave illumination. Physical optics (PO)-based
techniques have been widely used to model scatter-
ing from electrically large objects under OAM exci-
tation [1–6], and several experimental measurements
of OAMinduced RCS variations have been reported
for canonical and complex targets [1, 7–9]. Addi-
tional studies have examined reflection and refraction
of OAM waves from dielectric and perfectly conduct-
ing slabs [10]. While PO methods offer computational
efficiency for large scatterers, they inherently neglect
important mechanisms such as edge diffraction, creep-
ing waves, and higher-order interactions

Full-wave electromagnetic techniques-including the
method of moments (MoM) and the finitedifference
time-domain (FDTD) method-provide a more rigorous
alternative, yielding accurate scattered fields for objects
of arbitrary size and geometry. Prior full-wave studies
involving OAM illumination have typically injected vor-
tex beams using analytical field expressions prescribed
at a domain boundary or source plane [11, 12]. Mie
theory has also been used to analyze LG-mode scattering
from spherical objects [13]. In [14], OAM excitation
generated by idealized Hertzian dipoles was examined
within a PO framework for PEC targets.

In contrast to these approaches, this work develops
a full-wave simulation methodology in which the struc-
tured wave is generated by a physical source located
inside the simulation domain. Specifically, we model
an OAM beam produced by a uniform circular array
(UCA) of dipole antennas, where each element is excited
with a phase proportional to its azimuthal position

Submitted On: December 23, 2025
Accepted On: April 01, 2026 1054-4887 © ACES
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φ = tan−1 y
x of the array elements consistent with (1).

This approach enables realistic modeling of structured-
wave illumination from practical antenna architecture.
Because the UCA radiates directly into the far field,
the total computed fields contain contributions from
both the source and the target scatterer. To analyze the
RCS, we therefore introduce a systematic procedure for
separating the scattered field from the directly radiated
field. Another challenge arises in defining RCS for
structured waves. Traditional RCS definitions assume
plane-wave illumination with uniform incident power
density (Sinc). Structured waves violate this assumption
due to their inherently nonuniform spatial distributions.
Accordingly, we adopt the generalized RCS definition

RCS(θ ,φ) = lim
R→∞

4πAR2Sscat

Pinc
, (2)

where Pinc
A is the average incident power density com-

puted over a designated capture plane of area A. This for-
mulation enables consistent comparison between scat-
tering under OAM illumination and traditional plane-
wave excitation, similar to the normalization approach
in [12]. It is important to note that the RCS is, in general,
a function of the transmit and received polarization.
The received polarization components are referred to by
spherical coordinate unit vectors RCSθ and RCSφ , or the
total RCStot = RCSθ +RCSφ . The results m presented
are for an incident polarization in the +y direction
(φ -component in YZ plane).

The remainder of this paper is organized as follows.
Section II presents the methodology for generating
OAM excitation using an embedded antenna array and
for isolating the scattered field in full-wave simulations.
Section III provides numerical results illustrating the
RCS of canonical PEC objects under OAM illumination.
Conclusions and potential extensions to other structured-
wave sources are discussed in section IV.

II. METHOD
In full-wave electromagnetic simulations, the radi-

ated far fields are computed from the currents induced
by the excitation sources. In FDTD simulations, these
far fields are obtained from the simulated near fields via
the surface equivalence theorem [15]. A fictitious closed
surface is placed around the radiating and scattering
structures, and equivalent electric and magnetic surface
currents representing the radiated fields are given by

J⃗s = n̂× H⃗, (3)

M⃗s =−n̂× E⃗, (4)

where H⃗ are the magnetic fields on the surface, E⃗ are
the electric fields, and n̂ is the unit normal vector to the
surface.

When both antennas and scatterers are present
inside the same computational domain, the equivalent
surface currents naturally contain contributions from
both the antenna radiation and the object’s scattered
response. To isolate the scattered fields, we introduce a
two-step simulation procedure, illustrated in Fig. 1.

1. Step 1: Simulate the full configuration containing
the antenna array and the scatterer. Extract the total
fictitious currents (Js,total,Ms,total).

2. Step 2: Remove the scatterer and repeat the simula-
tion using the same excitation. The resulting fictitious
currents (Js,incident,Ms,incident) represent the incident
fields due solely to the antenna. A fluxcapture plane
of area A, aligned with the projected area of the
scatterer, is used to compute the average incident
power density Pinc

A which is required to normalize
the RCS.

The scattered-field equivalent currents are then
obtained by subtraction:

Js,scattered = Js,total − Js,incident, (5)

Ms,scattered = Ms,total −Ms,incident. (6)

The scattered far fields are computed using the standard
radiation integrals with vector potentials [15]:

N⃗ =
∫

S
J⃗Se− jkr′ cosψ dS′, (7)

L⃗ =
∫

S
M⃗Se− jkr′ cosψ dS′. (8)

Substituting the resulting scattered fields into the gen-
eralized RCS definition in (2) yields the desired bistatic
RCS. The two RCS polarization components are

RCSθ (θ ,φ) =
Ak2

8πη0Pinc

∣∣∣⃗Lθ +η0N⃗θ

∣∣∣2 , (9)

RCSφ (θ ,φ) =
Ak2

8πη0Pinc

∣∣∣⃗Lφ +η0N⃗φ

∣∣∣2 , (10)

where k = 2π

λ
is the wavenumber and η0 is the free space

impedance.
Throughout this work, we report the bistatic RCS

for the case where the incident beam propagates along
the +z direction with back and forward scattering direc-
tions correspond to θ = 180◦ and θ = 0◦, respectively.
This coordinate convention is the spherical coordinate
system for antenna far field patterns. The observation
direction r⃗, has an elevation angle θ that is measured
from the +z axis and an azimuth angle φ that is measured
from the +x axis as shown in Fig. 2.

Both the MoM framework of [16] and the FDTD
solver of [17] are used. In MoM, the equivalent twostep
subtraction process is applied in the far field rather than
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Fig. 1. (Top) The first simulation step in the process
contains both the local sources and the scatterer inside
an imaginary closed surface. (Bottom) The second step
removes the scatterer from the domain and includes a
flux capture plane for incident power on the scatterer.

at the equivalent surface, i.e. Escattered = Etotal −Eincident
which requires twice the number of far-field evaluations
but is otherwise equivalent.

III. RESULTS
To validate the local-source RCS methodology, we

first analyze a configuration where the scatterer is placed
in the far field of a half-wavelength dipole antenna. At
sufficiently large distance, the dipole radiation approxi-
mates a plane wave, enabling comparison with standard
plane-wave RCS results obtained from full-wave simula-
tions. Simulations are performed for both a PEC sphere
and a PEC square plate at 8.75 GHz.

The far-field distance is computed as

z f f =
2D2

λ
, (11)

where D is the diameter of the radiating structure. For
the validation study, the PEC sphere with diameter equal
to λ is placed at a distance 60 times z f f to ensure an
excellent plane-wave approximation (Fig. 2). The RCS
results appear in Fig. 3 and show excellent agreement
between the local-source method and the conventional
plane-wave RCS.

A similar comparison is made for the PEC plate
shown in Fig. 4. Again, the RCS computed using the
proposed two-step method matches the plane-wave RCS

exactly as seen in Fig. 5, confirming the correctness of
the field-separation procedure.

Fig. 2. Simulation scenario to approximate a linearly
polarized plane wave incident on a PEC sphere. The
diameter of the sphere is one wavelength. The coordinate
axis shows the spherical coordinate convention used to
define the observation angles θ and φ for an observa-
tion direction towards the vector r⃗. The origin of the
coordinates system is physically located at the center of
the dipole source; however, it is offset in the figure for
clarity.

Fig. 3. RCS computed by the local source method for a
PEC sphere compared to the traditional plane wave RCS.

A. PEC sphere RCS under OAM modes
We next examine RCS under OAM illumination.

Structured waves are generated by a UCA of eight
halfwavelength dipoles arranged with radius 17 mm
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Fig. 4. Simulation scenario to approximate a linearly
polarized plane wave incident on a PEC plate. The
width and length of the plate in the x–y plane are one
wavelength. The origin of the coordinates system is
physically located at the center of the dipole source;
however, it is offset in the figure for clarity.

Fig. 5. RCS computed by the local source method for a
PEC plate compared to the traditional plane wave RCS.

(approximately λ/2 at 8.75 GHz). The UCA is mounted
9 mm above a circular PEC reflector (radius 58.5 mm)
to achieve unidirectional radiation (Fig. 6). Each OAM
mode with index ℓ is synthesized by assigning element
phases proportional to azimuthal angle as in (1).

Because OAM beams exhibit mode-dependent
angular radiation maxima, the scatterer is repositioned
for each mode so that it lies along the direction of max-
imum radiated power of the mode, ensuring consistent
illumination across modes and accurate comparison with
the plane wave RCS, as well as comparison between
modes. Sample radiation patterns for modes ℓ= 0,1, and
2 are shown in Fig. 7.

Far field bistatic RCS patterns for the PEC sphere
are shown in Fig. 8 for the elevation plane where φ =
90◦ and compared with the other modes as well as a
plane wave on the same axis. For all results in this
section, both the θ - and φ -polarized components of

Fig. 6. Geometry of the UCA shown from a top-down
view (top) and from a side on view (bottom). The
UCA consists of eight half wavelength dipole elements
arranged in a circle above a PEC ground plane acting as
a reflector. All dipole antennas are at the same height
from the ground reflector but shown here at different
heights for clarity. The origin of the coordinates system
is physically located at the center of the ground plane;
however, it is offset in the figure for clarity.

the RCS are presented separately. These polarization
components are aligned with the spherical coordinate
unit vectors. In the cartesian YZ plane, where φ = 90◦ or
φ = 270◦, the φ -polarization vector is pointing towards
−x or +x direction respectively. The θ polarization
vector is pointing towards +y when θ = 0◦, is pointing
towards −z when θ = 90◦, and is pointing towards −y
when θ = 180◦. This description applies to all polarized
RCS calculations presented here. In the ℓ= 0 mode, the
φ -polarized component is a very close approximation
of a plane wave. It is notable that the φ polarized
scattering component is higher magnitude for θ ≈ 50◦

and θ ≈ 150◦ for ℓ = 2 and at θ ≈ 180◦ for ℓ = 3
modes, indicating an RCS diversity for the higher order
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Fig. 7. Geometry of the scattering simulations, with
the target object located in the direction of maximum
radiation, (θd ,φd) as shown (top). The far field radiation
patterns of the UCA for modes ℓ = 0,1, and 2 with
annotations for the direction of maximum radiation
identified. All dipole antennas are at the same height
from the ground reflector but shown here at different
heights for clarity. The origin of the coordinates system
is physically located at the center of the ground plane;
however, it is offset in the figure for clarity.

Fig. 8. The bistatic RCS of the PEC sphere for modes
ℓ = 0,1,2,3 in the φ = 90◦ plane for the θ -polarized
component (top) and φ -polarized component (bottom).

OAM mode illuminating beams even in the co-polarized
scattered fields.

Another significant characteristic of the sphere scat-
tering results is the significant increase in the cross
polarized θ -component of the scattered fields for all
modes ℓ > 0. The cross polarized component is nonex-
istent in the plane wave and ℓ = 0 modes, indicating a
strong diversity induced by the OAM wave even for a
rotationally symmetric scattering target such as the PEC
sphere.

To further validate the method, scattered fields (not
RCS) computed using MoM and FDTD are compared
with the sphere moved to a distance of z f f ≈ 210 mm.
The FDTD domain contains 64 million cells and is
run for 15,000 steps; MoM requires only discretization
of the sphere and antenna (2362 edges). The normal-
ized scattered fields for ℓ = 1,2 are shown in Fig. 9
and exhibit good agreement. Small deviations occur
primarily in cross-polarized components where field
magnitudes are low and numerical precision is limited.
When computing simulations for a single frequency with
only PEC objects in the domain, the MoM is typically
more efficient. However, many applications will require
dielectric objects and wideband frequency simulation
which reduces the efficiency of the MoM solution.
In these applications, the FDTD computation is more
efficient.

B. PEC plate RCS under OAM modes
The next canonical object used as a scattering

target is the PEC plate. The PEC plate has a square
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Fig. 9. Normalized scattered field comparison for a PEC
sphere between MoM and FDTD simulation methods.
The results for ℓ = 1 are shown for the θ polarized
(top) and φ -polarized (second from top) components of
the scattered electric field. The same results for ℓ= 2
are shown for the θ -polarized (third from top) and
φ -polarized (bottom) components.

cross-section with length and width equal to one wave-
length at 8.75 GHz. The same simulation configurations
that were used for the PEC sphere are repeated for the
PEC plate. The RCS results are presented in Fig. 10
in the φ = 90◦ plane. The PEC plate RCS values are
improved for the ℓ = 2 mode for the co-polarized φ -
component while other modes follow a similar pattern
to the plane wave but are lower in magnitude. As with

Fig. 10. The bistatic RCS of the PEC plate for modes
ℓ= 0,1,2,3 in the φ = 90◦ plane. The θ -polarized com-
ponent (top) and the φ -polarized component (bottom).

Fig. 11. The PEC ogive is placed at 60 times the farfield
distance above the UCA. The dimensions of the ogive
are defined according to the standardized model used in
RCS literature [18]. The origin of the coordinates system
is physically located at the center of the ground plane;
however, it is offset in the figure for clarity.

the sphere, significant increases appear in the cross-
polarized θ -component for all ℓ > 0, again demonstrat-
ing OAM-induced polarization conversion.

C. PEC ogive RCS under OAM modes
The ogive is a commonly used object for RCS stud-

ies with standardized dimensions [18]. The simulation
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Fig. 12. The bistatic RCS of the PEC ogive is calculated
for modes ℓ = 0,1,2,3. The φ = 90◦ plane is compared
between modes and to a plane wave for the θ -polarized
component (top) and φ -polarized component (bottom).

configuration is shown for a PEC ogive in Fig. 11.
The corresponding RCS results are shown in Fig. 12
indicating that, unlike the sphere and plate, the ogive
does not exhibit increased co-polarized scattering for
OAM modes. However, a substantial increase in the
cross-polarized component is again observed for all
ℓ > 0 modes, suggesting that OAM-induced polarization
conversion persists across geometrically distinct canon-
ical scatterers.

IV. CONCLUSION
This work presents a general method for com-

puting the scattered fields and radar cross-section of
objects illuminated by structured electromagnetic waves
generated by sources embedded within the simulation
domain. This method is applicable to both FDTD and
MoM solvers and provides a practical two-step proce-
dure for isolating scattered fields from direct antenna
radiation.

The approach is validated by comparing localsource
RCS results with traditional plane-wave RCS for canon-
ical PEC targets, showing excellent agreement. We then
apply the method to OAM illumination produced by a
realistic uniform circular dipole array. Across a range
of canonical objects including a sphere, plate, and ogive
we observe significant increases in cross-polarized scat-
tering for OAM modes ℓ > 0 relative to plane waves. In
some cases, increases in copolarized side-scattering are
also observed.

These results demonstrate the RCS diversity achiev-
able through structured-wave excitation and illustrate
the capability of the proposed method to simulate realis-
tic OAM sources. The framework provides a foundation
for future work involving more general structured-wave
excitations, complex scatterers, and advanced antenna
architectures.
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Abstract – The finite-difference time-domain (FDTD)
method suffers from accuracy loss when applied to
curved targets due to the staircase approximation. To
improve the surface fitting accuracy of curved perfect
electric conductor (PEC) objects, the conformal finite-
difference time-domain (CFDTD) has been introduced.
However, when high-precision conformal cell fitting is
performed, the time step in CFDTD is significantly
reduced by the presence of distorted small cells, leading
to much lower computational efficiency. In this paper,
a novel PEC CFDTD algorithm with distorted grid face
filtering is proposed, which allows a larger time step. By
deriving the stability condition of CFDTD, a Conformal
Distortion Index (CDI) is defined and used as a filtering
criterion. The conformal cells are retained in regions
with low CDI, while areas with high CDI are reverted
to the staircase mesh. A sensitivity study on a PEC
sphere is used to determine an optimal filtering ratio of
5%, under which the proposed method greatly improves
computational efficiency while incurring only a minimal
loss in accuracy. Numerical examples are presented to
validate the effectiveness of the proposed method.

Index Terms – Conformal finite-difference time-
domain (CFDTD), curved targets, grid face filtering,
time step reduction.

I. INTRODUCTION
The finite-difference time-domain (FDTD) is

widely used in computational electromagnetics due to its
explicit time-stepping scheme, inherent parallelism, and
time-domain broadband response in a single simulation
[1–4]. However, significant staircase errors are intro-
duced in FDTD when discretizing curved perfect electric
conductor (PEC) surfaces with Yee cells, which restricts
its accuracy in curved target analysis [5–7]. Conformal
FDTD (CFDTD) addresses this issue by employing
conformal meshes to fit the curved surfaces for improv-
ing modeling accuracy [8]. Nevertheless, high-precision
conformal fitting inevitably produces numerous small

and highly distorted cells in PEC objects. Because the
time step is limited by the smallest cell, the computa-
tional efficiency of CFDTD decreases significantly with
increasing mesh distortion [9].

To improve the balance between accuracy and effi-
ciency of the CFDTD methods for PEC structures,
several schemes have been proposed. Yu and Mittra
approximated the area of conformal cells to those of Yee
cells, which eases the stability constraint but reduces
accuracy [10]. Other methods, such as global mesh
adjustment and enlarged cell technique, seek to control
distortion or enlarge small cells. This often involves
manual intervention or complex field update equations
[11–14]. Mesh modification strategies, such as adjusting
edge lengths or shifting intersection points, are used to
regularize cell shapes for relaxing the stability constraint
[15, 16]. Alternatively, local or multi-rate time stepping
schemes have been introduced. This typically requires
additional interpolation, thus increasing complexity and
computational cost [17, 18]. In these methods, all
conformal cells are still preserved, and the restriction
imposed by the smallest cells is handled by making
the time-stepping scheme or the mesh structure more
complicated.

In addition, recent work has extended CFDTD to
higher-order and advanced algorithms to further improve
stability and enable larger time steps in complex PEC
models [19–26]. Implicit or weakly conditionally sta-
ble schemes, such as conformal alternating direction
implicit (C-ADI)-FDTD and conformal locally one-
dimensional (C-LOD)-FDTD, can formally relax the
limit but require solving linear systems at each time step.
In practice, C-ADI-FDTD may still suffer from stability
degradation on highly distorted conformal meshes. In
contrast, C-LOD-FDTD, though unconditionally stable,
exhibits relatively large numerical dispersion and may
need finer meshes to match the accuracy of explicit
CFDTD.

With these advances, CFDTD has continued to
mature in recent years, demonstrating improved accu-
racy, broader applicability, and greater reliability. It has
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been successfully applied to waveguide ports [9, 27, 28],
periodic and anisotropic structures [29], and advanced
boundary conditions [30]. These applications under-
score the significance of these algorithms and the need
for further improvements in computational efficiency
and stability, especially for severely distorted meshes.

In this paper, a novel PEC CFDTD algorithm with
distorted grid face filtering is proposed. Instead of updat-
ing all the highly distorted conformal cells, the proposed
method operates directly on the mesh by filtering out a
portion of the most problematic cells. By quantitatively
relating a Conformal Distortion Index (CDI) to the
global time step stability constraint, a filtering criterion
is established to replace a preset proportion of highly
distorted conformal cells with staircase cells. Thus,
a small sacrifice of geometric accuracy for a limited
number of cells leads to a much larger allowable time
step and a substantial improvement in computational
efficiency. A sensitivity study on a PEC sphere identifies
5% as the optimal filtering ratio. Under this setting, the
proposed method achieves significant improvement in
computational efficiency while introducing only a minor
accuracy loss compared to the conventional CFDTD, as
verified by numerical results.

II. STABILITY ANALYSIS OF CFDTD
When applying the CFDTD method to PEC, confor-

mal meshes truncate the boundary Yee cells. Therefore,
the electromagnetic field calculation for the mesh in the
boundary region needs to be corrected using Faraday’s
law as ∮

∂S
E⃗ · d⃗l =− ∂

∂ t

∫∫
S

µH⃗ ·dS⃗, (1)

where S represents the area of the region, ∂S denotes
its boundary, l is the length of the grid cell along the
boundary of the region, t is the time, and µ is the
magnetic permeability.

According to equation (1), the explicit magnetic
field calculation must be modified to account for changes
in the integration path and regions outside the PEC. As
shown in Fig. 1, the equation for the z-component of the
magnetic field is given as [8]

Hn+1/2
z (i, j,k)

= Hn−1/2
z (i, j,k)+

∆t
µSz(i, j,k)

·


En

x (i, j+1,k)lx(i, j+1,k)

−En
x (i, j,k)lx(i, j,k)

−En
y (i+1, j,k)ly(i+1, j,k)

+En
y (i, j,k)ly(i, j,k)

 , (2)

Fig. 1. Illustration of changes in conformal mesh inte-
gration path and area.

where ∆t denotes the time step size. At the grid point
with three-dimensional coordinates (i, j,k), Sz(i, j,k)
represents the area of the Hz-associated grid cell outside
the PEC, lx, ly denote the lengths of the grid edges
along the x and y directions at the boundary of Sz(i, j,k)
outside the PEC, and n is the time step index.

To preserve the finite-difference formulation of the
magnetic field components along different coordinate
directions in CFDTD, equivalent edge lengths l′v and
equivalent areas S′v(v = x,y,z) are introduced. Using the
magnetic field component in the z-direction, illustrated
in Fig. 1 as an example, we define

l′x = lx/∆x, l′y = ly/∆y, S′z = S/∆x∆y, (3)

where ∆v(v = x,y,z) denotes the full sizes of the Yee
cells in the x, y, and z directions, respectively, represent-
ing the differential discretization intervals along each
axis.

Thus, the equivalent edge lengths of the conformal
cell are l′x(i, j + 1,k) and l′y(i+ 1, j,k), and the equiva-
lent area is Sz(i, j,k). Consequently, the magnetic field
update equation in CFDTD is modified as

Hn+1/2
z (i, j,k)

= Hn−1/2
z (i, j,k)+

∆t
µS′z(i, j,k)

·


En

x (i, j+1,k)l′x(i, j+1,k)−En
x (i, j,k)l′x(i, j,k)

∆y

En
y (i, j,k)l′y(i, j,k)−En

y (i+1, j,k)l′y(i+1, j,k)
∆x

 .
(4)

While the magnetic field is adjusted in the CFDTD
method, the electric field calculation still follows the
conventional FDTD formulation.

The stability proof of the CFDTD method in this
work is based on a simplified form of equation (4).
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By incorporating all coefficients of the electric field
terms in equation (4) into a new definition En

v∗(i, j,k) =
En

v (i, j,k) · l′v(i, j,k),(v = x,y,z), the equation can be
rewritten as

Hn+1/2
z (i, j,k)

= Hn−1/2
z (i, j,k)

+
∆t

µS′z(i, j,k)


En

x∗(i, j+1,k)−En
x∗(i, j,k)

∆y

−
En

y∗(i+1, j,k)+En
y∗(i, j,k)

∆x

 .
(5)

Considering a linear, isotropic, lossy medium, the
fundamental computation equations of CFDTD can be
written in matrix form as

1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0

0 −Cq ·
∂

∂ z
1
Sx

Cq ·
∂

∂y
1
Sx

1 0 0

Cq ·
∂

∂ z
1
Sy

0 −Cq ·
∂

∂x
1
Sy

0 1 0

−Cq ·
∂

∂y
1
Sz

Cq ·
∂

∂x
1
Sz

0 0 0 1



×



En+1
x∗

En+1
y∗

En+1
z∗

Hn+1
x

Hn+1
y

Hn+1
z



=



1 0 0 0 −Cb ·
∂

∂ z
Cb ·

∂

∂y

0 1 0 Cb ·
∂

∂ z
0 −Cb ·

∂

∂x

0 0 1 −Cb ·
∂

∂y
Cb ·

∂

∂x
0

0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1



×



En
x∗

En
y∗

En
z∗

Hn
x

Hn
y

Hn
z


, (6)

where Cb =
∆t
ε
,Cq =

∆t
µ

, and ε is the dielectric constant.

The field components En and Hn in equation (2) can
be represented as three-dimensional plane waves at time
step n {

En = φEζ n exp[ j(kxx+ kyy+ kzz)]

Hn = φHζ n exp[ j(kxx+ kyy+ kzz)]
, (7)

where φ is the amplitude of the field components, ζ is
the amplification factor, and kx,ky,kz are the wavenum-
bers in the x, y, z directions, respectively.

Substituting equation (7) into equation (6) and dis-
cretizing the spatial components exp[ j(kxx+ kyy+ kzz)
gives

ζ −1 0 0 0 C′
bxσz −C′

bxσy

0 ζ −1 0 −C′
byσz 0 C′

byσx

0 0 ζ −1 C′
bzσy −C′

bzσx 0

0 −ζC′
qx ·σz ζC′

qxσy ζ −1 0 0

ζC′
qyσz 0 −ζC′

qyσx 0 ζ −1 0

−ζC′
qzσy ζC′

qzσx 0 0 0 ζ −1



·



φEx ζn

φEyζn

φEzζn

φHx ζn

φHyζn

φHzζn


= 0, (8)

where σx = 2 j sin
(

kx∆x
2

)
/∆x, σy = 2 j sin

(
ky∆y

2

)
/∆y,

σz = 2 j sin
(

kz∆z
2

)
/∆z, C′

bv =
∆t·l′v

ε
, C′

qv = ∆t
µ·S′v

, (v =

x,y,z).
For equation (8) to have non-trivial solutions, the

determinant of the coefficient matrix must be zero, that is

(ζ −1)2

[
ζ (C′

bxC
′
qxσ2

x +C′
byC

′
qyσ2

y +C′
bzC

′
qzσ

2
z )

−(ζ −1)(ζ −1)

]2

= 0.

(9)
To ensure numerical stability during iterative com-

putation, the amplitude of the amplification factor must
satisfy |ζ |= 1, thus, equation (9) is equivalent to

ζ −1 = 0, (10)

ζ (C′
bxC

′
qxσ

2
x +C′

byC
′
qyσ

2
y +C′

bzC
′
qzσ

2
z )− (ζ −1)2 = 0.

(11)

By solving equation (10), we obtain |ζ | = |1| ≤ 1,
indicating that this stability condition is always satisfied.
Equation (11) can then be rearranged as

ζ
2 − [2+C′

bxC
′
qxσ

2
x +C′

byC
′
qyσ

2
y +C′

bzC
′
qzσ

2
z ]ζ +1 = 0.

(12)
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For the convenience of calculation, a linear transfor-
mation defined by ζ = r+1

r−1 is applied to equation (12) as

[−C′
bxC

′
qxσ

2
x +C′

byC
′
qyσ

2
y +C′

bzC
′
qzσ

2
z ]r

2

+[4+C′
bC′

q(σ
2
x +σ

2
y +σ

2
z )] = 0. (13)

Using the Routh-Hurwitz criterion [31], the neces-
sary and sufficient condition for numerical stability in
equation (13) is that all coefficients are positive. The
first-order terms are always positive, so only the constant
term requires further analysis, which is simplified as

l′x
S′x

·

 sin
(

kx∆x
2

)
∆x

2

+
l′y
S′y

·

 sin
(

ky∆y
2

)
∆y

2

+
l′z
S′z

·

 sin
(

kz∆z
2

)
∆z

2


≤

[
l′x
S′x

(
1

∆x

)2

+
l′y
S′y

(
1

∆y

)2

+
l′z
S′z

(
1

∆z

)2
]
≤ εµ

(∆t)2 .

(14)

Accordingly, the time step ∆t in CFDTD should
meet the following criterion

∆tCFDT D ≤
√√√√ εµ

l′x
S′x

( 1
∆x

)2
+

l′y
S′y

(
1

∆y

)2
+

l′z
S′z

( 1
∆z

)2

≤
√√√√√ εµ(

l′
S′

)
max(x,y,z)

[( 1
∆x

)2
+
(

1
∆y

)2
+
( 1

∆z

)2
]

= ∆tFDT D/

(√
l′

S′

)
max(x,y,z)

. (15)

In summary, the stability condition for the CFDTD

method is ∆tCFDT D ≤ ∆tFDT D/(
√

l′
S′ )max.

III. IMPLEMENTATION OF CFDTD BASED
ON DISTORTED MESH SURFACES

FILTERING
A. Conformal Distortion Index

As discussed in Section II, the conformal treatment
of PEC boundaries modifies the effective edge lengths
and areas of the truncated Yee cells, and these equivalent
geometric parameters enter the stability condition in
(15). In this paper, we introduce the CDI to characterize
the distortion of conformal mesh surfaces in a way that
is directly linked to this stability constraint.

The CDI of a conformal mesh surface is calculated
as shown in Fig. 2. Here, l′a, l′b, l′c, and l′d are the

equivalent lengths of the mesh surface’s four edges,
respectively, and S represents the equivalent area.

Fig. 2. Illustration of CDI parameter analysis for the
conformal mesh surface.

Hence, the defined CDI in a conformal mesh surface
can be expressed as

CDI = (
√

l′/S′)max =
√

max(l′a, l′b, l
′
c, l′d)/S′ =

√
l′c/S′.

(16)

Substituting (16) into (15), the numerical stability
condition for CFDTD can be expressed as

∆tCFDT D ≤ ∆tFDT D/CDImax, (17)

where CDImax refers to the maximum CDI among all
conformal mesh surfaces. For a given conformal cell
surface, the time step is limited by CDImax. According
to [11], it can be seen that CDImax ≥ 1. As the CDImax
of the conformal cell increases, the time step will be
smaller and, consequently, the computational efficiency
in CFDTD is also reduced.

Unlike conventional mesh-quality metrics, CDI is
constructed directly from the equivalent edge lengths
and equivalent area so that it appears explicitly in
the CFDTD stability constraint in (17), and therefore
quantitatively describes how strongly the most distorted
conformal surfaces restrict the global time step. To
alleviate this limitation, a novel CFDTD method with
distorted grid surface filtering is proposed to remove
highly distorted conformal cell surfaces, thereby reduc-
ing the overall CDImax.

B. Specific implementation
The proposed PEC CFDTD with distorted grid

surface filtering proceeds as follows.

(a) Calculate the CDI for all conformal cell surfaces
using (16) and rank them in descending order to
create a priority list for filtering.
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(b) Set the removal ratio η and remove the top η frac-
tion of the distorted surfaces from the list. Removed
mesh cells are converted back to regular grid cells
based on the dielectric properties at their centers,
aiming to preserve the geometric integrity as much
as possible.

Fig. 3. Illustration of the proposed CFDTD method
incorporating distorted grid surface filtering.

To clarify the proposed approach, a two-
dimensional circular PEC surface, shown in Fig. 3, was
constructed and discretized using conformal meshing.
For this model, the filtering procedure was applied
to conformal meshes, which are divided into filtering
regions a, b, and c according to descending CDI values.
At a removal ratio η of 37.5%, cells in region a are
reverted to the conventional Yee cell; increasing η to
62.5% includes region b as well, thereby filtering out
meshes with moderate CDI values. When η reaches
100%, region c is also converted back to the base mesh,
so that subsequent calculations are performed entirely
on the standard FDTD grid.

After applying a certain proportion of filtering to the
mesh using this method, the maximum time step for the
proposed method is then given by

∆t f iltered = ∆tFDT D/CDI′max

= ∆tFDT D/(CDImax)the remaining grids. (18)

A larger time step is allowed by increasing the
removal ratio, but this may reduce the accuracy of the
proposed method. In specific engineering problems, an
appropriate ratio can improve computational efficiency
significantly within an acceptable range of accuracy loss.

In practical simulations, it is necessary to determine
an optimal filtering ratio at which the time step is max-
imally relaxed while the loss of computational accuracy
remains negligible. To identify the optimal filtering ratio,
we will perform a detailed parameter sensitivity analysis

on typical examples in section IV, thereby establishing a
selection criterion for η and verifying the effectiveness
of the chosen filtering ratio.

IV. NUMERICAL EXAMPLES AND
RESULT ANALYSIS

To verify the effectiveness of the proposed PEC
CFDTD algorithm based on distorted mesh surface
filtering, the radar cross-section (RCS) of two typical
curved metal surfaces is analyzed. All simulations are
performed on a Windows 10 operating system equipped
with an Intel(R) Xeon(R) 8360Y CPU @ 2.40 GHz (up
to 3.50 GHz) and 1.0 TB RAM.

A. PEC sphere

Fig. 4. Model for PEC sphere backscattering RCS calcu-
lation.

In the first example, a PEC sphere with a radius of
0.36 m is analyzed. An x-polarized plane wave is inci-
dent along the positive z-direction, with a Gaussian pulse
f (t) = exp[−4π(t − t0)2/τ2], where τ = 2 × 10−9 s,
t0 = 0.8 τ . A monitoring point is set at 10 m along
the negative z-axis to record the backscattering RCS
characteristics of the metal sphere, as shown in Fig. 4.

For an accurate reference solution, the FDTD
method uses a uniform small grid of 0.01 m to discretize
the metal sphere, while both conventional and proposed
CFDTD allow a coarser grid of 0.03 m. The air region
adopts a uniform grid of 0.03 m.

The variation of CDImax and the average RCS error
with respect to the removal ratio η is investigated in
Fig. 5. When η increases from 0% to 5%, CDImax drops
sharply. Since the time step is inversely proportional
to CDImax, this corresponds to a substantial relaxation
of the time step constraint and thus several improve-
ments in computational efficiency. Meanwhile, the RCS
curve remains almost unchanged, and the increase in
the average error does not exceed 0.1 dB·m2. When
η exceeds 5%, the decrease of CDImax gradually sat-
urates, so further increasing η brings marginal gains
in the allowable time step, while the RCS error grows
more noticeably. Therefore, η = 5% is identified as an
effective compromise. The algorithm removes the highly
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distorted cells that dominate the time step constraint,
while keeping the loss of accuracy at a low level.

Fig. 5. Variations of CDImax and average RCS error with
respect to removal ratio η for the PEC sphere.

To visually verify that this choice is appropriate,
Fig. 6 compares the RCS curves for different η values.
The curve for η = 5% almost coincides with CFDTD
and the Mie analytical solution, indicating that the pro-
posed method preserves the high accuracy of CFDTD
while improving efficiency. In contrast, the RCS curve
for η = 15% shows clear deviations, implying that
excessive filtering destroys the geometric features of the
curved surface and deteriorates the scattering response.

Figure 7 further presents the time-domain results of
the observation point located 0.03 m from the center of
the incident plane wave. The results indicate that for η =
15%, the time-domain response exhibits noticeable devi-
ations. In contrast, for η = 5%, it is in good agreement
with that of CFDTD throughout the entire simulation
time. This confirms both the numerical stability and the
accuracy of the proposed method in the time domain.

The detailed simulation parameters and relative
errors of the four methods are summarized in Table 1,
with the analytical Mie series solution employed as the
exact reference. For the conventional CFDTD, the pres-
ence of small distorted cells imposes a strict constraint
on the time step, leading to an overall runtime even
longer than that of the fine mesh FDTD. In contrast,
when the proposed filtering strategy with η = 5% is
applied, the computation time is reduced from 943 s to
151 s, a decrease of about 84.0%. At the same time, the
relative error of the backscattering RCS remains around
2.40%, which is essentially comparable to that of the
conventional CFDTD. When η reaches 15%, the error
grows significantly, whereas the gain in computation
time becomes negligible.

In summary, for the PEC sphere example, a removal
ratio of η = 5% provides an almost optimal balance
between computational efficiency and accuracy.

Fig. 6. Frequency response of RCS of the PEC sphere.

Fig. 7. Time-domain results of the PEC sphere.

Table 1: Comparison of computation parameters for
FDTD and proposed methods of the sphere

η (%) Time Grid Relative Memory
(s) Number Error (%) (MB)

FDTD 1050 438,976 3.99 1400
0 1179 21,952 2.39 549
5 189 21,952 2.40 365
15 133 21,952 2.58 364

B. F117 aircraft model
To further verify the generality of the optimal

removal ratio η = 5% in complex targets, the F117
aircraft is analyzed. In this example, the aircraft has
an overall length of 20.08 m, a height of 3.78 m, and
a wingspan of 13.20 m. An x-polarized plane wave at
500 MHz is incident along the positive z-axis, as shown
in Fig. 8. The background FDTD domain uses a uni-
form fine mesh of 0.03 m, while both the conventional
CFDTD and the proposed method adopt a grid size of
0.06 m in the conformal region.

Figure 9 compares the forward RCS frequency
responses obtained by different methods. The results of
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Fig. 8. F117 forward RCS computation model.

Fig. 9. Frequency response of forward RCS for F117.

the proposed filtering method agree very well with those
of the conventional CFDTD, while achieving a clear
improvement in computational efficiency compared with
the fine-mesh FDTD.

Fig. 10. Time-domain results of F117.

The detailed simulation parameters and errors for
the five methods applied to the F117 are summarized in
Table 2, where the result of the conventional CFDTD is
used as the reference. When the recommended removal
ratio of 5% is used, the computation time is reduced
from 3234 minutes to 651 minutes, corresponding to

a 79.9% reduction, while the RCS relative error with
respect to the conventional CFDTD is only 1.778%.
When the removal ratio is increased to 15%, the compu-
tation time is further reduced. However, the additional
gain is much less significant than that obtained when
increasing the removal ratio from 0% to 5%, while the
error continues to increase. This trend is particularly
evident in the time-domain results shown in Fig. 10.
For a 15% removal ratio, the time-domain result devi-
ates noticeably from CFDTD, while the 5% case still
matches it well.

Therefore, choosing a 5% removal ratio for dis-
torted grid faces filtering provides a robust trade-off
between accuracy and efficiency, which strongly demon-
strates the applicability of the proposed method to elec-
tromagnetic simulations of complex targets.

Table 2: Comparison of computation parameters for
FDTD and proposed methods of F117
η (%) Time Grid Relative Memory

(min) Number Error (%) (GB)
FDTD-0.03 1417 22,368,060 1.886 26.25
FDTD-0.06 135 3,025,848 2.582 6.90
0 3234 3,025,848 - 6.95
5 651 3,025,848 1.778 6.93
15 302 3,025,848 2.211 6.91

As shown in the two examples, the proposed
CFDTD improves efficiency by filtering part of the
distorted grids while keeping the accuracy loss small. As
the removal ratio η increases, the decrease of the max-
imum CDI becomes slower. In practice, a removal ratio
of about 5% already gives a large gain in the allowable
time step and computational efficiency, with only minor
error. Therefore, users can choose η according to their
accuracy and runtime requirements, with η = 5% as a
recommended optimal choice.

V. CONCLUSION
To improve the computational efficiency of tradi-

tional conformal FDTD, this paper proposes a conformal
PEC FDTD method with distorted grid-face filtering.
A CDI is defined to measure the grid distortion, and
a simple statistical filtering scheme is used. Only a
small number of conformal cells that impose the most
restrictive global time step limit are filtered, which
directly relaxes the constraint. Numerical examples for
a PEC sphere and an F117 aircraft show that, when
the filtering ratio is set to 5%, the proposed method
is generally applicable and greatly improves computa-
tional efficiency with only a small loss of accuracy. This
method provides a simple, robust, and efficient approach
for electromagnetic simulation of large and complex
targets, allowing users to flexibly balance computational
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efficiency and geometric modeling accuracy according
to practical engineering needs.
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Abstract – Superconducting Quantum Interference
Devices Time-Domain Electromagnetic Method
(SQUID TEM) is currently the most accurate elec-
tromagnetic detection technology used in geophysics.
However, SQUID is highly susceptible to electro-
magnetic interference in outdoor spaces, so it needs
to work continuously and stably in a Dewar bucket
wrapped with a metal shielding material. Therefore,
the influence of the metal shielding thin layer on the
observation signal cannot be ignored. We propose a
vector finite element method based on unstructured
grids to spatially model the sleeve formed by the metal
shielding thin layer wrapped around the SQUID and
analyze the influence of the metal shielding sleeve on
the SQUID TEM observation signal. Firstly, we derive
the governing equations from Maxwell’s equations.
Secondly, the Galerkin method is used for finite element
discretization of the control equations, and unstructured
mesh discretization is applied to the metal shielding
sleeve and other computational areas. By solving
the interpolation basis functions of tetrahedral vector
elements, the local equations of each element are
obtained and combined into a global large sparse matrix.
Finally, the direct solution method is used to calculate
the electromagnetic response at the observation points
inside the metal shielding sleeve. The effectiveness
and universality of the proposed method are verified
through numerical simulations. Furthermore, through
field experiments in the Da Hinggan Ling area, the
necessity of metal shielding sleeves in field experiments
and the reliability of the calculation results proposed
have been demonstrated.

Index Terms – SQUID TEM, thin shielding layer
modeling, unstructured tetrahedral mesh, vector finite
element method.

I. INTRODUCTION
Superconducting Quantum Interference Devices

Time-Domain Electromagnetic Method (SQUID TEM)
is currently the most accurate electromagnetic detec-
tion method used for geophysical field surveys, with
unique advantages in weak magnetic signal observation
and polymetallic mineral exploration [1–6]. Due to the
complex physical properties and parameter information
of polymetallic ores in nature, most of them exhibit
low resistivity or polarization characteristics in time-
domain electromagnetic detection [7–10]. The physical
properties of these ores are reflected in the sign rever-
sal in the magnetic field signals observed by SQUID
TEM systems [11, 12]. In actual field exploration, the
SQUID sensor placed in a Dewar vessel containing
liquid nitrogen must be wrapped with a certain thickness
of metal material as a shielding sleeve outside the Dewar
vessel to achieve spatial electromagnetic interference
shielding, so as to achieve long-term stable operation
of the system [13–15]. The effective signals observed
by SQUID sensors, especially the polarized signals
containing deep mineral layer information, are usually
on the order of pT (10−12T) or even fT (10−15T), and
the weak electromagnetic signals that characterize deep
information are usually in the late low-frequency range.
Therefore, it is very necessary to study the influence of
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metal shielding sleeves on the observation signal in the
SQUID TEM detection.

In order to achieve mesh modeling of curved
surfaces and numerical simulation of spatial electro-
magnetic response in geophysical methods, scholars
have conducted extensive research on mesh partition-
ing methods and numerical simulation methods. He
et al. proposed a method that combines curved hex-
ahedral mesh and regular hexahedral mesh to solve
the problem of the influence of the surface topography
and gradient approximation on inversion results [16].
Cao et al. used unstructured tetrahedral mesh to sim-
ulate complex underground structures and rugged ter-
rain and successfully achieved forward modeling and
inversion calculation of the Z-axis tipper electromag-
netic (ZTEM) using the finite element method [17].
Zhu et al. achieved numerical simulation of the electro-
magnetic response of complex underground structures
in electromagnetic (EM) detection by introducing a
spectral element method based on unstructured tetra-
hedral grids [18]. Key used unstructured triangular or
quadrilateral grids to simulate geometric shapes that
conform to actual measurements, and then accurately
calculated electromagnetic responses through adaptive
finite element method [19]. Li et al. simulated the geo-
metric shapes of complex models based on unstructured
tetrahedral grids and solved the marine controlledsource
electromagnetic (CSEM) response using adaptive finite
element method [20]. Zhou et al. used an unstructured
tetrahedral mesh to accurately discretize the true com-
plex shape of unexploded bombs and combined it with
the finite element method to accurately simulate the
time-domain electromagnetic response of unexploded
bombs in TEM measurements [21]. Rong et al. proposed
an arbitrary anisotropic inversion method based on
unstructured tetrahedral mesh discretization, which can
adapt well to complex structures such as Earth’s terrain
and coastline, and ultimately produce inversion results
that conform to actual geological data [22]. In summary,
whether obtaining accurate numerical simulation results
through forward modeling or achieving outcomes more
consistent with actual geological data via inverse mod-
elling, it is necessary to take into account the geometric
modeling of the actual survey situation. Furthermore,
realistic geometric modeling and appropriate numerical
simulation methods are key to accurately obtaining elec-
tromagnetic responses. Therefore, it is very important to
accurately calculate the electromagnetic response at the
observation point of the SQUID TEM system under the
condition of a thin shielding sleeve.

At present, scholars have a certain theoretical
research basis for the numerical calculation of spatial
electromagnetic field distribution with thin layers. Liu
et al. used the finite difference method and nonuniform

mesh partitioning technique to study the influence of
metal thin layers on the detection of effective anomalous
signals in TEM detection. The results showed that metal
thin layers would reduce the detection sensitivity of
TEM and weak the electromagnetic response of low
resistivity anomalous targets [23]. Zhou et al. proposed
an enriched finite element method to numerically sim-
ulate the electromagnetic response of magneto electro
elastic composite materials excited by external electric
or magnetic fields and improved the solution accuracy
through grid refinement [24]. Etse et al. proposed a
method that combined homogenization of multi-layer
shielding layers with the second-order AMSL method
to accurately model thin layers of metal composite
materials and applied it to magnetic shielding [25].
Gao et al. used the finite element method to model
and calculate multi-layer metal thin shell structures for
magnetic shielding, quantitatively analyze their elec-
tromagnetic characteristics, and provided a theoretical
basis for precision measurement research of low-noise
magnetic shielding [26]. Korkotadze et al. calculated the
near-field shielding effect of two-layer and three-layer
thin plates based on vector wave equations and boundary
conditions, which can predict the shielding effect of
multi-layer plates under known material properties and
help determine the optimal thickness of the shielding
layer [27]. In addition, some scholars used commercial
software based on finite element method for numer-
ical simulation and calculation and made significant
progress in various fields such as simulating electro-
magnetic interference of shielded cables [28], simulating
the effects of return stroke parameters and soil water
content on EMF characteristics [29], and simulating
the influence of augmented rail geometry on rail gun
design parameters [30]. The availability of finite element
commercial software is only for the problems that are
suitable for the software to solve, and there may be
issues with low computing efficiency [31]. It can be seen
that the finite element method and its extensions are one
of the flexible and efficient important techniques among
many methods in different fields of studying electromag-
netic field related problems [24, 26, 32–34]. However,
most scholars’ research is limited to the physical model-
ing of shielding thin-layer materials and the analysis of
shielding performance, and the computational research
area is mostly within the calculation area near the thin
layer, which has not yet involved the problem of low
computational efficiency or even non-convergence that
may occur due to a large calculation area. Due to the fact
that SQUID TEM long wire sources are usually several
kilometers long, and the distribution of underground ore
bodies detected is often tens of meters or even thousands
of meters, it is necessary to study how to calculate
the influence of small-sized metal shielding sleeves on
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weak signals observed inside the cylinder in large-scale
space.

We propose a vector finite element method based
on unstructured grids for modeling thin metal shielding
sleeves and analyze their impact on SQUID TEM obser-
vation signals. In the first place, the thin metal shielding
sleeve is finely modeled using the unstructured tetrahe-
dral mesh, and the entire calculation area is discretized
reasonably. The control equations are derived from the
Maxwell equations, and the Galerkin method is used
for finite element discretization of the control equations.
Then, the metal shielding sleeve and other calculation
areas are discretized using the unstructured mesh. Sec-
ondly, by solving the interpolation basis functions of
tetrahedral vector elements, the local equations of each
element are obtained, and the local equations are com-
bined into a global large sparse matrix. Finally, the direct
solution method is used to calculate the electromagnetic
response at the observation point with a metal shielding
sleeve. To demonstrate the effectiveness of our proposed
method, we have designed three typical models and have
calculated the effects of metal shielding sleeves on the
SQUID TEM observation signals under different mod-
els. In addition, we have also verified the correctness of
the proposed method’s calculation conclusions through
field experiments in the Da Hinggan Ling area.

II. THEORY
A. Vector finite element method

The first and second equations of Maxwell’s system
of equations:

∇×E =−iωµH, (1)

∇×H = σE+J . (2)

The dual curl equation of the electric field can be
derived:

∇×∇×E+ iωµσ(ω)E = iωµJ . (3)

In order to avoid the problem of non-singularity
caused by the source term during the solving process,
the total field is written in the form of the superposition
of the background field and the quadratic field, that is

E =Eb +Es. (4)

Therefore, the control equation can be written as:

∇×∇×Es + iωµ0σ(ω)Es =−iωµ0σa(ω)Ep. (5)

For the convenience of subsequent solving

κ
2 = iωµ0σ , (6)

κ
2
s =−iωµ0σa. (7)

Substituting equations (6) and (7) into equation (5)
and organizing them, we can obtain:

∇×∇×Es +κ
2Es = κ

2
s Ep. (8)

The Galerkin method [35] is used to discretize
equation (8), and the residual expression of the control
equation is:

R= ∇×∇×E0
s +κ

2E0
s −κ

2
s Ep, (9)

where E0
s is the approximate solution of the quadratic

field to be solved.
Let the weight function be W , and let the residual

R of all units in the calculation area and the inner
product of the weight function W be zero to seek the
optimal solution, that is:∫∫∫

Ω

R ·W dv = 0. (10)

By substituting the residual equation into equation
(10), we can obtain:∫∫∫

Ω

W ·∇×∇×E0
s dΩ

+
∫∫∫

Ω

W · (κ2E0
s −κ

2
s Ep)dΩ = 0. (11)

By using Green’s formula to expand the first term
of equation (11), we can obtain:∫∫∫

Ω

W ·∇×∇×E0
s dΩ

=
∫∫∫

Ω

(∇×W ) · (∇×E0
s )dΩ

−
∫∫

Γ

W ×
(
∇×E0

s
)
·ndΓ. (12)

That is:∫∫∫
Ω

W ·∇×∇×E0
s dΩ

=
∫∫∫

Ω

(∇×W ) ·
(
∇×E0

s
)

dΩ

−
∫∫

Γ

W ×
(
∇×E0

s ×n
)

dΓ, (13)∫∫∫
Ω

W ·∇×∇×E0
s dΩ

=
∫∫∫

Ω

(∇×W ) ·
(
∇×E0

s
)

dΩ

+
∫∫

Γ

W ×
(
n×∇×E0

s
)

dΓ, (14)

where n is the unit normal vector on the surface Γ. The
electric field within each unit can be written as:

E0 =
6

∑
i=1

EiNi, (15)
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where Ni is the vector basis function and i is the number
of each edge of the tetrahedral element.

Based on the Galerkin method, the weight function
is taken as the vector basis function and further inte-
grated within the vector finite element calculation area:∫∫∫

Ω

[(∇×E0
s ) · (∇×N)+κ

2E0
s ·N ]dΩ

= κ
2
∫∫∫

Ω

Ep ·NdΩ. (16)

Discretize each tetrahedral element to obtain the
equation in the discrete form of each tetrahedron:

[Amn][En] = [Tn], (17)

where m and n represent the labels of rows and columns,
A is the left-hand term matrix of the equation, and T is
the right-hand term matrix of the equation.

Combine all equations in equation (17) into a global
equation and represent it as a sparse matrix:

[A][E] = [T ]. (18)

By using the direct solution method to solve equa-
tion (18), the electric field matrix can be obtained,
and then the magnetic field matrix can be solved from
equation (1). Finally, the time-domain magnetic field
response can be obtained through frequency-time trans-
formation [36].

B. Unstructured tetrahedral mesh and vector
interpolation basis function solution

Fig. 1. Schematic diagram of the unstructured tetrahe-
dral unit.

In any tetrahedral element, as shown in Fig. 1, the
expression of the basis function to be solved can be
set as:

Φ
e(x,y,z) = ae +bex+ cey+dez, (19)

where e is tetrahedral unit numbers and ae,be,ce, and de

are undetermined coefficients.

By substituting equation (19) into each vertex, we
can obtain:

Φ
e
1(x,y,z) = ae +bex1 + cey1 +dez1, (20)

Φ
e
2(x,y,z) = ae +bex2 + cey2 +dez2, (21)

Φ
e
3(x,y,z) = ae +bex3 + cey3 +dez3, (22)

Φ
e
4(x,y,z) = ae +bex4 + cey4 +dez4, (23)

where (x1,y1,z1),(x2,y2,z2),(x3,y3,z3), and (x4,y4,z4)
correspond to the coordinates of vertices 1,2,3, and 4,
respectively.

By solving equations (20)–(23) simultaneously, we
can obtain:

ae =
1
6

∣∣∣∣∣∣∣∣
1 1 1 1
x1 x2 x3 x4
y1 y2 y3 y4
z1 z2 z3 z4

∣∣∣∣∣∣∣∣
=

1
6V e (a

e
1Φ

e
1 +ae

2Φ
e
2 +ae

3Φ
e
3 +ae

4Φ
e
4), (24)

be =
1

6V e

∣∣∣∣∣∣∣∣
1 1 1 1

Φe
1 Φe

2 Φe
3 Φe

4
y1 y2 y3 y4
z1 z2 z3 z4

∣∣∣∣∣∣∣∣
=

1
6V e (b

e
1Φ

e
1 +be

2Φ
e
2 +be

3Φ
e
3 +be

4Φ
e
4), (25)

ce =
1

6V e

∣∣∣∣∣∣∣∣
1 1 1 1
x1 x2 x3 x4
Φe

1 Φe
2 Φe

3 Φe
4

z1 z2 z3 z4

∣∣∣∣∣∣∣∣
=

1
6V e (c

e
1Φ

e
1 + ce

2Φ
e
2 + ce

3Φ
e
3 + ce

4Φ
e
4), (26)

de =
1

6V e

∣∣∣∣∣∣∣∣
1 1 1 1
x1 x2 x3 x4
y1 y2 y3 y4
Φe

1 Φe
2 Φe

3 Φe
4

∣∣∣∣∣∣∣∣
=

1
6V e (d

e
1Φ

e
1 +de

2Φ
e
2 +de

3Φ
e
3 +de

4Φ
e
4) , (27)

where V e represents the volume of tetrahedral units:

V e =
1
6

∣∣∣∣∣∣∣∣
1 1 1 1
x1 x2 x3 x4
y1 y2 y3 y4
z1 z2 z3 z4

∣∣∣∣∣∣∣∣ . (28)

According to the coordinates of the four vertices of
the tetrahedral element, each undetermined coefficient
in the basis function equation (19) to be solved can be
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calculated separately, that is:

ae
1 =

∣∣∣∣∣∣
x2 y2 z2
x3 y3 z3
x4 y4 z4

∣∣∣∣∣∣ , ae
2 =−

∣∣∣∣∣∣
x1 y1 z1
x3 y3 z3
x4 y4 z4

∣∣∣∣∣∣ ,
ae

3 =

∣∣∣∣∣∣
x1 y1 z1
x2 y2 z2
x4 y4 z4

∣∣∣∣∣∣ , ae
4 =−

∣∣∣∣∣∣
x1 y1 z1
x2 y2 z2
x3 y3 z3

∣∣∣∣∣∣ ,
be

1 =−

∣∣∣∣∣∣
1 y2 z2
1 y3 z3
1 y4 z4

∣∣∣∣∣∣ , be
2 =

∣∣∣∣∣∣
1 y1 z1
1 y3 z3
1 y4 z4

∣∣∣∣∣∣ ,
be

3 =−

∣∣∣∣∣∣
1 y1 z1
1 y2 z2
1 y4 z4

∣∣∣∣∣∣ , be
4 =

∣∣∣∣∣∣
1 y1 z1
1 y2 z2
1 y3 z3

∣∣∣∣∣∣ ,
ce

1 =−

∣∣∣∣∣∣
x2 1 z2
x3 1 z3
x4 1 z4

∣∣∣∣∣∣ , ce
2 =

∣∣∣∣∣∣
x1 1 z1
x3 1 z3
x4 1 z4

∣∣∣∣∣∣ ,
ce

3 =−

∣∣∣∣∣∣
x1 1 z1
x2 1 z2
x4 1 z4

∣∣∣∣∣∣ , ce
4 =

∣∣∣∣∣∣
x1 1 z1
x2 1 z2
x3 1 z3

∣∣∣∣∣∣ ,
de

1 =−

∣∣∣∣∣∣
x2 y2 1
x3 y3 1
x4 y4 1

∣∣∣∣∣∣ , de
2 =

∣∣∣∣∣∣
x1 y1 1
x3 y3 1
x4 y4 1

∣∣∣∣∣∣ ,
de

3 =−

∣∣∣∣∣∣
x1 y1 1
x2 y2 1
x4 y4 1

∣∣∣∣∣∣ , de
4 =

∣∣∣∣∣∣
x1 y1 1
x2 y2 1
x3 y3 1

∣∣∣∣∣∣ .
Substituting the above coefficients into the expres-

sion of the basis function to be solved, the basis function
can be written as:

Φ
e(x,y,z) =

4

∑
i=1

Le
i (x,y,z)Φ

e
i , (29)

where Le
i (x,y,z) is the interpolation basis function,

whose expression is:

Le
i (x,y,z) =

1
6V e (a

e
i +be

i x+ ce
i y+de

i z). (30)

Therefore, the tetrahedral vector basis function can
be expressed as:

N e
i = (Le

i1∇Le
i2 −Le

i2∇Le
i1)l

e
i . (31)

It satisfies the condition of zero divergence, and the
curl expression is:

∇×N e
i = 2(∇Le

i1 ×∇Le
i2) · l

e
i . (32)

That is:

∇×Ne
i =

2le
i

(6V e)2

(c
e
i1de

i2 −de
i1ce

i2)x

+(de
i1be

i2 −be
i1de

i2)y

+(be
i1ce

i2 − ce
i1be

i2)z

 , (33)

where x,y, and z are the unit vectors of direction x, y,
and z, respectively.

III. NUMERICAL RESULTS
In order to investigate the effect of the metal shield-

ing layer wrapped around the Dewar vessel with SQUID
on the measurement of secondary field signals in the
SQUID TEM observation experiments, we have first
modeled and meshed the SQUID TEM experimental
system based on the actual situation. Then, we have
studied the influence of the shielding layer on the
observed signals when the measurement background
is a uniform ground. In this section, we compare the
proposed method with the calculation results of the
traditional finite element method to verify the accuracy
and correctness of our proposed method.

Subsequently, we introduce the low resistivity
anomalous body into the uniform ground model and
study the impact of the shielding layer on the observation
signal by calculating the electromagnetic response curve
with and without the shielding layer. In this section, we
study and discuss the influence of the thickness of the
metal shielding layer on the magnetic field signal.

Finally, to demonstrate the universality of our pro-
posed method, we introduce the polarized anomalous
body into the uniform ground model and analyze the
influence of the shielding layer on the electromagnetic
response of the SQUID TEM system for detecting polar-
ized anomalies. In addition, we discuss and compare
the effect of the shielding layer on the electromagnetic
response of SQUID TEM system detecting polarization
anomalies under different polarization parameters.

We have constructed a calculation area of 10 km×
5 km× 2 km, as shown in Fig. 2, with an air layer and
a uniform ground, respectively. The length of the long
wire source is 1 km, and the current is 20 A. The long
wire source is placed in the large geological formation
along the x-axis direction, with a horizontal distance
of 300 m from the center point of the source to the
center point of the metal shielding cylinder. Considering
that the commonly used shielding material for SQUID
TEM systems in actual field measurements is aluminum
foil [6, 12, 37, 38], we have constructed a cylindrical
shielding sleeve with an outer diameter of 30 cm and an

Fig. 2. SQUID TEM observation system and modeling
of thin shielding layer.
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inner diameter of 24 cm. The outer shielding material is
aluminum and the conductivity is 3× 107 S/m. In field
experiments, the aluminum foil usually wrapped around
the cylinder is more than ten layers, so the thickness of
the aluminum metal shielding layer is designed to be
60 µm.

A. Influence of a thin shielding layer on the SQUID
TEM signal under a uniform half space model

On the basis of the above modeling, the conductivity
of a uniform ground is set to 0.01 S/m, and the horizon-
tal distance between the center of the shielding bucket
and the long wire source is 300 m. The electromagnetic
response of the observation point at a distance of 10 cm
from the ground surface inside the shielding bucket and
the electromagnetic response at the same observation
point without the shielding bucket are calculated sepa-
rately. The calculation results are shown in Fig. 3.

Fig. 3. Influence of a thin shielding layer on the SQUID
TEM signal under a uniform half-space model.

The calculation results in Fig. 3 indicate that when a
shielding bucket is present, the magnetic field response
inside the shielding bucket is always smaller than that
without the shielding bucket, indicating that the shield-
ing bucket has a certain weakening effect on the mag-
netic field signal observed in the SQUID TEM system.
It can be clearly seen that the presence of the shielding
bucket has a stronger weakening effect on early signals.

In order to verify the correctness and effectiveness
of the proposed method, taking the uniform geodetic
model as an example, we have set the same model
parameters and compared the calculation results of the
traditional finite element method with those of the
method proposed in Fig. 3. The comparison results are
shown in Fig. 4.

From the calculation results in Fig. 4, it can be seen
that the proposed method is consistent with the tradi-
tional finite element method. Therefore, the correctness

Fig. 4. Comparison of calculation results between the
unstructured grid vector finite element method and the
finite element method.

and effectiveness of the numerical simulation method
proposed have been verified.

B. Influence of a thin shielding layer on the SQUID
TEM signal under a low resistivity anomalous body
model

On the basis of the above modeling, a uniform earth
conductivity of 0.01 S/m is set, and a low resistivity
anomalous body of 500 m × 500 m × 200 m is set
at 500 m below the surface with a conductivity of
0.05 S/m. The center of the shielding cylinder with a
thin layer of metal aluminum is set to coincide with the
center of the anomalous body in the vertical direction.
The electromagnetic response at the observation point
10 cm away from the surface inside the shielding cylin-
der and the electromagnetic response at the same obser-
vation point without a shielding cylinder are calculated
separately. The calculation results are shown in Fig. 5.

Fig. 5. Influence of a thin shielding layer on the SQUID
TEM signal under a low resistivity anomaly model.
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The calculation results in Fig. 5 indicate that, in
addition to the attenuation effect on the SQUID TEM
observation signal when the shielding bucket is present,
compared with the magnetic field response curve cal-
culated for the uniform half-space model in Fig. 3, the
magnetic field amplitude of the corresponding curve in
Fig. 5 is significantly smaller due to the presence of
the low resistivity anomalous body. Therefore, the intro-
duction of shielding bucket modeling will not affect the
basic characteristics of TEM observation signals under
low resistivity anomaly models, that is, the magnetic
field signal inside the shielding bucket can still be used
to display the relative magnitude of the resistivity of the
anomalous body.

Compared with the magnetic field response with-
out the shielding bucket (black curve in Fig. 5), the
TEM magnetic field response curve observed inside
the shielding bucket will first decay to the resolution
threshold of the SQUID sensor, especially for late time
channels. Due to the deeper geological exploration depth
corresponding to the late time channel in TEM detection,
the signal attenuation caused by the presence of the
shielding bucket would ideally result in a shallower
maximum effective depth for future data interpretation
and inversion.

In order to further study and analyze the influence
of the thickness of the metal shielding thin layer on the
magnetic field signal observed by SQUID TEM, based
on the low resistivity anomalous body model mentioned
above, we assume that the thickness of a single layer
of aluminum foil is 1 µm, and calculate the electro-
magnetic response of the observation point position
10 cm away from the ground surface in the cylinder
under shielding layers 1,5,10,20, and 50, respectively.
That is, the corresponding shielding layer thickness
D = 1 µm,5 µm,10 µm,20 µm and 50 µm, and the
calculation results are shown in Fig. 6.

Fig. 6. Influence of a thin shielding layer thickness on
the SQUID TEM signal under a low resistivity anomaly
model.

From the calculation results in Fig. 6, it can be
seen that compared with the magnetic field curve of
the unshielded thin layer, when the shielding layer is
1 µm, both curves almost overlap in both the early
and late stages, and the shielding layer has little effect
on the magnetic field response. As the thickness of the
shielding layer increases, the early magnetic field values
significantly decrease, indicating that the thicker the
shielding layer, the better the shielding effect. However,
if the shielding layer is too thick, the attenuation curve
will become flatter (blue curve in Fig. 6), and it will
no longer be able to effectively distinguish whether low
resistivity anomalies exist. Therefore, the thickness of
the shielding thin layer is not necessarily the thicker the
better. There is a suitable thickness that could shield
the SQUID from external electromagnetic interference
while still allowing the abnormal body information car-
ried by the attenuation curve to be clearly distinguished.

C. The influence of a thin shielding layer on the
SQUID TEM signal under a polarized anomalous
body model

On the basis of the above modeling, the conductivity
of a uniform ground is set to 0.01 S/m. Based on typical
parameters of common polymetallic ores, a 500 m ×
500 m × 200 m polarization anomaly body is set 500
m below the surface. The Cole-Cole model parameters
of the anomaly body are zero frequency conductivity
of 0.1 S/m, polarization rate of 0.5, time constant of
2×10−3 s, and dispersion coefficient of 0.5. We set the
center of the shielding cylinder with a thin layer of metal
aluminum to coincide with the center of the anoma-
lous body in the vertical direction. Then, We calculate
the electromagnetic response at the observation point
10 cm away from the ground surface inside the shielding
cylinder and the electromagnetic response at the same
observation point without the shielding cylinder. The
calculation results are shown in Fig. 7.

Fig. 7. Influence of a thin shielding layer on the SQUID
TEM signal under a polarized anomaly model.
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The calculation results in Fig. 7 indicate that, in
addition to the attenuation effect on the SQUID TEM
observation signal when the shielding bucket is present,
there are two intersection points in the magnetic field
response curves of Fig. 7 with and without the shielding
bucket compared to Fig. 3. From the perspective of the
electromagnetic field, this indicates that both positive
and negative response parts are attenuated by the shield-
ing bucket, rather than the polarization signal being
larger when the shielding bucket is present than when
it is absent. Therefore, in actual detection, the presence
of a shielding bucket has a significant impact on the
polarization information of rock and ore carried by the
polarization signal, so the influence of a metal thin layer
shielding bucket cannot be ignored.

In order to further analyze the influence of the pres-
ence of metal shielding thin layers on the electromag-
netic response of polarized anomalous bodies, we have
calculated the magnetic field curves of the anomalous
body with different polarizations at the shielding layer
thickness of D = 60 µm, and we also have studied the
differences between them. We have set polarizations of
η = 0.2,η = 0.6, and η = 0.8, respectively, and have
studied the influence of metal shielding thin layers on
the electromagnetic response of anomalous bodies with
different degrees of polarization. The calculation results
are shown in Figs. 8 and 9, where Fig. 9 is a locally
enlarged view of the polarization response characteristic
segment of the curve in Fig. 8.

Fig. 8. Magnetic field response curves of anomalous
bodies with different polarizations under the same
shielding thin layer condition.

From Fig. 8, it can be seen that the higher the
polarizability of the anomalous body, the greater the
attenuation effect of the shielding thin layer on the early
signals observed by SQUID TEM. Furthermore, Fig. 9
is a partial enlargement of the polarization response
characteristic segments of the curve in Fig. 8. From
Fig. 9 (a), we can see that the weak polarization signal

Fig. 9. Magnetic field curves of polarization response
amplification segments of anomalous bodies with dif-
ferent polarizations under the same shielding thin layer
conditions: (a) η = 0.2, (b) η = 0.6, (c) η = 0.8.

will no longer exhibit negative response in the late stage,
and the introduction of the shielding layer will not cause
false amplitude response in the curve that originally had
no negative response. The phenomenon consistent with
Fig. 7 is observed in Figs. 9 (b) and (c). Comparing
Figs. 9 (b) and (c), it can be seen that the introduction
of a shielding thin layer only reduces the absolute value
of the maximum negative value representing the polar-
ization response characteristic and does not completely
eliminate the polarization response that should have
existed. Therefore, the method proposed in this paper
can be used to accurately model the shielding thin layer
and analyze its impact on the SQUID TEM observation
signal, providing reliable theoretical guidance for prac-
tical detection.

In the above three typical geoelectric models, the
introduction of the shielding layer has a certain degree
of impact on the magnetic field signal observed by
SQUID TEM, which is reflected in the characteristics of
the electromagnetic response curve. Table 1 summarizes
the magnetic field characteristics with and without the
shielding bucket.
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The summary in Table 1 indicates that the presence
of the shielding bucket has different effects on the
SQUID TEM observation signal depending on the geo-
logical model. The more parameters in the geoelectric
model, the more complex it becomes, and the more
diverse the impact of the shielding bucket on the SQUID
TEM observation signal. This highlights the necessity
of precise calculation and analysis of the influence of
the thin shielding layer on SQUID TEM observation
signal. Furthermore, the method proposed also lays a
theoretical foundation for future research on how to
accurately interpret and invert data based on the impact
of the shielding bucket.

Table 1: Summary of the magnetic field characteristics
with and without the shielding layer

Model Characterization Result

Uniform
Half Space

1⃝ The magnetic field inside
the shielding bucket is always
smaller than that without the
shielding bucket. Fig. 3

2⃝ The shielding bucket has a
certain weakening effect on the
magnetic field signal.

Low
Resistivity
Anomalous
Body
Model

1⃝ The magnetic field signal
inside the shielding bucket
could still display the relative
magnitude of the resistivity of
the anomalous body. Fig. 5
2⃝ The signal attenuation

caused by the shielding bucket
would result in a shallower
maximum effective depth for
later data interpretation

Polarized
Anomalous
Body
Model

1⃝ The higher the polarizability
of the anomalous body, the
greater the attenuation effect of
the shielding thin layer on the
early signal.

Fig. 7
Fig. 8
Fig. 92⃝ The shielding thin layer

only reduces the absolute value
of the maximum negative value
representing the polarization
response characteristic.

IV. FIELD SURVEY EXPERIMENT AND
RESULTS

To further verify the effectiveness of the proposed
method and the reliability of the calculation conclusions,
a long wire source SQUID TEM field experiment has
been conducted in the Da Hinggan Ling area of Hei-
longjiang Province, China. The detection area is located

on the east side of the main peak basin in the northern
section of the Da Hinggan Ling, with an average ele-
vation of 1300 m and a relative elevation difference of
300–450 m. The main metallic minerals present are lead
zinc polymetallic deposits with polarization effects. The
surrounding rocks mainly include marble and skarn, and
the shallow surface mainly consists of gravel and clay.

The instruments used in the experiment are shown
in Fig. 10. The metal material wrapped around the
acrylic cylinder is aluminum foil. The transmitter gen-
erates bipolar trapezoidal waves with a period of 80 ms
to excite the underground target ore body and generate
electromagnetic response. The SQUID TEM system has
a resolution of 100 fT and a sampling rate of 30 kHz for
the receiver.

Fig. 10. SQUID TEM experimental instruments.

The actual location and layout of the measuring
points in the survey area are shown in Fig. 11. The
emission source is 1.7 km long and emits a current of
18 A. A total of 12 measurement points are measured
from the near source to the far source, with a distance
of 50 m between each point. Due to the serious influ-
ence of high-power power supply vehicles and spatial
electromagnetic interference, the SQUID sensor without
the shielding bucket could only work intermittently
at the two furthest points from the emission source,
but there is still a problem of frequent loss of lock
and unstable measurement [39]. Therefore, very little
effective data can be collected, which also indicates
the necessity and importance of metal shielding layer.
Moreover, we have taken the measurement results of
the observation point furthest from the emission source
as the example to verify the reliability of the method
proposed in this paper and its conclusions. The mea-
surement results of the furthest point and the typical
measurement curves caused by SQUID unlocking due
to electromagnetic interference are shown in Fig. 12.

As shown in Fig. 12 (a), the influence of the shield-
ing bucket on the experimental measurement results is
almost identical to the trend obtained from the numerical
simulation method proposed. Due to the fact that the
actual earth is not uniform and the actual parameters
of the geological environment are very complex, the
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Fig. 11. Layout of SQUID TEM field experiment site in
the Da Hinggan Ling area.

Fig. 12. Measured SQUID TEM magnetic field signals:
(a) comparison of electromagnetic response with and
without the shielding cylinder at the furthest point and
(b) typical unlocked magnetic field curves.

amplitude and attenuation rate of the magnetic field
response curves obtained from experimental measure-
ments are not exactly the same as those obtained from
numerical simulations. However, the trend of the shield-
ing bucket’s influence on the SQUID TEM measurement
results reflected by the two is almost alike.

Furthermore, due to the significant impact of exter-
nal electromagnetic interference on the SQUID sensor

when measuring without the shielding bucket, the inter-
ference on the later measurement curve is extremely
severe, as shown in the enlarged part of Fig. 12 (a).
Although we have conducted multiple measurements
in the field, the SQUID sensor itself is still severely
affected by surrounding electromagnetic interference in
the unshielded environment, which leads to irregular
jumps in the late-stage signal, resulting in a small seg-
ment of the signal intersecting with the signal measured
in a shielded environment that should not have occurred.
Therefore, the rock mineral resistivity information car-
ried by the later signal is unreliable, which once again
confirms the importance of measurement inside the
shielding bucket.

Figure 12 (b) shows the magnetic field curves
that can be measured without the shielding cylinder,
however, most of the time in the experiment, the system
cannot be locked for normal measurements. This also
indicates that it is necessary to study the influence of
metal shielding thin layers on SQUID TEM observation
signals through the method proposed in this manuscript,
which lays a theoretical foundation for further research
on how to eliminate the influence of shielding thin
layers on magnetic field response and improve detection
resolution in the future.

V. CONCLUSION
We propose a vector finite element method based

on unstructured grids. The Galerkin method is used to
solve the vector basis functions, and the unstructured
grids are discretized for the shielding thin layer and other
calculation areas. Finally, the electromagnetic response
calculation of the area with shielding thin layer is
achieved. By calculating the effect of shielding thin
layers on the SQUID TEM observation signals under
different models, the influence of the presence of metal
thin layer shielding sleeves on the SQUID TEM signals
under three common model conditions has been summa-
rized. Furthermore, the field detection experiments have
been designed and conducted to verify the effectiveness
and reliability of the proposed method in this paper.
The method proposed can accurately calculate and ana-
lyze the impact of thin shielding layers on the SQUID
TEM observation signals, providing theoretical basis
and research foundation for the subsequent research on
how to eliminate the influence of shielding thin layers
and accurately invert observation data.
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Abstract – This paper proposes a high-precision cose-
cant square beamforming reflectarray using an improved
hybrid Particle Swarm Optimization and Genetic Algo-
rithm (PSO-GA) and low-coupling square ring element.
Firstly, a novel hybrid PSO-GA algorithm is carried out
to optimize the phase distribution of the high-precision
beamforming reflectarray. Then, an element is presented
whose reflection phase is insensitive to different incident
angles and reflection amplitude stable with variations of
element size. By using the above-mentioned methods, a
high-precision beamforming reflectarray is designed and
analyzed. The experimental results show well-defined
cosecant squared beams in the predefined direction are
achieved in the frequency range from 13.1 to 14.3 GHz
and have low loss.

Index Terms – Beamforming reflectarray, optimiza-
tion, reflectarray antenna.

I. INTRODUCTION
Reflectarray antennas combine many of the favor-

able traits of both reflectors and phased arrays while
minimizing many of the drawbacks of the two. Reflec-
tarray antennas are a low-profile, lightweight, and planar
high-gain alternative to the conventional large and bulky
parabolic reflectors and phased array antennas [1–4].
Reflectarrays can perform beamforming while remain-
ing planar. Due to the lack of feed network, it also
ensures a much greater efficiency for the reflectarrays
compared with the phased array antennas.

A shaped-beam reflectarray with a cosecantsquared
pattern was first presented in [5]. A narrowband reflec-
tarray making use of a single layer of varying-sized
patches is shown in [6], providing a European coverage.
Reflectarray antennas have also been used to provide
accurate shaped beams by using a flat sandwich with
printed patches appropriately optimized [7, 8]. In [9],
Particle Swarm Optimization (PSO) and Genetic Algo-
rithm (GA) are compared and it is inferred that the
convergence of PSO is faster than that of GA to the
desired radiation pattern.

Evolutionary Algorithms (EAs) such as GA and
PSO are effective and flexible techniques able to opti-
mize multi-modal and non-convex cost functions like
those modelling in general many engineering problems,
and more specifically antennas ones [10–13]. For less
complex problems, it demonstrates some advantages
over the Back Propagation (BP) Neural Network algo-
rithm [14]. Although the heuristic mentioned algo-
rithms have been widely utilized as optimization tools,
there are also some demerits, such as trapping of the
local optimum [15], low accuracy, and early-maturing
problems.

In reflectarrays, the array elements are designed
with varying sizes [16] or rotation angles [17] to provide
the desired phase distribution. Therefore, each element
exhibits different mutual coupling levels and works
at different resonance states, which leads to difficul-
ties in the designing of high-precision beamforming
reflectarrays.

This paper presents a high-precision beamforming
reflectarray based on an improved hybrid PSO-GA algo-
rithm and a low-coupling square ring element. First,
an improved PSO-GA algorithm and a robust element
design are proposed, featuring incident-angleinsensitive
phase stability and minimal reflection amplitude fluctu-
ation across size variations, which collectively reduce
phase errors and enhance reflectarray performance.
Next, a high-precision reflectarray antenna using these
methods is designed, measured, and analyzed. Finally,
key conclusions are summarized.

II. PROPOSED APPROACH
A. An improved hybrid PSO-GA algorithm for
calculation of phase distribution of the reflectarray

In order to obtain phase distribution of the shaped
beam reflectarray, an improved hybrid PSO-GA algo-
rithm is proposed. It combines the advantages of
PSO and GA. It is a heuristic optimization tech-
nique that is robust and efficient in solving antenna
problems.
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The flow chart of the improved hybrid PSO-GA
algorithm is shown in Fig. 1.

Fig. 1. Flow chart of the improved hybrid PSO-GA
algorithm.

The specific procedure of the hybrid PSO-GA algo-
rithm is as follows:

Step 1: Set algorithm parameters and initialize particle
swarm. Set the node number of particle swarm as n.
Let Xi = (Xi1,Xi2, . . .Xin) be the position vector of i
th particle, vi = (vi1,vi2, . . .vin) be the velocity vector,
pi = (pi1, pi2, . . . pin) be the best position that particle
has gone through, which can also be denoted as pibest,g
be the index numbers of best position that all particles
has gone through, so pg = (pg1, pg2, . . . pgn), i.e. gbest.
Set the maximum velocity Vmax, learning factors C1 and
C2, inertia weight w, maximum iteration times mmax,
solution precision value E, crossing probability Pc and
mutation probability Pv.

Step 2: Calculate the fitness function value of each
particle. Select the particle with the optimal fitness
value. Store and update the position of the particle in
the optimal position of the particle Pbest. Compare all
the values Pbest. Store and update the optimal adaptation
value and the position of the particle in the optimal
position of the group gbest.

Step 3: In each iteration, when an individual is selected
for update, a random number rd is generated, ranging
from 0 to 1.

Step 4.1: If rd ≤ 0.25, the original PSO algorithm is
used. Update the velocity and position of the particles by

(1) and (2), then update the adaption value of particle:

vi(k+1) = wvi(k)+ c1r1 [pi − xi(k)]+ c2r2[pg − xi(k)],
(1)

xi(k+1) = xi(k)+ vi(k+1), (2)

where k represents evolution times, r1 and r2 are quasi-
random numbers generated within [0,1]. To prevent
the velocity of the particle becoming too quick in the
iteration, the velocity of the particle should be restricted
in interval [−Vmax ,Vmax].

Step 4.2: If 0.25 < rd < 0.5, then pure GA is used.
Firstly, the crossing operation: choosing a set of particles
with better adaption, which are matched by pairs in
random. Crossing operation is carried out according to
the certain probability Pc. For those matched particles Xi
and X j, the crossing process is shown as follows:

xi(k+1) = α
∗xi(k)+(1−α)x j(k), (3)

x j(k+1) = (1−α)∗xi(k)+αx j(k), (4)

where α is random number in interval [0,1]. Detecting
the adaption value of every particle, the particles of
weaker adaption value are made mutation operation by a
certain probability Pv:

xi(k+1) = xi(k)+ randn×σ , (5)

where randn is a normal random integer and
σ is a constant value σ = (maximum domain −
minimum domain)/10. Then update the adaption value
of the particle.

Step 4.3: If rd ≥ 0.5, the hybrid PSO-GA algorithm is
used to obtain the phase distribution of beamforming
reflectarray. The operations of selecting and crossing
GA are introduced into PSO such that the information
among the particles can be shared and convergence
rate of particle swarm can be quickened. Using (1) and
(2), update the position and velocity information of the
particle. Using (3), (4) and (5), compare the adaption
value of son-particle and that of father-particle. The
particle with better adaption value should be left for the
next iteration.

Step 5: Judge whether the maximum number of itera-
tions has been reached or whether the best fitness value
of the particle swarm has achieved the given accuracy.
If so, the iteration process terminates and the result is
output. Otherwise, return to Step 2 until the final result
is obtained.

The proposed improved hybrid PSO-GA systems
can find a better solution without trapping in local
optimum solutions and achieve a faster convergence
rate. When the PSO particles stagnate, GA diversifies
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the particle position even though the solution is worse.
In PSO-GA, particle movement uses randomness in its
search. Hence, it is a kind of stochastic optimization
algorithm that can search a complicated and uncertain
area.

B. Optimization of the phase distribution of the
cosecant square beamforming reflectarray

To generate a cosecant beam with requirements on
the pattern at levels 2 dB below the maximum, the phase
distribution of a square cosecant beamforming reflectar-
ray antenna at center frequency of f = 13.88 GHz is
proposed in this section. The reflecting surface consists
of 22× 22 unit cells, and the period of the element is
chosen to be p = 8.6 mm. Classically, lossless elemen-
tary antennas have a reflection magnitude |ρ| of 0 dB and
the phase distribution of planar reflectarray antennas by
adjusting only the phase.

The radiation pattern obtained by the proposed
algorithm is shown in Fig. 2 (a). Traditional PSO
and GA are also used to obtain the phase distribution
of the shaped beam reflectarray. Comparison of the
cost function values of all three algorithms against the
number of iterations is shown in Fig. 2 (b). As can
be seen, both PSO and the improved hybrid PSO-GA
algorithm exhibit faster convergence than GA. This is
because PSO updates the evolutionary direction based
on current optimal particles, which provides enhanced
directional guidance. However, PSO tends to trap in
local optima in the later stages. GA has a better global
optimization capability and high-precision because it
can effectively escape local optima through operations
such as crossover and mutation, but it has a low conver-
gence speed compared with PSO. Compared with PSO
and GA, the results obtained using the improved hybrid
PSO-GA algorithm is able to reach global optima of
the phase distribution of the reflectarray, and this hybrid
method improves the precision and efficiency of the
model.

Fig. 2. (a) Radiation pattern obtained by the proposed
algorithm and (b) comparison of convergence speed of
three algorithms.

Phase distribution obtained by the improved hybrid
PSO-GA algorithm is shown in Table 1.

Table 1: Phase distribution obtained by the improved
hybrid PSO-GA algorithm

No. Phase No. Phase
1 184.8935 12 184.6788
2 259.3447 13 220.9182
3 59.6594 14 208.4418
4 266.4084 15 239.4929
5 27.57922 16 250.0374
6 251.1031 17 287.8221
7 65.75094 18 265.2022
8 193.9426 19 303.5217
9 117.6788 20 254.5281

10 163.933 21 356.9709
11 146.8121 22 299.101

C. Design and analysis of a low-coupling square ring
element

To design a high-precision beamforming reflectar-
ray, an element which has a low loss and the phase shift
produced by the cell is nearly insensitive to the angle of
incidence variations for angles up to 45◦ is presented in
this section. The geometry of the unit cell is shown in
Fig. 3.

Fig. 3. Geometry of the element.

The proposed element consists of two square rings
and a square patch printed on the same side of a RT 5880
substrate with thickness of h mm which is separated
from a ground plane by an air layer with thickness of
H mm. The period of the element is chosen of p =
8.6 mm. The length of outer side of the outer ring is
w1, and the inner side is w2 = 7.4 mm. The length of
outer side and inner side of the middle ring are w3 =
2 × l mm and w4= 2 × l−0.8 mm, respectively, and
the length of the inner square patch is w5 = 0.8 mm.
The phase of the reflected field is adjusted by changing
the length of the variable l(0.4 mm ≤ l ≤ 4.1 mm). The
lengths of w1,h and H in the unit cell are adjusted to
improve the bandwidth of the reflectarray.

Figures 4 (a) and (b) show the phase-shift and
amplitude versus the variable length I for different
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Fig. 4. Simulated reflection phase and amplitude versus
length l for (a) different thickness h of dielectric layer
and (b) different air thickness H .

thickness h of the dielectric layer and different air thick-
ness H at 13.88 GHz when one parameter is changed
and another parameter is unchanged. It can be seen
from Figs. 4 (a) and (b) that both h and H have some
effects on the reflection phase and amplitude. Based
on the linearity of the reflection phase curve and the
smoothness of the reflection amplitude, the thicknesses
of the medium and air layer have been chosen as h =
2 mm and H = 5 mm, respectively.

Next, the effect of the length of w1 over the reflec-
tion phase and amplitude versus the length l for different
incident angle θ is studied as shown in Fig. 5 (a). It
can be seen that, as w1 increases, the phase response
variation for different incident angles (θ = 0◦,25◦,45◦)
also increases, primarily due to the coupling between
adjacent elements and the resonance of the element. The
lower the coupling between adjacent elements, the less
influence on the phase shift for different incident angles.
It can also be observed that w1 has little effect on the
reflection amplitude. Considering the phase shift and
amplitude variations under different incident angles, the
value of w1 has been set to w1 = 8.2 mm.

Fig. 5. (a) Simulated phase shift and amplitude versus
length l for different lengths w1 and incident angles
θ and (b) simulated phase shift and amplitude versus
length l for normal incidence at different frequencies.

Figure 5 (b) plots the phase and magnitude of
the reflection as functions of l for normal incidence
at different frequencies. As shown in Fig. 5 (b), the
reflection phases versus l plots are linear at different
frequencies, and the amount of delayed phase increases
as the frequency rises from 13.1 to 14.3 GHz. The
losses of the reflection magnitude are lower than 0.05 dB
within this frequency band. The final parameter values

Table 2: Detailed parameters of the unit cell

Parameter Value Parameter Value
p 8.6 mm w4 2× l −0.8

w1 8.2 mm w5 0.8 mm
w2 7.4 mm h 2 mm
w3 2×1 H 5 mm
l 0.4−4.1 mm

of the reflectarray antenna element are summarized in
Table 2.

III. DESIGN AND PERFORMANCE OF A
SQUARE COSECANT BEAMFORMING

REFLECTARRAY ANTENNA
A center-fed high-precision beamforming reflectar-

ray consisted of elements based on the analysis above is
designed as shown in Fig. 6. The antenna is designed for
the operating frequency of 13.88 GHz and the square
aperture of the reflectarray is 189.2 mm. The phase
distribution in Table 1 is used for the design of the
reflectarray to provide the required shaped beam: pencil
in azimuth and squared cosecant in elevation. In order
to reduce the variation of the phase shift of the element
for different incident angles, a larger focal length F =
227.04 mm is used, which indicates a ratio of 1.2.

Fig. 6. Prototype of beamforming reflectarray.

A prototype of the feed and the reflectarray is shown
in Fig. 7 (a). The reflectarray was simulated in a full
wave EM simulation and was measured by the NSI
planar near-field system as shown in Fig. 7 (b).

Fig. 7. (a) Photograph of feed antenna and reflectarray
and (b) near-field measurement.
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The simulated and measured radiation patterns of
the reflectarray at different frequencies are shown in
Fig. 8. And the simulated polar radiation patterns of
the reflectarray at 13.88 GHz is shown in Fig. 9. In
all of the cosecant square regions, well-defined cosecant
squared beams in the predefined direction are achieved
and good agreement between the simulated and mea-
sured results is achieved in the frequency range from
13.1 to 14.3 GHz. However, discrepancies in sidelobe
levels exist, primarily due to the scattered field on the
reflectarray edges.

Fig. 8. Simulated and measured radiation patterns of the
reflectarray at (a) 13.1 GHz, (b) 13.3 GHz, (c) 13.5 GHz,
(d) 13.7 GHz, (e) 13.88 GHz, (f) 13.9 GHz, (g) 14.1 GHz
and (h) 14.3 GHz.

The simulated and measured gains and aperture
efficiencies of the proposed reflectarray are shown in
Fig. 10. It can be observed that the measured gain is
consistently lower than the simulated gain. The sim-
ulated gain is increased from 21.2 to 23.7 dB as the
working frequency increases from 12.5 to 14.5 GHz
with a 1− dB bandwidth of 8.6% (13.3–14.5 GHz) and

Fig. 9. Simulated polar radiation patterns of the reflec-
tarray at 13.88 GHz.

the measured gain is from 18.3 to 22.6 dB with 1-dB
bandwidth of 8.6% (13.3–14.5 GHz). The difference
between the simulated and measured gains is attributed
to the fabrication and measurement errors. The substrate
of the element may distort during fabrication, causing
errors in the phase compensation of the element. Other
errors are introduced by blockage and misalignment of
the feed. The aperture efficiencies of the reflectarray are
also plotted in Fig. 10. The simulated and measured
efficiencies vary from 36.6–39.2% and 31.7–37.4%,
respectively. Although the 1 dB gain bandwidth of the
reflectarray is 8.6%, some discrepancies exist between
the simulated and measured radiation patterns and gains,
which can be attributed to fabrication and measurement
tolerances. Nevertheless, well-defined cosecant-squared
beams in the predefined direction are maintained across
the entire operating band, as shown in Fig. 8. This result
demonstrates the strong robustness of the phase dis-
tribution optimized by our proposed algorithm against
phase errors. Such bandwidth performance is highly
competitive for a high-gain, shaped-beam reflectarray.

Fig. 10. Simulated and measured gains and aperture
efficiencies.

IV. CONCLUSION
This paper designs a high-precision shaped beam

reflectarray using phase only control to achieve a cose-
cant squared beam. First, an improved hybrid PSOGA
algorithm is proposed. Simulation results show that
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the hybrid algorithm outperforms PSO and GA in
convergence speed and global optimization. The second
part of this paper proposes an element whose reflection
phase is insensitive to different incident angles and
reflection amplitude keep stable with variation of ele-
ment size. Finally, a high-precision beamforming reflec-
tarray is designed using these methods. The simulation
and measured results show that well-defined cosecant
squared beams in the predefined direction are achieved
in the frequency range from 13.1 to 14.3 GHz, which
validates the effectiveness of the proposed approach.
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Abstract – With the rapid development of electric vehi-
cles (EVs) and autonomous driving (AD) technologies,
the issue of electromagnetic exposure of passengers,
especially children, to the electromagnetic radiation gen-
erated by the positioning antennas of AD has received
increasing attention. In this study, COMSOL Multi-
physics is used to construct the models of an EV, a
positioning antenna and a child human body, and the
levels of electromagnetic exposure of a child passenger
to the positioning antenna in AD are calculated. Results
indicate that the maximum value of induced electric field
in a child’s body is 23 V/m, and the maximum value of
the SAR1g of the child’s body is 0.19 W/kg. Addition-
ally, the maximum temperature rise in the child body is
0.55◦C. The electromagnetic exposure levels of the child
passenger calculated in this study are all lower than the
safety limits defined by international authoritative insti-
tutions. Therefore, the electromagnetic radiation levels
from the positioning antenna comply with international
safety standards. Based on the analysis of this study,
no significant health effects on child passengers have
been observed. The results of this study can supplement
studies on the electromagnetic environment of AD in
EVs and can provide guidance for ensuring the travel
safety of child passengers.

Index Terms – Autonomous driving, child passenger,
electric vehicles, electromagnetic radiation, positioning
antenna.

I. INTRODUCTION
In recent years, the global new energy vehicle

market has experienced remarkable growth [1]. In con-
trast to traditional internal combustion engine vehicles,
electric vehicles (EVs) produce no exhaust emissions
during driving, eliminating the source of harmful gases
and contributing to the improvement of the global
ecological environment and the protection of public
health [2]. As an interdisciplinary field between artificial
intelligence and the automotive industry, autonomous

driving (AD) EVs have achieved rapid development in
recent years [3]. High-precision positioning antennas
are critical components for ensuring the safe operation
of AD vehicles [4]. The positioning antenna provides
centimeter-level or even millimeter-level positioning
accuracy for AD vehicles by sending out precise position
signals, ensuring that the vehicles can drive safely and
stably under complex road conditions.

High-voltage electrical equipment installed in EVs,
such as inverters, power cables, and wireless charg-
ing systems, generates spatial electromagnetic fields
(EMFs) of a certain intensity during operation, exposing
passengers to this electromagnetic environment [5–7].
Meanwhile, with the rapid development of intelligent
connected technologies, modern EVs are also integrated
with various wireless communication devices, including
4/5G, C-V2X, GPS, Bluetooth, and Wi-Fi antennas.
During their operation, these wireless devices also create
a high-frequency electromagnetic environment inside
the vehicle, rendering the in-vehicle electromagnetic
environment more complex. Whilst people are enjoy-
ing the convenience of AD vehicles, passengers are
inevitably exposed to the electromagnetic environment,
and an induction field is formed in the human body [8].
As a special group, children have not yet fully developed
physically and may be more sensitive to electromag-
netic radiation [9]. Therefore, in the study of elec-
tromagnetic exposure to automobile antennas, special
attention should be paid to the physical health needs
of children to ensure that the electromagnetic exposure
level of children meets the safety standards. In view of
the physical characteristics and special electromagnetic
sensitivity of children, studying the effect of electro-
magnetic radiation generated by the positioning antenna
of AD vehicles on child passengers is crucial and
meaningful.

With the vigorous development of a new round of
global scientific and technological revolution and indus-
trial transformation, the automotive industry has entered
an era of transformation unseen in a century, and EVs
have ushered in new development opportunities [10].
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Relevant studies have shown that human exposure to
the electromagnetic environment generated by the power
system of EVs causes certain biological reactions and
physiological effects [11, 12]. The safety of human
metal medical implants exposed to the wireless power
transfer system of EVs was studied, and the results
showed that the specific absorption rate (SAR) of human
tissues around the metal medical implants would be
greater [13]. The induced electric field in different parts
of the human body for infants and adults under different
driving conditions was analyzed to compare the differ-
ences in the induced electric field in the body between
children and adults due to physical differences [14].
The electromagnetic exposure of passengers in different
positions in the carriage to the radiation of the wireless
power transfer system was studied, and the results were
all lower than the safety limits specified by Interna-
tional Commission on Non-ionizing Radiation Protec-
tion (ICNIRP) [15]. The SAR in adults and children
at different locations in the EV under the combined
radiation of rod antennas, wire harnesses and DC–DC
converters was studied, and the results showed that the
amount of electromagnetic radiation suffered by adults
and children varied [16] The electromagnetic exposure
of adults and children in different postures and positions
of the wireless charging system in the EV was evaluated,
and the results showed that the induced electric fields of
the cardiopulmonary system in lying children and the
heart in lying adults exceeded the safety limits specified
by ICNIRP [17].

In addition, the explosive development of electronic
information technology has filled the human living
environment with radiofrequency (RF) EMFs. As early
as the mid-20th century, with the emergence of RF
applications such as radar technology, scientists began to
explore initially the potential effects of radio frequency
EMFs on organisms [18]. Although no studies have
conclusively shown that RF EMFs would pose adverse
effects on human health [19], public concern is increas-
ing, and the study on the radiation characteristics of RF
EMFs is also deepening. The effect of the distance and
angle between the mobile phone antenna and the human
head on the SAR in the human head was studied [20].
Also studied was the influence of vehicle glass antennas
placed in different positions in the vehicle on the electro-
magnetic exposure of passengers [21]. SAR distribution
in the human body at different ages and positions for
V2V antennas at a frequency of 5.9 GHz was calculated
[22, 23]. SAR distributions in a human body for mobile
phone users inside a vehicle was evaluated under differ-
ent scenarios, and the results showed that the SAR value
of passengers using mobile phones in the vehicle was
5% higher than that of people using mobile phones in
free space [24].

In this paper, the high-precision positioning antenna
in AD-EVs is selected as the exposure source. COMSOL
Multiphysics software is used to construct the vehi-
cle body model, antenna model and child model. By
analyzing the radiation characteristics of the antenna,
the distributions of the induced electric field, SAR and
temperature in the child passenger’s body are calculated,
and the results are compared with the electromagnetic
exposure limits stipulated by the international authorita-
tive institutions to evaluate the electromagnetic exposure
level in the child’s body. This study aims to provide
reference for optimizing positioning antenna design and
taking effective protective measures by evaluating the
electromagnetic exposure level of child passengers to
ensure the safety of children in AD-EVs and promote
the rapid development of AD technology.

II. MATERIALS AND METHODS
A. Numerical calculation method

As an interdisciplinary field, bioelectromagnet-
ics reveals the underlying mechanisms of interactions
between EMFs and organisms. The Maxwell equations
are the foundation of EMF theory and the key to solving
EMF problems [25]. In this study, the RF module of
COMSOL Multiphysics software based on the finite
element method was employed to solve EMF problems
by solving the Maxwell equations.

When the positioning antenna of an AD vehicle is
operational, it radiates electromagnetic waves into the
surrounding space and forms an induction field in the
human body when interacting with the human body in
the vehicle. SAR, a critical metric for quantifying the
amount of electromagnetic radiation energy absorbed by
the human body, is defined as [26]:

SAR =
σ

2ρ
|E|2, (1)

where σ is electrical conductivity of the tissue (S/m), ρ

is tissue density (kg/m3), and E is electric field strength
in biological tissue (V/m).

Human tissues are lossy media. When exposed to an
electromagnetic environment, electromagnetic energy is
continuously absorbed by human tissues and gradually
dissipated in the form of heat [27]. Consequently, the
temperature of human tissues rises, resulting in a thermal
effect. The Pennes bioheat transfer equation is derived
from Maxwell’s equations [28]:

ρC
∂T
∂ t

= ∇ · (K∇T )+ρbCbωb(Tb −T )+Qmet +Qext ,

(2)

where C is tissue specific heat capacity (J/[kg·◦C]), T
is temperature of the tissue (◦C), K is thermal conduc-
tivity (W/[m·◦C]), ρb is density of blood (kg/m3), Cb is
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specific heat capacity of blood (J/[kg·◦C]), ωb is blood
perfusion rate (1/s), Tb is temperature of the blood (◦C),
Qmet is heat generated by metabolism, Qext is external
heat source (W/m3). In this paper, the initial temperature
of the human body is 36.5◦C, and the external boundary
condition of the human body is set to the thermal
insulation boundary condition.

B. Dielectric parameters of human tissue
In 1996, on the basis of previous work, Gabriel

proposed a four-order Cole–Cole model to calculate the
dielectric properties of biological tissues [29]:

ε̂r = ε
′
r − jε ′′r = εr∞ +

4

∑
n=1

∆εn

1+( jωτn)1−α
+

σi

jωε0
, (3)

where ε̂r is complex relative dielectric constant, ε ′′r is
loss factor, εr∞ is relative dielectric constant at optical
frequency, ∆εn is relative dielectric constant increment,
τn is central relaxation time (s), ε0 is dielectric constant
of a vacuum (F/m), α is relaxation distribution time (0≤
α ≤ 1), σi is ionic conductivity (S/m).

During human growth and development, the water
content in tissues gradually decreases with age. The
water content of biological tissues considerably influ-
ences the dielectric properties of tissues [30]. As age
increases, the downward trends of the dielectric constant
and electrical conductivity of most biological tissues
are consistent with the downward trend of the water
content in the tissues [31]. Compared to adults, children
are not fully developed, and their higher water content
and smaller body size result in higher electromagnetic
sensitivity. Given the lack of measured data on the
dielectric properties of children’s tissues, mathematical
relationships are often employed to estimate the dielec-
tric properties of children based on adult tissue data [32].
The study has found that the dielectric parameters of
7-year-old children are 26–30% higher than those of
adults [33]. Therefore, in this study, values that are 30%
higher than the dielectric parameters of adult tissues are
used as the dielectric parameters of children’s tissues.
As shown in Table 1, the parameters for the trunk are
derived from the average values of five tissue types:
skin, muscle, fat, blood and bone [34]. Additionally, the
density, specific heat capacity and thermal conductivity
of different organ and tissue are obtained from the “Tis-
sue Characteristics Database’ provided by the Virtual
Population Project [35].

C. Antenna model
In the field of AD vehicles, the Global Navigation

Satellite System (GNSS) antenna is a key component
for vehicle positioning. A circularly polarized microstrip
antenna takes the microstrip as the basic structure and

is composed of a dielectric substrate, a metal patch and
a ground plane [36]. The metal patch is printed on one
side of the dielectric substrate, whilst the ground plane is
located on the opposite side. This configuration endows
microstrip antennas with advantages, such as compact
size, light weight and easy integration [37], making them
well-suited for GNSS antenna application.

The general microstrip antennas typically produce
linear polarization, but the circular polarization radiation
can be realized by cutting the patch radiator and adjust-
ing the actual size of the microstrip antenna to excite
two orthogonal modes with equal amplitude and 90◦

phase difference [38]. GNSS antennas usually rely on
circular polarization to improve the reliability of signal
reception, and this adjustment enables the antennas to
meet the requirements of the GNSS system.

As shown in Figure 1, this study designs a coaxial
single-feed square microstrip antenna based on the posi-
tioning antenna of an AD-EV (GPS320, Harxon, China).
Circular polarization is achieved by truncating two diag-
onal corners of the patch. The antenna is excited by a
voltage source with a center frequency of 1.575 GHz,
impedance of 50 Ω, and input power of 0.25 W. The
structure of the antenna is shown in Fig. 2.

Fig. 1. Schematic of AD-EV positioning system.

Fig. 2. Structure of positioning antenna.

Width and length of the antenna substrate are
100 mm, and relative permittivity εr is 3.38. The width
of the square patch is determined by:

W =
c0

2f0
√

εr
=

λ0

2
√

εr
, (4)

where c0 is speed of light, λ0 is antenna wavelength, f0
is operating frequency of the antenna.
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Table 1: Dielectric parameters of human tissue at 1.575 GHz

Tissue εr σ (S/m) ρ (kg/m3) C (J/kg·◦C) k (W/m·◦C)
Grey matter 65.732 1.645 1044.5 3696 0.55
White matter 48.565 1.072 1041 3583 0.48
Cerebellum 60.692 2.060 1045 3653 0.51
Skull 25.544 0.676 1908 1313 0.32
Heart 77.952 2.109 1065.4 3651.5 0.54
Liver 58.104 1.519 1078.75 3540 0.52
Lung 64.714 1.507 394 3886 0.39
Kidney 71.712 2.340 1066.25 3763 0.53
Stomach 82.703 2.012 1088 3690 0.53
Small intestine 73.497 3.315 1030 3595 0.49
Trunk 46.264 1.251 1213 2818 0.38

In this study, the length (L) of the square patch
is set equal to its width (W). Through calculation and
according to the expected frequency, it is obtained that
L = W = 50.28 mm. Once the width of the substrate
is established, the position of the feed point must be
determined on the basis of the width, which affects
the input impedance of the antenna. The feed point is
located along the edge of the rectangular patch in the
x-direction, the input impedance at x = ±L/2 is the
highest, approximately ranging from 100 Ω to 500 Ω.
On this basis, the position of the feeding point when the
input impedance is 50 Ω can be calculated. As shown in
(5), Xl is the position of the feed point in the x-direction
when y = 0:

Xl =
L
2

(
1− 1

εe

)
, (5)

where εe is effective permittivity, which can be calcu-
lated by:

εe =
εr +1

2
+

εr −1
2

(
1+12

h
L

)− 1
2
. (6)

When the area S of the patch changes, the condition
for the square microstrip antenna to obtain circularly
polarized waves can be determined by:

S = L×W, (7)

∆S = ∆S1 +∆S2 = c2, (8)∣∣∣∣∆S
S

∣∣∣∣= 1
2Q0

, (9)

where L is length of patch, W is width of patch, c is
length of chamfer.

Based on the above, the antenna’s ground plane,
radiating patch, inner conductor, and outer conduc-
tor of the coaxial cable are set as perfect electric

Table 2: Parameters of positioning antenna

Description Parameter Value (mm)
Substrate width Lp 100
Substrate thickness h 1.524
Patch length L 50.28
Patch width W 50.28
Chamfer c 3.5
Inner conductor radius r1 0.6
Coaxial cable radius r2 1.63
Position d 10
Coaxial cable height h1 2

conductors (PEC), and the relative permittivity of the
isolator between the inner and exterior conductors is
2.1. Additionally, a perfectly matched layer (PML) is
constructed outside the spatial computational domain
as an absorbing boundary condition, simulating the
propagation of electromagnetic waves radiated by the
1.575 GHz positioning antenna to infinity.

Table 2 presents the main geometric parameters of
the antenna. By simulating the antenna model in COM-
SOL Multiphysics, the radiation characteristics of the
antenna can be obtained. Figure 3 shows the curve of the
|S11| parameter of the antenna. The optimal operating
frequency of the antenna is 1.575 GHz, and the return
loss is −17.95 dB, which meets the design requirements
of the antenna.

Figure 4 shows the radiation pattern of the axial
ratio of the designed antenna. Circularly polarized
antennas emit circularly polarized waves during oper-
ation, and the axial ratio radiation pattern reflects the
purity of these waves in different spatial directions.
Figure 5 shows the three-dimensional far-field gain of
the antenna, with a maximum gain of 6.8 dBi. All these
meet the design requirements of a GNSS antenna. As
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Fig. 3. |S11| parameters of antenna.

shown in Table 3, a comparison between the antenna
designed in this paper with those reported in other
literatures demonstrates that the proposed antenna has
excellent comprehensive performance and meets the
design requirements for GNSS antennas. The position-
ing antenna shell of the roof of AD vehicles is generally
a circular plastic shell structure, which has minimal
impact on the radiation performance of the antenna,
and can also protect the internal components from the
external environment (such as rain, dust), waterproof,
anti-ultraviolet and extend the service life of the antenna.

Fig. 4. Axis ratio radiation pattern.

D. Finite element model
In this study, the child human body model is an 11-

year-old girl from the Virtual Population models [44].
She has a height of 1.49 m and a weight of 34.0 kg. As
shown in Fig. 6, three-dimensional modelling software
is used to obtain the seated child human body model for

Fig. 5. Antenna gain pattern.

Table 3: Comparison of antenna parameters in this work
with other literatures
Reference Gain |S11| Axial Ratio
This Work 6.8 dBi −17.95 dB < 3 dB
[39] 4.12 dBiC — < 3 dB
[40] 5.94 dBi < −30 dB 2.5 dB
[41] 4 dBi < −15 dB <2 dB
[42] 3.24 dBiC < −10 dB < 3 dB
[43] >3.8 dBiC < −15 dB < 3 dB

calculation. This child human body model contains 10
major tissues, such as white matter, cerebellum, skull,
lung and heart.

Fig. 6. Child human body model.
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Table 4: Main electrical parameters for the electric vehicle

Material (Relative εr) Relative Permeability (µr) Electrical Conductivity (σ, S/m)
Aluminum alloy 1 1 2.326×107

Glass 4 1 10−14

Rubber 2 1 10−9

Fig. 7. Relative position of human body and antenna.

Fig. 8. Finite element model.

In reference to a real AD vehicle, a proportional
vehicle body model with the dimensions of 5207 mm
× 2034 mm × 1655 mm is established in this study.
When constructing the vehicle body model, some details
that are irrelevant to electromagnetic calculations, such
as license plates and internal components, are ignored
to facilitate the division of finite element meshes and
reduce the finite element calculation time [45]. The
simplified model of the EV is composed of the body,
windows and tires. Specifically, the body is made of
aluminum alloy, the windows are made of glass, and the
tires are made of rubber. The main electrical parameters
of the different material are listed in Table 4 [46].

The vehicle body model, antenna model and
child human body model are imported into COMSOL
Multiphysics, and their spatial positions are shown in
Fig. 7. As shown in Fig. 8, the finite element mesh

division [47, 48] of the model is performed in COM-
SOL Multiphysics. A relatively fine mesh division is
performed on the child human body model and the
antenna model, resulting in a total of approximately
380,000 mesh grids. Moreover, the simulations con-
ducted in this chapter involve large-scale computational.
All calculations are performed on a computer equipped
with an Intel Core Ultra 5 processor and 128 GB of
RAM, with each simulation taking approximately 90
minutes to complete. Ultimately, all computational tasks
are successfully finished.

E. Verification of the calculation methodology
COMSOL Multiphysics is based on the finite ele-

ment method and can perform coupling analysis of mul-
tiple physical fields. In this study, the radio frequency
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module and temperature field module are used to couple
the electromagnetic and thermal fields. The induced
electric field, SAR and temperature rise in different
tissues and organs of the child’s body are calculated for
the electromagnetic exposure of positioning antenna.

To verify the accuracy of the research methods
in this paper, a comparative validation was conducted
with the results from [49]. This reference focuses on
the electromagnetic exposure effects on the human
body induced by a 400 MHz dipole antenna. Following
the parameter configuration in this reference, a dipole
antenna with a diameter of 1.0 millimeter and a length
of 36.0 centimeters as the radiation source, with the
output power set to 1 W, was placed at a distance of 8
centimeters from the human neck. Finally, the SAR of
the human body was calculated. The comparative results
are shown in Fig. 9 and Table 5.

Fig. 9. Comparison of SAR distribution in (a) this paper
and (b) reference [49].

Table 5: SAR comparison and error analysis

Results Maximum SAR Minimum SAR
This Work 0.52 W/kg 1.01 × 10−4 W/kg
Reference [49] 0.51 W/kg 1.00 × 10−4 W/kg
Error 1.96% 1.00%

Numerical calculations show that the maximum
SAR of the human body derived from COMSOL
is 0.52 W/kg, with a relative error of approxi-
mately 1.96% compared with the result of 0.51 W/kg
in [49]. Meanwhile, the calculated minimum SAR is
1.01×10−4 W/kg, corresponding to a relative error of
1.00% compared to the result of 1.00×10−4 W/kg
in [49]. Since the calculated results are in good
agreement with the reference, the application of
COMSOL for calculating and analyzing human electro-
magnetic exposure levels in this study is reliable.

Fig. 10. Electric field distribution on different cross-
sections inside the vehicle: (a) vehicle body material set
as air and (b) vehicle body material set as aluminum
alloy.

III. RESULTS
A. Electric field distribution inside the EV body

Figure 10 (a) shows electric field distribution on
different cross-sections inside the vehicle when the
body area is equivalent to the air (i.e., free space).
Figure 10 (b) shows electric field distribution at the
same position when the body material is aluminum
alloy. From Fig. 10 (a), it can be seen that electric field
intensity shows a trend of gradual decrease from the
antenna position to the surrounding area. Electric field
distribution on different cross-sections inside the vehicle
is relatively uniform, with a relatively high field inten-
sity, and the maximum value is approximately 139 V/m.
In contrast, when the vehicle body is aluminum alloy,
the maximum field intensity at the corresponding posi-
tions decreases significantly to approximately 79 V/m.
Therefore, it can be seen that the aluminum alloy vehicle
body has a shielding effect on electromagnetic waves,
enabling the rapid attenuation of the electric field inside
the vehicle. This result fully demonstrates the significant
value of metal materials in automotive electromagnetic
protection.



251 ACES JOURNAL, Vol. 41, No. 3, March 2026

(a) (b) (c)

(d) (e) (f)

Fig. 11. Induced electric field (|E|) distributions in the child passenger’s body: (a) |E| of the trunk, (b) |E| of the
longitudinal cross-section of the body, (c) |E| of the different organs, (d) |E| of the skull, (e) |E| of the longitudinal
cross-sections of the head, (f) |E| of the brain tissue.

B. Distribution of induced electric field in a child’s
body

Figure 11 shows distribution of the induced electric
field (|E|) in a child’s body. Figures 11 (a)–(b) are the
distribution of |E| in the child passenger’s trunk and
central cross-section, respectively. The |E| in the trunk
is relatively uniform, with a maximum value of 23 V/m.
The maximum value of induced electric field (|E|max) on
the central cross-section of the child’s body is 7.9 V/m.
Figure 11 (c) shows the |E| in different major organs
of the body. The |E| is highest in the lungs, followed
by the gastrointestinal system and the liver, while the
|E| in the kidneys is the smallest. The larger values of
|E| are distributed on the surfaces of the organs, with a
maximum value of 4.2 V/m. Given the importance of
the central nervous system, Figs. 11 (d)–(f) show the
distribution of |E| in the skull, and different longitudinal
sections of the head and brain tissue, respectively. Brain
tissue comprises grey matter, white matter, and the
cerebellum, all of which are enclosed by the skull. The
|E| in the skull is slightly higher, with a maximum of
6.6 V/m. Given the protective effect of the skull, the |E|
in the brain tissue is relatively low, with a maximum of
6.5 V/m, and the higher values are mainly in the left-
sided region of grey matter.

Figure 12 is the |E|max in different organs and
tissues of the child passenger under the radiation of
the positioning antenna. Given differences in dielectric
properties and positions of various organs, the |E| in
different organs also varies. The |E|max in the head
tissue is slightly higher than in other tissues, which can
be attributed to the dielectric parameters of the tissue
and the proximity to the exposure source. Among other
organs, the |E|max of the lungs is slightly higher, slightly
lower in the gastrointestinal system, followed by that of
the liver and heart, while the kidneys have the smallest
value.

C. Distribution of SAR in the child’s body
When a RF EMF interacts with the human body,

electromagnetic energy is absorbed by biological tis-
sues. SAR is used to quantify the amount of electro-
magnetic energy absorbed by biological tissues. The
power of the radiation source is a critical parameter for
regulating SAR values. When the radiation frequency of
the source and the electromagnetic property parameters
of human tissue are fixed, the SAR values show a
significant positive correlation with the input power:
increased input power enhances the electromagnetic
energy absorbed by human tissue, and SAR value rises
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Fig. 12. |E|max in different organs and tissues of the child passenger.

accordingly. Conversely, reduced input power induces a
decrease in SAR value. In this study, the SAR in differ-
ent tissues of a child’s body is calculated to evaluate the
exposure of child passengers to the RF electromagnetic
environment generated by the positioning antenna.

Figures 13 (a)–(b) are SAR1g distribution in the
child passenger’s trunk and central cross-section, respec-
tively. SAR1g in the child passenger’s trunk is rel-
atively uniform. The maximum values of SAR1g in
the trunk and central cross-section are 0.19 W/kg and
2.4×10−2 W/kg, which remain below the safe limit for
public exposure defined by the Federal Communications
Commission’s (FCC) requirements [50]. Figure 13 (c)
shows SAR1g in various organs of the child’s body,
which demonstrates that the maximum values of SAR1g
is primarily concentrated in the lungs with a maximum
of 2.2×10−2 W/kg. Figures 13 (d)–(f) are SAR1g in the
skull, and different longitudinal sections of the head and
brain tissue, respectively. The left frontal area of the
head is close to the antenna, and SAR is higher, with
a maximum value of 3.0×10−2 W/kg. From the skull to
the brain tissue, the SAR1g value decreases gradually,
and the maximum values of SAR1g in the brain tissue
is 2.7×10−2 W/kg. SAR1g is well below the safe limit
of 1.6 W/kg for general exposure limit defined by the
FCC’s requirements.

Figure 14 is the maximum values of SAR1g in the
different organs and tissues of the child passenger. The
maximum value of SAR1g in the brain tissue is approxi-
mately 2.7×10−2 W/kg, which is smaller than that in the
skull. In other organs, SAR1g is the highest in the lungs,
with a maximum of 2.2×10−2 W/kg, whereas SAR1g
in the kidneys is lowest. The differences of SAR1g in
different organs are due to electrical conductivity, tissue
density and distance from the radiation source. Thus,
the SAR1g for all organs and tissues in the child’s body

remain below the general exposure limit of 1.6 W/kg
defined by the FCC’s requirements [50]. By calculation,
the average whole-body SAR for the child passenger
is 0.0054 W/kg, below the general exposure limit of
0.08 W/kg defined by the FCC’s requirements.

D. Temperature rise in the child’s body
When exposed to RF EMFs, the electromagnetic

energy absorbed by the human body causes the tempera-
ture to rise. To ensure that temperature increases remain
within safe limits, the ICNIRP has defined the threshold
of 1◦C as the limit for adverse health effects due to tissue
temperature rise [51].

In this study, the initial temperature of the child’s
body is set to 36.5◦C, and the temperature change
is calculated within 30 minutes of exposure to the
radiation from the positioning antenna. As shown in
Figs. 15 (a)–(b), the maximum temperature rise in the
child passenger’s trunk and central cross-section is
0.47◦C and 0.38◦C, respectively. Figure 15 (c) shows the
temperature rise in different major organs. The temper-
ature rise in the lungs is the biggest, with a maximum
value of 0.55◦C, probably due to their lower density
than other organs. Figures 15 (d)–(f) are the temperature
rise in the skull, and different longitudinal sections of
the head and brain tissue, respectively. The temperature
rise of the skull is greater than that of the brain tissue,
and the maximum temperature rise in the skull is 0.38◦C.
The maximum temperature rise in the brain tissues
is 0.27◦C.

Figure 16 is a comparison of temperature rise in
different organs and tissues within 60 minutes under the
radiation of the positioning antenna. The temperature of
each organ increases rapidly in the early stage and then
gradually stabilizes. In brain tissue, the temperature rise
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Fig. 13. SAR1g distributions in the child passenger’s body: (a) SAR1g of the trunk, (b) SAR1g of the longitudinal
cross-section of the body, (c) SAR1g of the different organs, (d) SAR1g of the skull, (e) SAR1g of the longitudinal
cross-sections of the head, (f) SAR1g of the brain tissue.

Fig. 14. Maximum values of SAR1g in different organs and tissues of the child passenger.

trends of grey matter, white matter, and the cerebellum
are similar. The increase is fastest within the first 0-5
minutes, then gradually slows down. Over a 60-minute
period, their temperature increase is also the smallest,
all at approximately 0.3◦C. The temperature rise of the

skull increases gradually within 60 minutes, reaching a
maximum rise of 0.55◦C. Compared with other organs
and tissues, the temperature rise in the lungs is the largest
with a maximum of 0.64◦C. The rate of temperature rise
of other organs within 60 minutes is relatively moderate,
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Fig. 15. Temperature rise in the child passenger’s body: (a) temperature rise of the trunk, (b) temperature rise of the
longitudinal cross-section of the body, (c) temperature rise of the different organs, (d) temperature rise of the skull,
(e) temperature rise of the longitudinal cross-sections of the head, (f) temperature rise of the brain tissue.

Fig. 16. Temperature rise of different organs and tissues of the child passenger within 60 minutes.

between 0.3◦C and 0.4◦C. In summary, the temperature
rise in all tissues and organs of the child’s body remains
below the ICNIRP limit of 1◦C [51].

IV. DISCUSSION
With the rapid development of EVs and AD tech-

nology, positioning antennas have been widely installed
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on AD vehicles. The body of a child passenger may be
more sensitive to electromagnetic radiation because it
is still growing and developing; thus, the electromag-
netic radiation level of child passengers in EVs must
be studied. Taking the positioning antenna of EV as
the exposure source, this study constructed an elec-
tromagnetic environment model including the vehicle
body, the positioning antenna and the child passenger
model. COMSOL Multiphysics was used to calculate the
electromagnetic environment of the positioning antenna
with a frequency of 1.575 GHz and to quantify the
exposure levels in different tissues and organs of the
child passenger. The results show that |E|max in the
child’s body is 23 V/m, and |E|max in the child’s brain
is 6.6 V/m. Moreover, the maximum of SAR1g in the
child’s body is 0.19 W/kg, the maximum of SAR1g
in the child’s brain is 2.7×10−2 W/kg. The SAR1g
levels calculated for the child models in this study are
all below the safety limit of 1.6 W/kg defined by the
FCC’s requirements. Within 30 minutes, the region of
the child’s body with the maximum temperature rise
is the lungs, with a maximum rise of 0.55◦C, while
the maximum temperature rise in the head is 0.38◦C.
The temperature rises calculated for the child models in
this study are all below the safety limit of 1◦C defined
by ICNIRP 2020. The distribution of induced field is
slightly different due to different dielectric parameters of
tissues and different positions with the exposure source.
Therefore, the electromagnetic radiation generated by
the positioning antenna does not pose a threat to the
health of the child passenger. The calculation results
of this study effectively supplement research on the
electromagnetic environment of EVs and improve public
cognition of the electromagnetic environment of EVs.
In addition, it can provide reference for the revision of
electromagnetic radiation standards and the optimization
of positioning antenna design.
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Abstract – The superconducting quantum interference
device time-domain electromagnetic (SQUID TEM)
method has been widely used for the exploration of
geological and mineral resources. Extracting resistivity
and polarizability from TEM data aids in delineat-
ing subsurface metallic mineralization. However, tra-
ditional inversion methods are computationally inten-
sive and slow. We propose an inversion method based
on a convolutional neural network and bidirectional
long short-term memory with attention (CNN-BiLSTM-
Attention) to extract resistivity and polarizability of
polarizable media from SQUID TEM data acquired with
a magnetic source. The method combines the advan-
tages of CNN for automatic feature extraction with
the capabilities of BiLSTM for processing temporal
data. Additionally, it incorporates an attention mecha-
nism that emphasizes the extraction of key polarization
features, thereby optimizing the parameters extraction
process. The method can effectively extract resistivity
and polarizability from SQUID TEM data. It is val-
idated by the TEM data of theoretical models, and
the errors of CNN-BiLSTM-Attention inversion results
are smaller than that of the BiLSTM and CNN-LSTM
methods.

Index Terms – Attention mechanism, BiLSTM, CNN,
inversion method, polarizable medium, SQUID TEM.

I. INTRODUCTION
The lack of mineral resources resulting from socio-

economic development may adversely affect global
economic stability. To guarantee resource security and
sustainable economic development, it is essential to
advance deep earth exploration technologies for the

precise identification of mineral resources [1]. These
minerals typically exist in the form of sulfide or
disseminated ores, which may cause an induced polar-
ization (IP) effect. Resistivity and polarizability are two
essential characteristics that affect the electromagnetic
effect, and they indicate the positions of the ore bodies
which are vital for the identification of metallic ores
[2, 3]. Advancing inversion techniques can improve both
accuracy and speed, which will in turn support secure
and efficient mineral resource exploration through TEM
inversion.

To detect exceedingly weak electromagnetic field
signals, numerous researchers have studied super-
conducting quantum interference devices (SQUID),
which are highly sensitive magnetic sensors capable
of detecting magnetic field variations on the order of
10−15 T [4]. Superconducting quantum interference
devices time domain electromagnetic (SQUID TEM)
detection method has been extensively utilized in the
investigation of geological and mineral resources. In
practical exploration, TEM responses may exhibit sign
reversal, a phenomenon commonly attributed to the
polarization effect of the subsurface medium [5–7].
Consequently, it is essential to investigate the inversion
method for electromagnetic induction-polarization (EM-
IP) effect. In recent years, there have been numerous
investigations into the extraction of the relevant polar-
ization parameters. Viezzoli et al. inverted time-domain
airborne electromagnetic IP parameters using a 1D lat-
eral constraint method, showing that when the time
constant is within a certain range, the method provides
good solutions for both resistivity and polarizability [8].
Man et al. proposed an inversion method for airborne
TEM data with IP effect based on Pearson correlation
constraints, improving the accuracy and stability of
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the inverted resistivity and polarizability, and reducing
inversion non-uniqueness [9]. Lu et al. presented a quasi-
2-D inversion scheme for extracting resistivity and IP
parameters from semi-airborne TEM data, improving
inversion stability and recovering underground property
distributions [10]. Wang et al. introduced a modi-
fied quasi-2D regularized Newton inversion scheme for
extracting IP parameters of ColeCole model [11].

Conventional parameter-extraction methods often
rely on an initial model and iterative solvers, making
them computationally intensive and time-consuming.
This poses a significant challenge in achieving a bal-
ance between efficiency and accuracy, especially when
handling large-scale geophysical data. The neural net-
works have become a promising solution of geophysical
problems, such as exploration geophysics, Earth system
analysis [12, 13]. Ji et al. presented a neural network
method using Rademacher complexity to accurately
invert ground-source airborne TEM data for resistivity
and roughness in rough geological media [14]. Alyousuf
and Li presented a physics-based neural network inver-
sion method that combines deterministic and neural net-
work approaches [15]. Li et al. developed a probabilistic
seismic petrophysical inversion method using a physics-
informed neural network (PINN), improving accuracy
and quantifying model uncertainty in predicting petro-
physical properties from seismic data [16]. Neural net-
works, through extensive learning from vast amounts
of training data, are capable of performing inversion
without explicitly calculating the forward model, signif-
icantly reducing the computational complexity inherent
in traditional methods. At the same time, the powerful
learning capability and excellent generalization ability
of neural networks enable them to provide higher param-
eter extraction accuracy and faster computational speeds
when addressing various types of geophysical problems.
This method enhances parameter extraction efficiency
and expands its potential application in intricate geolog-
ical settings.

We propose an attention-based CNN-BiLSTM
inversion method to extract polarization parameters
from SQUID TEM data acquired with a magnetic
source. This method can leverage the benefits of con-
volutional neural network (CNN) in automatic feature
extraction, combined with the capacity of bidirectional
long short-term memory networks (BiLSTM) to capture
temporal data and geographical context. Moreover, by
integrating the attention mechanism, the model may
autonomously concentrate on essential aspects within
the input data. This method streamlines the parameter
extraction process, dramatically improving both accu-
racy and speed. The method shows improved general-
ization and broader application potential compared with
existing approaches.

II. NUMERICAL SIMULATION METHOD
OF THE TIME-DOMAIN EM-IP RESPONSE
A. Numerical simulation method

Several physical models describe the polariza-
tion behavior of rocks. Notable instances encompass
the Debye model, the Dias model, and the GEMTIP
model, among others. The Cole-Cole complex resistivity
model [17], introduced by Pelton et al. in 1978, is a
typical approach and is articulated as follows:

ρ(ω) = ρ0

(
1−η

(
1− 1

1+(iωτ)C

))
, (1)

where ρ0 is dc resistivity, η is polarizability, τ is time
constant, c is frequency-dependent coefficient, i is imag-
inary unit, and ω is angular frequency.

This study assumes a layered medium model, and
the magnetic source with a radius of a positioned at
the horizontal surface. The formula for the vertical
magnetic field in the frequency domain HZ is expressed
as [18, 19]:

Hz =
Ia
2

∫
∞

0
[e−u0(z+h)+ rT Eeu0(z−h)]

λ 2

u0
J1(λa)dλ , (2)

where I is source-current amplitude, J1 is first-order
Bessel function, rTE is reflection coefficient determined
by the geoelectric parameters, u0 = (λ 2 − k2)1/2, k is
wave number of the polarization medium, especially
k = (−iωµ/ρ(ω))1/2, µ is permeability of the medium,
and λ represents integrable variable quantity of the
Hankel transform. The frequency-domain electromag-
netic response is derived using the Hankel transform.
The vertical component of the induced voltage Vz(s)
is calculated by the equation: Vz(s) = −sµHz. The
frequency-domain results are subsequently converted to
the time-domain using Guptasarma’s numerical linear
filtering approach.

B. Validation of numerical simulation methods
Figure 1 presents the schematic diagram of

the SQUID TEM system, which intuitively illustrates the
geometric configuration and parameter settings of the
system. The transmitter loop with a radius of 100 m is
placed on the ground surface, and the SQUID receiver
(Rx) is located at the center of the loop to measure
the TEM response. The subsurface is represented by a
horizontally layered geoelectric model, where each layer
is characterized by its resistivity ρ and polarizability η

parameters based on the Cole-Cole model. In SQUID
TEM system, the transmitter emits a bipolar square wave
current, and the SQUID receiver collects TEM responses
containing underground information. Figure 2 displays
the electromagnetic response of half-space model with
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the resistivity at 100 Ωm, and the numerical simulation
results nearly coincide with the analytical solution. The
relative error is below 1.2%, and the accuracy of the
numerical simulation method is verified.

Fig. 1. Configuration of SQUID TEM system.

Fig. 2. Numerical simulation results of electromagnetic
response of half-space model.

C. Polarizable medium parameters characteristics
The Cole-Cole model of a polarizable medium

comprises four parameters: resistivity ρ , polarizability
η , time constant τ , and frequency-dependent coefficient
c. The time-domain EM-IP effect may be significantly
affected by the resistivity and polarizability. The time-
domain EM-IP effect of magnetic source of varying
resistivities and polarizabilities is calculated. The TEM
response curves presented in this paper represent the
results after taking the absolute values. Figure 3 illus-
trates the TEM responses for resistivities ρ of 10,100,
and 1000 Ω m, with a polarizability η = 0.5. In Fig. 3,
it can be seen that the effect of different resistivities on
the electromagnetic response exhibits a clear difference
in the time and amplitude characteristics [20]. When
resistivity is low (e.g., blue curve, ρ = 10 Ω m), the
decay of the response curve is slower, the negative
response appears later, and the amplitude of the negative
response is larger; conversely, as resistivity increases
(e.g., the red curve, ρ = 100 Ω m and the yellow

curve, ρ = 1000 Ω m), the decay of the electromagnetic
response is markedly expedited, the negative response
emerges sooner, and the amplitude progressively dimin-
ishes. Figure 4 shows the electromagnetic response
corresponding to resistivity ρ = 100 Ω m and polar-
izability η = 0.3,0.5,0.7. The differences in polariz-
ability η significantly affect electromagnetic responses,
particularly in the timing and amplitude features of
negative responses. When the polarizability is low (e.g.,
blue curve, η = 0.3), the negative response occurs at
a later stage, and its magnitude is relatively reduced.
Conversely, as the polarizability escalates (e.g., red
curve, η = 0.5 and yellow curve, η = 0.7), the negative
response manifests sooner, while the magnitude progres-
sively intensifies.

Fig. 3. Electromagnetic response curves for different
resistivities.

Fig. 4. Electromagnetic response curves for different
polarizabilities.

III. CNN-BILSTM-ATTENTION
INVERSION METHOD FOR EM-IP EFFECT
A. Convolutional neural network

The basic architecture of CNN comprises a convolu-
tional layer, a pooling layer, and a fully connected layer,
as illustrated in Fig. 5. The convolutional layer enables
the extraction of local features from the input data via
convolutional operations, thereby efficiently collecting
essential patterns and structural information in the time
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series data of the EM-IP effect [21]. The pooling layer
utilizes maximum pooling to reduce computing require-
ments and improve feature stability. The ReLU acti-
vation function is utilized to exclude insignificant data
and improve the network’s nonlinear representation. The
precise formulation of the ReLU activation function is
ReLU(x) = max(0,x).

Fig. 5. Convolutional neural network architecture dia-
gram.

B. Bidirectional long short-term memory network
Long short-term memory (LSTM) networks effec-

tively handle time series data by integrating longterm
and short-term memories via a gating mechanism [22].
Figure 6 illustrates the cellular architecture of LSTM.

Fig. 6. Diagram of the internal structure of the long
short-term memory.

In Fig. 6, ct−1 represents the previous cell state, ht−1
is the prior hidden state, and xt is the current input. The
forget gate f determines which information from ct−1 is
discarded, while the relevant information is passed to ct .
The input gate σ controls how much of the current input
xt is retained, and the output gate o regulates the transfer
of information from the current cell state to the output ht .

BiLSTM enhances the conventional unidirectional
LSTM. A conventional LSTM analyzes historical
data in a single direction and cannot leverage future
information. The BiLSTM, through its unique gat-
ing mechanisms and bidirectional processing capa-
bility, can simultaneously learn the temporal depen-
dencies of this feature sequence from both the for-
ward and reverse directions [23]. This capability is
particularly advantageous for analyzing the temporal
data of the EM-IP effect, as it comprehensively cap-
tures temporal relationships, amalgamates historical and
future information, optimizes the training process, and

enhances the accuracy of parameters extraction. The
structure is illustrated in Fig. 7.

Fig. 7. Diagram of the structure of Bi-LSTM.

C. Attention mechanism
The attention mechanism is a bio-inspired selec-

tive processing method that emulates the human visual
system’s ability to focus on critical information. In the
context of sequence modeling, it facilitates a weighted
aggregation of features across all time steps by learning
a set of normalized weights, thereby enabling the net-
work to automatically emphasize the most task-relevant
segments [24]. To enhance the efficiency of param-
eter extraction from EM-IP data, this study employs
a soft attention mechanism. This allows the model to
concentrate its computational resources on the most
information-rich temporal segments while suppress-
ing diffuse background signals. Let the matrix Y =
[y1, . . . ,yT ] ∈ Rd×T represent the hidden state sequence
from the BiLSTM, where Rd×T is the matrix space of
real-valued elements with d rows and T columns. Conse-
quently, the state at the t-th time step, yt is a dimensional
column vector, and the total sequence length is T . The
attention is computed as follows:

M = tanh(Y ), (3)

α = softmax(wT
a M), (4)

A = Y α
T , (5)

where wa is trainable weight matrix, α is normalized
attention weight vector, and A is resulting context vector
which aggregates the sequence information. The soft
attention mechanism adaptively emphasizes the late-
time windows that are most sensitive to polarizability
by assigning higher weights to the corresponding time
steps. The SoftMax normalization effectively suppresses
noise and early-time transmitter interference by assign-
ing them extremely low weights, thereby reducing the
prediction variance. Concurrently, the attention weight
vector α provides an interpretable map of temporal
importance.

D. Data preprocessing
An essential step in the successful extraction of

parameters is data preparation. This procedure involves
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applying normalization to input and output data in order
to adjust them [25]. To reduce the effect of training
bias caused by differences in numerical ranges, different
electromagnetic response magnitudes are normalized to
a constant range in the input data. For EM-IP effect
data with a time series structure, this is very impor-
tant. To improve forecast accuracy, the output data of
polarizability and resistivity are also normalized. In
bidirectional LSTM networks, normalization takes on a
special importance. It avoids the vanishing or ballooning
gradients that result from data that has not been normal-
ized. Moreover, it improves accuracy and makes model
convergence easier. Figure 8 present the loss curves for
unnormalized and normalized data. The loss curve for
the normalized data exhibits faster convergence and a
lower final loss, thereby demonstrating the significant
improvement in training efficiency and convergence per-
formance afforded by normalization.

Fig. 8. Loss curve comparison.

E. CNN-BiLSTM-Attention inversion method
Figure 9 illustrates the overall architecture of

the CNN-BiLSTM-Attention inversion framework pro-
posed in this paper. Its core concept lies in a multi-
stage, multi-dimensional feature extraction and focus-
ing process, designed to achieve a deep analysis of
the complex non-linear relationship between the tran-
sient electromagnetic (TEM) response data and the
parameters of resistivity (ρ) and polarizability (η). It
establishes a hierarchical “local-global-focus” analysis
pipeline. The convolutional layers extract local patterns,

the BiLSTM models bidirectional dependencies, and the
attention layer re-weights the sequence according to α

to generate the context vector A. Finally, the resistivity
and polarizability are estimated. This method circum-
vents the drawbacks of traditional inversion methods,
which are dependent on an initial model, computation-
ally intensive, and may converge to local optima. The
advantage of this framework stems from the functional
complementarity of its components and its progressive,
intelligent analysis capability.

The process commences with a one-dimensional
CNN. In geophysical inversion, the local morphology
of the TEM response curve across different time chan-
nels contains a wealth of geoelectric information. The
CNN layers, through their convolutional kernels, can
efficiently capture these local, fundamental feature pat-
terns. This serves as an effective feature “preprocess-
ing” and dimensionality reduction of the original high-
dimensional time-series signal, laying a solid foundation
for the more complex temporal analysis that follows.

The feature sequence extracted by the CNN is
fed into a BiLSTM. The EM-IP effect is inherently
a dynamic process that spans the entire time window,
with long-range dependencies existing between signals
at different time points. The BiLSTM, through its unique
gating mechanisms and bidirectional processing capabil-
ity, can simultaneously learn the temporal dependencies
of this feature sequence from both the forward and
reverse directions. Compared to a unidirectional LSTM
or a traditional recurrent neural network, the BiLSTM
can more comprehensively understand the contextual
relationships within the signal, thereby achieving a more
profound grasp of the overall dynamic evolution of the
TEM response.

Finally, introduction of the Attention mechanism
is a key optimization for the model and represents the
core advantage of this architecture over other hybrid
models. In a complex TEM response, not all temporal
data points are of equal importance to the final parameter
prediction. For instance, the negative-value region where
the polarization effect occurs or the inflection points
of the decay curve often contribute more significantly
to the inversion result. The attention mechanism can,
based on the hidden states output by the BiLSTM layer,

Fig. 9. Overall framework of CNN-BiLSTM-Attention.
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dynamically assign different weights to the features of
each time step. This allows the model to “focus” on those
signal segments that are most sensitive to resistivity
and polarizability and are most information-rich, while
simultaneously suppressing noise and irrelevant infor-
mation. This focusing capability is critical for enhancing
the model’s accuracy and robustness.

IV. KEY PARAMETER SETTINGS OF
CNN-BILSTM-ATTENTION

In the CNN-BiLSTM-Attention framework, the
selection of critical parameters, including the initial
learning rate and Dropout value, significantly influences
the model’s performance, particularly for parameters
extraction efficacy. Therefore, to guarantee that the
model is trained under ideal conditions and attains high
accuracy, this study systematically picks and optimizes
critical hyperparameters [26].

A. Dropout value setting
During the training of deep neural networks, a small

dataset combined with a complex model can lead to
overfitting. This is primarily indicated by a higher loss
function on the test dataset compared to the training set,
along with reduced prediction accuracy relative to the
training set. Dropout mitigates overfitting by randomly
deactivating neurons during training [27].

The selection of the Dropout value will yield vary-
ing impacts on the training process. This paper selects
Dropout values of 0.0001, 0.001, 0.01, and 0.1 for
comparison. The test results, illustrated in Fig. 10, indi-
cate that the loss function decreases most rapidly at a
Dropout value of 0.001, yielding the smallest final loss
function value. Consequently, the optimal Dropout value
for this study is determined to be 0.001 for the CNN-
BiLSTM-Attention inversion method.

Fig. 10. Comparison of loss curves at different Dropout
values.

B. Initial learning rate selection
This paper employs Adam’s adaptive learning rate

strategy, which adjusts the learning rate depending on
current and historical gradient information [28]. A high

initial learning rate can enhance training efficiency; nev-
ertheless, an excessively high learning rate may bypass
the global optimum or result in gradient explosion, pre-
venting convergence. Figure 11 illustrates the compar-
ison of loss curves corresponding to various beginning
learning rates. With an initial learning rate of 0.1, the
loss function nearly ceases to decrease after one training
iteration, resulting in a gradient explosion; conversely,
the final value of the loss function is minimized and most
stable at a learning rate of 0.01.

Following the optimization and study of additional
parameters, we established the definitive key parameter
settings, with the particular values and corresponding
settings detailed in Table 1. The neural network exhib-
ited superior performance, and the model functioned
effectively to obtain the most dependable inversion
results.

Fig. 11. Comparison of loss curves at different initial
learning rates.

Table 1: Neural network key parameter settings

Neural Network Parameters Values
CNN Convolutional Layer Kernel Size 2
CNN Convolutional Layer Count 2
BiLSTM Hidden Layer Node Count 64
BiLSTM Layer Count 2
Learning Rate Optimization Algorithm Adam
Dropout Value 0.001
Initial Learning Rate 0.01

V. THEORETICAL MODEL
VERIFICATION

To validate the efficacy of the CNN-
BiLSTMAttention inversion method, theoretical models
are developed for method verification.

A. Dataset, training strategy
This paper designs three models, a polarizable half-

space, a three-layer polarizable model and a five-layer
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polarizable model. For all models, the time constant
τ and the frequency-dependent coefficient c are kept
consistent, with a time constant of 0.01 and a frequency-
dependent coefficient of 1, to ensure the comparability
of results across different geometric complexities. We
generate parameter combinations centered around the
baseline parameters of each theoretical model within a
range of 25% to 200%. Resistivity (ρ) is sampled using
logarithmic equal-ratio steps, while polarizability (η) is
sampled with linear equal-distance steps. Based on this,
the corresponding TEM response data are generated to
form the complete sample datasets.

The sample datasets are divided into training, val-
idation, and test sets (70%, 15%, 15%). Furthermore,
all input TEM response data and output parameter
labels are normalized to eliminate dimensional differ-
ences and accelerate model convergence. The optimiza-
tion objective of the model training is to minimize
the Mean Squared Error (MSE) between the predicted
parameters and the true theoretical parameters, using
the Adam adaptive moment estimation optimizer for
the iterative updating of model weights. To prevent
model overfitting and achieve stable convergence, we
designed a combined convergence criterion. The core of
this criterion consists of an Early Stopping mechanism
and a dynamic learning rate decay strategy. The Early
Stopping mechanism monitors the validation set loss;
when it does not improve for 25 consecutive epochs,
the training is automatically terminated, and the model
weights that performed best on the validation set are
restored. Concurrently, if the validation set loss stagnates
for 15 epochs, the learning rate is automatically reduced
to 0.5 times its previous value, with a minimum learning
rate of 10−6, then the model may perform a finer search
when approaching an optimum.

B. Polarizable half-space model
We extract the parameters from TEM data for the

polarizable half-space model. The polarizable halfspace
model is configured with polarizability ranging from 0.1
to 0.9, resistivity from 1 to 1000 Ω m, a time constant
τ = 0.01, and a frequency-dependent coefficient C = 1.
The TEM responses are calculated and the sample set is
obtained.

Considering the correlation between resistivity and
polarizability, the joint extraction error of the two param-
eters provides a more thorough indication of the correct-
ness of the parameter extraction. In the computation of
the combined relative error, resistivity and polarizability
are assigned equal weight. To assess the accuracy of the
extraction method, Fig. 12 displays the relative errors
of the joint parameters extraction for various resistivity
and polarization combinations, with their distribution
illustrated through color coding. The relative error of

the combined extraction results remains below 4% for
all combinations of resistivity and polarizability. The
effectiveness of the CNN-BiLSTMAttention inversion
method is verified.

Fig. 12. Joint relative error of resistivity and polarizabil-
ity extraction.

C. Three-layer polarizable model
To further validate the effectiveness of the CNN-

BiLSTM-Attention inversion method, this study con-
ducts verification on the resistivity and polarizability
extraction of a three-layer polarizable model. The thick-
ness of each layer, and the resistivity and polarizability
of the theoretical model are presented in Table 4. The
polarizable medium models are developed, and the TEM
response is computed as the sample set, followed by
the application of the neural network for parameters
extraction. Furthermore, we applied BiLSTM and CNN-
LSTM to invert the TEM response of the layered model,
and a comparison of their inversion accuracies is pre-
sented in the tables.

To more clearly evaluate the performance of the
neural network inversion at the time-series level, we
quantify it from three complementary dimensions: abso-
lute error energy, mean absolute deviation, and rela-
tive percentage deviation, using the Root Mean Square
Error (RMSE), Mean Absolute Error (MAE), and Mean
Absolute Percentage Error (MAPE), respectively. The
following metrics are all calculated on the absolute-
valued waveforms to avoid the impact of sign reversals
on the evaluation.

The RMSE, as defined in equation (6), holistically
measures the “energy” of the error and is more sensitive
to larger deviations, which facilitates the perception
of significant mismatches occurring in critical time
windows:

RMSE =

√
1
T

T

∑
t=1

(|ŝt |− |zt |)2. (6)

MAE, as defined in equation (7), measures the over-
all deviation as the average of the absolute differences;
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it is both intuitive and robust, which facilitates direct
comparison across different datasets.

MAE =
1
T

T

∑
t=1

|Ŝt |− |st |∥. (7)

MAPE, as defined in equation (8), characterizes the
relative amplitude deviation in percentage terms, making
it well-suited for the characteristics of TEM data, which
decay across several orders of magnitude.

MAPE(%) =
1
T

T

∑
t=1

∥ŝt |− |st∥
|st |

×100% (8)

Tables 2 and 3 present a detailed comparison of
these performance metrics for the inversion of resistivity
and polarizability, respectively. The results show that
the CNN-BiLSTM-Attention model consistently out-
performs the other two models across all metrics. For
both resistivity and polarizability, it achieves the lowest
RMSE, MAE, and MAPE values, indicating higher pre-
diction accuracy and stability. This quantitative analysis
further confirms the superiority of the proposed model.

Table 2: Comparison of resistivity inversion accuracy
using different methods

Method RMSE MAE MAPE (%)
CNN-BiLSTM-
Attention

16.23 12.15 5.57

BiLSTM 33.85 28.12 13.05
CNN-LSTM 31.43 26.35 15.24

Table 3: Comparison of polarizability inversion accuracy
using different methods

Method RMSE MAE MAPE (%)
CNN-BiLSTM-
Attention

0.035 0.028 6.75

BiLSTM 0.078 0.065 15.32
CNN-LSTM 0.069 0.057 16.54

The TEM response of the inversion results is
compared with the theoretical response, as illustrated
in Fig. 13. This figure clearly demonstrates that
the inversion results of the CNN-BiLSTM-Attention
model exhibit the highest correlation between the
TEM response and the theoretical response, signify-
ing that the model adeptly captures the characteris-
tics of the electromagnetic response and is suitable
for resistivity and polarizability parameters extrac-
tion. Tables 4–6 present the inversion results for the
CNN-BiLSTMAttention, BiLSTM, and CNN-LSTM
methods, respectively. The CNN-BiLSTM-Attention

Fig. 13. Comparison of the inversion TEM response and
theoretical response for the three-layer model.

model demonstrates a significant advantage in both
the accuracy and stability of parameter extraction.
It achieves a highly precise extraction of resistivity
and polarizability across all layers, with the relative
errors of the extracted parameters consistently below
6.5%, thereby validating the effectiveness of the CNN-
BiLSTM-Attention method.

D. Five-layer polarizable model
In order to further assess the feasibility of the

method, we selected a typical five-layer polarizable
model for parameters extraction. The thickness of each
layer, along with the parameter settings for resistivity
and polarizability, is presented in Table 7. The CNN-
BiLSTM-Attention, BiLSTM, and CNN-LSTM inver-
sion methods were employed to extract the parame-
ters from the TEM responses of the five-layer polariz-
able medium model, respectively. Figure 14 compares
the TEM responses derived from various parameters
extraction methods against the theoretical response.
It is evident that the TEM response from the CNN-
BiLSTM-Attention method exhibits the greatest con-
cordance with the theoretical response, signifying its

Fig. 14. Comparison of the inversion TEM response and
theoretical response for the five-layer model.
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Table 4: CNN-BiLSTM-Attention model
Layer Thickness Theoretical Extracted Relative Error Theoretical Extracted Relative Error

(m) Resistivity Resistivity in Resistivity Polarizability Polarizability in Polarizability
(Ωm) (Ωm) (%) (%)

Layer1 100 100 103.97 3.97 0.1 0.0968 3.20
Layer2 100 10 10.65 6.50 0.6 0.6341 5.68
Layer3 INT 100 102.93 2.93 0.2 0.2096 4.80

Table 5: BiLSTM model
Layer Thickness Theoretical Extracted Relative Error Theoretical Extracted Relative Error

(m) Resistivity Resistivity in Resistivity Polarizability Polarizability in Polarizability
(Ωm) (Ωm) (%) (%)

Layer1 100 100 92.18 7.82 0.1 0.0878 12.20
Layer2 100 10 11.23 12.30 0.6 0.6823 13.72
Layer3 INT 100 108.93 8.93 0.2 0.2338 16.90

Table 6: CNN-LSTM model
Layer Thickness Theoretical Extracted Relative Error Theoretical Extracted Relative Error

(m) Resistivity Resistivity in Resistivity Polarizability Polarizability in Polarizability
(Ωm) (Ωm) (%) (%)

Layer1 100 100 106.27 6.27 0.1 0.1083 8.30
Layer2 100 10 9.13 8.70 0.6 0.5078 15.37
Layer3 INT 100 111.97 11.97 0.2 0.1738 13.10

Fig. 15. Forward modeling comparison for the fivelayer model with added noise.

Table 7: CNN-BiLSTM-Attention model
Layer Thickness Theoretical Extracted Relative Error Theoretical Extracted Relative Error

(m) Resistivity Resistivity in Resistivity Polarizability Polarizability in Polarizability
(Ωm) (Ωm) (%) (%)

Layer1 200 100 100.54 0.54 0.1 0.1047 4.7
Layer2 100 75 78.46 4.61 0.3 0.3217 7.23
Layer3 50 50 51.67 3.34 0.6 0.6118 1.96
Layer4 100 75 71.94 4.08 0.3 0.3133 4.43
Layer5 INT 500 531.27 6.25 0.1 0.1051 5.10
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Table 8: BiLSTM model
Layer Thickness Theoretical Extracted Relative Error Theoretical Extracted Relative Error

(m) Resistivity Resistivity in Resistivity Polarizability Polarizability in Polarizability
(Ωm) (Ωm) (%) (%)

Layer1 200 100 103.06 3.06 0.1 0.1135 13.5
Layer2 100 75 78.92 5.23 0.3 0.3299 9.96
Layer3 50 50 43.45 13.10 0.6 0.6649 10.81
Layer4 100 75 68.93 8.09 0.3 0.2567 14.43
Layer5 INT 500 598.88 19.77 0.1 0.1182 18.20

Table 9: CNN-LSTM model
Layer Thickness Theoretical Extracted Relative Error Theoretical Extracted Relative Error

(m) Resistivity Resistivity in Resistivity Polarizability Polarizability in Polarizability
(Ωm) (Ωm) (%) (%)

Layer1 200 100 96.16 3.84 0.1 0.0829 17.1
Layer2 100 75 80.64 7.52 0.3 0.2771 7.63
Layer3 50 50 55.17 10.34 0.6 0.4883 18.61
Layer4 100 75 76.9 2.53 0.3 0.3253 8.43
Layer5 INT 500 546.37 9.274 0.1 0.1113 11.30

Fig. 16. Polarizable anomalies theoretical model.

Fig. 17. Inversion result of polarizable anomalies.

superior performance in parameters extraction. The
inversion results are presented in Tables 7–9, indicating
that the relative errors for the CNN-BiLSTM-Attention
approach are less than 7.3%, demonstrating superior
accuracy and stability compared to alternative methods.

To further verify the stability of the inversion
method proposed in this paper, we conducted an anti-
noise test. We added Gaussian white noise to the the-
oretical TEM response data of the five-layer model,
with the SNR of 2 dB. We used the noisy theoretical
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TEM response as input to the CNN-BiLSTM-Attention
model for inversion. A comparison between the forward
response of the inversion results and the noisy theoretical
response is shown in Fig. 15. As can be seen from this
figure, although the theoretical signal is significantly
disturbed by noise, the forward response derived from
the CNN-BiLSTM-Attention model’s inversion results
still fits the noisy theoretical curve very well. This
indicates that the method proposed in this paper has
good stability and noise-resistance performance. The
method accurately invert the resistivity and polarizabil-
ity parameters for the noisy TEM data, demonstrating its
potential value for processing field data.

E. Polarizable anomaly model
To verify the effectiveness of the CNN-

BiLSTMAttention inversion method, a simple anomaly
model can be created [29, 30]. Two polarizable
anomalies model are constructed, as illustrated in
Fig. 16. The model contains three low-resistivity, high-
polarizability anomaly regions. One anomaly is located
at x = 10∼65 m, with a depth of −250 m ∼ −350 m,
resistivity ρ = 120Ω m, and polarizability η = 0.3.
Another anomaly is at x = 10 ∼ 65 m, with a depth
of −450 m ∼ −550 m, resistivity ρ = 80Ω m, and
polarizability η = 0.4. The third anomaly is located
at x = 135 ∼ 195 m, with a depth of −450 ∼ −550 m,
resistivity ρ = 100Ω m, and polarizability η = 0.35.
These three anomaly regions are highlighted by boxes
in the inversion results shown in Fig. 17.

As shown in Fig. 17, the position and size of the
polarizable anomalies in the inversion results are in
excellent agreement with the theoretical model, indicat-
ing that the proposed inversion method is capable of
accurately capturing the target features. These results
further demonstrate that the CNN-BiLSTM-Attention
inversion method exhibits strong adaptability and
accuracy when handling polarizable anomalies model,
thereby validating its practical effectiveness.

VI. CONCLUSION
We present a CNN-BiLSTM-Attention inversion

method to estimate resistivity and polarizability from
SQUID TEM data acquired with a magnetic source. The
method can effectively extract the resistivity and polariz-
ability parameters of the time-domain EM-IP effect for
polarizable half-space, three-layer, and fivelayer polar-
izable medium models. It can also effectively extract
the resistivity and polarizability parameters from the
polarizable anomalies model. The effectiveness of the
CNN-BiLSTM-Attention inversion method is verified. It
can offer technical support for the practical application
of the SQUID TEM method.
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Abstract – Pyramidal microwave calibration targets
(MCT) are widely applied in on-orbit and pre-launch
radiometric calibrations due to its compact size. How-
ever, it is well known that array-shaped MCT suffers
from the temperature gradient at tips that leads to radi-
ating brightness temperature (BT ) bias. Therefore, it is
vital to estimate the equivalent physical temperature of
the MCT given the tip temperature gradient for the BT
bias correction. In this work, the authors numerically
investigate the TMCT estimation based on possible tem-
perature measurement techniques, specifically consid-
ering a combination configuration of platinum resistor
temperature (PRT) detector at the metal base and the
infrared camera detector for the tipbottom temperature
difference. By considering the possible variation of
coating material parameters and thermal measurement
errors, it is possible to evaluate TMCT estimation accu-
racy. Numerical results indicate that this temperature
measurement configuration can lead to accurate TMCT
estimation at the level of 0.1 K (1 − σ). Factors that
notably impact on the estimation accuracy are discussed.
This investigation can be a direct reference for MCT
BT correction applications in the pre-launch calibration
process.

Index Terms – Brightness temperature estimation,
microwave calibration target, pre-launch calibration.

I. INTRODUCTION
The microwave calibration target (MCT), specifi-

cally the array-shaped coated sharp pyramidal target,
is widely applied in radiometric payloads [1–3]. The
array-shaped MCT has the advantage of compactness
in size and weight, which is beneficial for space-borne
or air-borne applications [2–4], compared to other types

of MCT such as cavity MCT [5, 6]. However, the
key problem of the array-shaped MCT in calibration
application is that a temperature gradient exists at the tip
region, and it leads to radiated brightness temperature
(BT ) bias.

As the function of the MCT is to provide an accurate
referencing BT , efforts has been made on estimating
and determining the radiation performance of the MCT.
After a lot of investigations were performed upon the
emissivity issue of the MCT, such as wide-band reflec-
tivity spectrum properties [7], wideband high-emissivity
design strategy [8, 9], and emissivity measurement
methodology [10–14], research focus has been altered
towards the overall BT performance considering temper-
ature gradient at tips. In [15], Schröder et al. proposed
a numerical framework to calculate the radiated BT
from the arrayshaped MCT for space-borne application.
In [16], Virone et al. calculated the radiated BT for a
cold source in the vacuum-thermal calibration scenario.
It is evidenced in numerous works that the temperature
gradient becomes the primary source of BT bias in
general cases over the residual reflectivity from the
array-shaped MCT. In [17, 18], Jin et al. proposed a
BTbias suppressed unit kernel design of array-shaped
MCT based on the numerical framework in [15].

In [15–17], numerical frameworks are established
for numerically estimating the BT -bias, which offers
rich information and deep understanding of BT -bias
properties in space-borne platform deployment and
prelaunch thermal-vacuum (T/V) tests. However, the key
concepts of those works are estimations based on numer-
ical simulations as a reference for practical application.
For practical pre-launch tests, it is desired that the BT -
bias can be obtained based on measurable values other
than fully based on simulations. In the earlier studies
in which the temperature gradient phenomenon of the
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array-shaped MCT was presented, infrared imagery was
applied, showing the ability to capture the tempera-
ture difference between the MCT unit tips and unit
valley bottoms [2, 19]. Based on the recent progress
of BT modeling methodology, it is highly applicable
to use infrared imagery to obtain temperature gradient
information and to estimate BT -bias with numerically
concluded electromagnetic information.

In this work, the authors investigate such a possibil-
ity. Specifically, the accuracy of the BT-bias estimation
is investigated considering the uncertainty of MCT coat-
ing material properties, as well as the measurable tem-
perature difference between tips and valley bottoms. The
results can be a direct reference for BT -bias estimation
in ground radiometer tests such as pre-launch T/V tests.

II. METHODOLOGY FOR TMCT
ESTIMATION

Due to the typical MCT structure of 2-D array of
coated sharp pyramids, the dominating factor for BTbias
is the temperature gradient in the coating layers in
the height dimension (along the z-axis). Therefore, the
simulation study for the TMCT estimation, is focused on
the temperature gradient in the height dimension.

A. Theoretical description for equivalent
temperature estimation

In [15, 17], it is concluded that the directional radi-
ated BT from the MCT can be calculated by a crossin-
tegration of temperature and electromagnetic absorption
distribution:

BT = (1− r)
∫

CoatingLayer
T (⃗r)Ã(⃗r)dv+ rBTb, (1)

where T (⃗r) is temperature distribution in the coating
layer and Ã(⃗r) is normalized absorption rate distribution
in the coating layer:∫

CoatingLayer
Ã(⃗r)dv = 1. (2)

Here, r is total reflectivity of the MCT to normal
incident electromagnetic waves and BTb is the back-
ground brightness temperature and is considered as
uniform in this investigation.

Based on the former studies, it is known that the
most important temperature gradient phenomenon is
the tip-bottom gradient (along z-direction), due to the
difference of the bottom temperature Tbase of MCT and
the background BTb. Equation (1) can be simplified as:

BT = (1− r)
∫

CoatingLayer
T (z)Ã(z)dz+ rBTb. (3)

Specifically, considering numerical investigations,
T (z) shall be calculated by thermal simulations, Ã(z)

and r shall be calculated by electromagnetic simulations.
Equation (3) can be simplified as:

BT = eTMCT + rBTb, (4)

where TMCT can be defined as the equivalent physical
temperature taking count of the temperature gradient in
the coating layer:

TMCT =
∫

CoatingLayer
T (z)Ã(z)dz. (5)

a

b

Fig. 1. Simulated temperature gradient of MCT array (in
front of a colder background) showing notable tempera-
ture gradient at tips.

As the accuracy of radiated BT from the MCT
is now a research focus for the microwave radiometer
calibration, it was concluded that the difference between
TMCT and the ideal Tbase is the key factor for the BT bias,
as it generates the bias (△BT1 in equation 6) notably
larger than that by the reflectivity factor (△BT2), espe-
cially at current stage that the emissivity of the MCT can
be above 0.9995 even 0.9999 [4, 14]. Although TMCT is a
key factor for BT bias, unfortunately it cannot be directly
measured based on current techniques. Therefore, it is
important to develop estimation methodology according
to the physical properties of impacting factors such as
T (z) and Ã(z).

∆BT = e(TMCT −Tbase)+r(BTb−Tbase) =∆BT1+∆BT2.
(6)

In former studies, it was found that TMCT is pro-
portional to the maximum temperature gradient at the
tip (△Ttip = Ttip − Tbase) [15], as expressed in equa-
tion (7), and the corresponding proportionality factor
αGradient can be numerically concluded. Also, it should
be noted that, as the Ã(z) is frequency-dependent, thus
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so as the αGradient, then the TMCT shall be frequency
dependent. Further, based on the above acknowledge-
ment, the authors view the temperature measurements
realizable in cases of ground radiometer calibration, as
shown in Fig. 2, can be a practical path to estimate
the TMCT with help of numerical concluded values. It
is specifically suggested to measure the Tbase using the
platinum resistor temperature (PRT) detector (TPRT),
which is a widely-applied contact measurement tech-
nique with excellent precision. It is suggested to use
an infrared imaging camera to capture the difference
between the tip temperature and the bottom temperature
(∆Ttip) as the maximum temperature gradient. Based on
this configuration, the aim of this study is to investigate
and conclude the achievable accuracy of this potential
methodology.

TMCT = TPRT +αGradient∆Ttip. (7)

Fig. 2. Configuration for MCT temperature measure-
ment.

It should be noted that estimating the TMCT (equiv-
alent physical temperature of the MCT) has been done
in former studies based on comprehensive fullroutine
numerical computations, resulting in the acknowledge-
ment of important conclusions such as TMCT is pro-
portional (αGradient) to the maximum temperature gra-
dient, and the proportional factor αGradient is frequency
dependent. Based on that, the key aim of this work is
to investigate the estimating accuracy for TMCT based on
measurable temperature values. This work is an update
of the measurementnumerical routine from the stage of
full-numerical estimation routine. The authors believe

such an update is an important reference for practical
applications, showing how a good estimating accuracy
can be achieved.

B. Discussion of thermal simulations
Before the TMCT estimating methodology is inves-

tigated, it is important to review the thermal simulation
for the temperature distribution, as shown in Fig. 1 (a).
The temperature gradient in the coating layers is due
to difference between the base temperature and back-
ground BT, and it can be simulated based on a finite
element software package (such as COMSOL). It should
be noted that clearly different input thermal parameters,
such as the background BT or the emissivity of the coat-
ing layer, will lead to different temperature distribution
results. However, it was found that, after normalization,
the average temperature distribution results are nearly
the same [20], as shown in Fig. 3. This may be because
of the structure of the MCT unit, where the coating layer
with low thermal conductivity and high emissivity is
located above the highly thermal conducting metal ker-
nel, and such a combination of parts with opposite ther-
mal properties leads to a stable normalized temperature
distribution in the coating layer. Based on this important
phenomenon, it can be inferred that as one can obtain the
maximum temperature difference between the tip and
the bottom, one gets the overall temperature distribution
and will be able to calculate TMCT. This is the key
reason that the infrared temperature camera is used for
high-accuracy TMCT estimations, as the most important
information is the temperature difference between the tip
and bottom, as a relative value, other than the absolute
temperature value at each position. The accuracy of
the absolute temperature value can be counted on the
PRT measurement, which is found to be promising in
practical experiences.

Before further investigations, it is also interesting
to check the possible temperature gradient at the tip. As
shown in Fig. 4, the tip-bottom temperature difference
results in cases of different background BT plotted.
Considering the applications in ground T/V tests, where
300 K hot MCT is in front of a colder background or
an 80 K cold MCT is in front of a warmer background,
the range of 30–160 K base-background temperature
difference will leads to the range of 3–11 K base-tip
temperature difference, showing a non-linear projection
relationship. The considered upper-range of the base-tip
temperature difference is 12 K, which is sufficient for
the reference purpose.

C. Discussion of electromagnetic simulations
Electromagnetic simulations are conducted in the

unit level to obtain the local absorption rate distribution
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a

b

Fig. 3. Calculated T (z) distributions considering differ-
ent thermal parameters: (a) e = 0.8 and (b) temperature
parameters of 300 K (MCT)-138K (Environment).

Fig. 4. Calculated tip-bottom temperature difference
versus environmental temperature difference (K).

of Ã(z). Specifically, based on the periodic boundary
condition, one single unit is included in the computation
domain of Finite Difference Time Domain (FDTD),
where a plane-wave excitation is illuminating toward the
unit along the z -direction and the total reflectivity r
and local absorption rate Ã(z) can be recorded [17, 18].
It should be noted that Ã(z) is very hard to actually
measure, and numerical calculation is necessary. The
electromagnetic parameters of the coating layer mate-
rial, such as the dielectric constant (ε), and the magnetic
permeability (µ), will directly impact on the pattern
of Ã(z). In practical applications, the uncertainty of
the (ε,µ) measurement, as well as the heterogeneity
in the coating layer, will have negative impact on the
accuracy of the calculated Ã(z) in the process of TMCT
estimation. Therefore, before the overall investigation
of TMCT estimation accuracy can be performed, the
uncertainty of Ã(z) due to the uncertainty of (ε,µ) shall
be investigated.

III. ACCURACY ASSESSMENT FOR TMCT
ESTIMATION

In this section, the numerical results are presented
and discussed for the assessment of the TMCT estimation
accuracy.

A. Uncertainty of αGradient due to electromagnetic
parameter variation

Uncertainty of the (ε,µ) of the coating layer
material will lead to variation of the Ã(z) then the
counted αGradient. For this issue, the authors set up
the randomly distributed (ε,µ) at different levels of
standard derivation error, and performed 10 rounds of
simulations to count the resulted αGradient. For each
random sample, Ã(z) is calculated and integrated with
T (z) for TMCT, then cαGradient as in equation (8). The
authors considered other factors such as different fre-
quency and different unit size, as in Tables 1 and
2. The considered frequencies, 10.65 GHz,18.7 GHz,
36.5 GHz,89 GHz,183.31 GHz, are the most popular
frequency channels applied in the radiometer payloads,
and the performance of the MCT at those frequency
points are favored by radiometer developers:

αGradient =
TMCT −Tbase

∆Ttip
, (8)

Table 1: Geometry parameters for MCT

Case Period Height Coating
to Period Thickness

Case 1 6.0 mm □4 : 1 1.0 mm
Case 2 7.5 mm □4 : 1 1.0 mm

Table 2: Considered coating material electromagnetic
parameters at different frequencies

Frequencies Dielectric Magnetic
Constant Permeability

10.65 GHz 10.284−0.185j 1.511−0.872j
18.7 GHz 10.253−0.32j 1.203−0.594j
36.5 GHz 10.133−0.588j 0.736−0.205j
89 GHz 9.604−1.06j 0.956−8.165e−3j

183.31 GHz 8.752−1.161j 0.99−8.563e−4j
Note: The parameters are from the MF114 description
based on the measured data in [20].

Based on the initial parameters, the calculated
results are presented in Figs. 5–7. In Figs. 5 and 6, the
calculated local absorption rates Ã(z) are presented in
cases of different unit size and at different frequencies.
It is clear that Ã(z) is highly frequency dependent. A
higher absorption rate in the tip region will lead to a
higher αGradient. At 36.5 GHz and 89 GHz the counted
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Fig. 5. Calculated local absorption distribution results in
cases of different frequency, considering random sam-
ples, and referenced to the average temperature distribu-
tion in the coating layer. Unit period size p = 6.0 mm,
considering random samples with 5% std in (ε,µ) and
with 10% std in (ε,µ).

αGradient will be relatively higher. In Figs. 5 and 6, the
Ã(z) curves for random samples are also plotted. One
can intuitively observe the influence of the uncertainty of
the material (ε,µ), upon the Ã(z) which directly affects
the αGradient.

Fig. 6. Calculated local absorption distribution results in
cases of different frequency, considering random sam-
ples, and referenced to the average temperature distribu-
tion in the coating layer. unit period size p = 7.5 mm,
considering random samples with 5% std in (ε,µ) and
with 10% std in (ε,µ).

In Fig. 7, the calculated αGradient and counted stan-
dard deviation σ (std for short) are plotted and com-
pared. The data set contains the comparison between
the two cases with different unit size, p = 6.0 mm and
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p = 7.5 mm. In Figs. 7 (a) and (b), one can see that
the calculated αGradient in case of p = 6.0 mm is clearly
larger than that of p = 7.5 mm at every frequency. When
p = 6.0 mm, the highest αGradient is found at 89 GHz.
When p = 7.5 mm, the highest αGradient is found at
36.5 GHz . Thus, the αGradient-frequency relationship is
variable versus the geometry size. For std, the counted
value for αGradient when p = 6.0 mm is generally larger
than when p = 7.5 mm, but not at every frequency point.
When p = 6.0 mm and p = 7.5 mm, the largest counted
std is found at 36.5 GHz.

Fig. 7. Counted αGradient values based on 40 random
samples: (a) p = 6.0 mm, counted αGradient at different
frequencies, and counted std values in cases of (ε,µ)
std at 5% and 10%; (b) p = 7.5 mm, counted αGradient
at different frequencies, and counted std values in cases
of (ε,µ) std at 5% and 10%; (c) p = 6.0 mm, counted
αGradient at each random sample at 10.65 GHz,36.5 GHz
and 183.31 GHz ; (d) p = 7.5 mm, counted αGradient
at each random sample at 10.65 GHz,36.5 GHz and
183.31 GHz.

In these set of results, another important fact is
that a smaller (ε,µ) std leads notably smaller αGradient
std, which can be anticipated. The comparison between
different (ε,µ) std level is for further investigation upon
the TMCT, showing the importance of the (ε,µ) error
control. For obtaining the statistical std information, 40
random samples are calculated for each frequency and
each (ε,µ) sigma configuration. The calculations were
implemented on one workstation with EPYC 32-core
CPU and took more than 10 minutes for each sample.
In running each sample, most of the computation time
was consumed on performing Fourier transform at each
cell for storing local fields at the specific frequency,
which were then used for obtaining the local absorption
distribution.

B. Uncertainty evaluation for TMCT estimation
Based on the counted αGradient and its std results, it

is further possible to evaluate TMCT estimation accuracy.
As discussed in the previous section, there are several
obstructions for accurate thermal simulation. In this
case, one may not expect an accurate BT bias estimation
based on simulated results. However, it is important that
the relative temperature distribution across the pyrami-
dal unit is fixed, and it can be inferred that the key issue
of temperature measurement is to obtain the maximum
value of thermal gradient, which is the bottom-tip differ-
ence ∆Ttip.

Considering the bias of the TMCT, as ∆TMCT
described in (9), then it is possible to estimate the overall
σ (std) based on Monte Carlo evaluation:

∆TMCT = TPRT +αGradient∆Ttip −Tbase. (9)

Specifically, the Tbase is considered as the absolute
value, and:

(1) TPRT is the measurable base temperature by the PRT
detector, a σTPRT at the level of 0.03 K is considered.
Actually, the PRT temperature measurement has
been proven to be accurate and reliable in practical
MCT application.

(2) ∆Ttip is the temperature difference between the unit
tip and the bottom, measurable by the infrared
camera detection. Actually, the sensitivity for tem-
perature magnitude measurable by the infrared cam-
era can be at the level of 0.1 K. Also, accurate
infrared camera detection will rely on accurate esti-
mation of surface emissivity, therefore, the σ∆T tip
shall be notably larger than 0.1 K. In this work,
σ∆T tip is set to be 0.5 K.

(3) σαGradient is the std for the calculated αGradient
because of the uncertainty of the coating mate-
rial electromagnetic parameters, which is frequency
dependent and calculated in the former section.
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With the above factors considered, the counted
TMCT estimation accuracy results are presented and dis-
cussed based on Monte Carlo analysis.

In Fig. 8, a set of estimated TMCT bias results are
plotted at specific parameters considering ∆T tip = 10 K.
As can be observed, TMCT bias varies versus frequency
with a considerable large range. The TMCT bias is gener-
ally larger in magnitude around the frequency f0 = c0/p,
than in high frequency range ( f is notably larger than
f0). TMCT bias gets smaller as frequency f gets higher.
Considering the comparison of unit period, a larger unit
with the same coating parameter and height to period
ratio generally leads to smaller TMCT bias.

Considering the above uncertainty factors, the std
σ results for the estimated TMCT bias are also plotted.
Several sets of comparisons are plotted in Figs. 9–11.

Fig. 8. Estimated TMCT bias (absolute value of TMCT −
Tbase) and 1 − σ std at different frequencies: (a)
p = 6.0 mm and (b) p = 7.5 mm.σε = 0.1ε,σµ =
0.1µ,∆Ttip = 10 K, σ∆T tip = 0.5 K.

In Fig. 9, counted TMCT bias std at different frequen-
cies are compared. One can see the accuracy improve-
ment contributed by achieving higher (ε,µ) determina-
tion accuracy. An interesting and important phenomenon
can be observed in Fig. 9 (a). As the maximum tip
temperature gradient is rising, the std of TMCT estima-
tion also gets larger, especially at center frequencies
(36.5 GHz). This trend is less notable in Fig. 8 (a). This
shows the importance of the coating material parameter
determination accuracy, especially at central frequencies
( f0 = c0/p). A sufficiently low uncertainty in the coating
layer material parameter will contribute to a stably low
std in the TMCT estimation, even when the environmental
temperature difference is quite large (Tbase −BTb).

In Fig. 10, similar std results of the TMCT bias
estimation are compared but considering a larger unit
size p = 7.5 mm. Overall data trends are similar to those
in Fig. 9. One can see that the std for the TMCT estimation
are notably smaller than that in Fig. 8. The key reason
for this fact is that the αGradient in case of a larger unit is
smaller than that in case of a smaller unit, given the same
coating thickness and height to period ratio. This set
of comparison shows that a larger unitsize MCT design
generally leads better TMCT estimation accuracy.

Fig. 9. Counted TMCT bias std at different frequen-
cies: (a) σε = 0.1ε,σµ = 0.1µ and (b) σε = 0.05ε ,
σµ = 0.05µ.p = 6.0 mm, σ∆Ttip = 0.5 K.

In Figs. 9 and 10, most of the std results are below
0.1 K, which is a considerably small value sufficient for
practical BT correction. It is also important to recall the
numerical analysis for the BT bias estimation in V/T test
reported in [16], which gives many important insights
into the BT radiation process. However, based on a
full-numerical estimation approach, the counted BT bias
estimation std is at the level of 0.22 K (maximum) for the
MCT p = 8.6 mm. Considering those results, the key
motivation of this work shall be concluded as: shorten
the error analysis chain by considering measurable tem-
perature values over simulated results will leads to the
BT bias estimation more practical and more reliable.

Consider a higher std in the tip-bottom temperature
difference measurement by infrared camera detection,
which is highly possible in practical applications, specif-
ically σ∆Ttip = 1 K. The corresponding results are given
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Fig. 10. Counted TMCT bias std at different frequencies:
(a) σε = 0.1ε,σµ = 0.1µ and (b) σε = 0.05ε,σµ =
0.05µ.p = 7.5 mm,σ∆Ttip = 0.5 K.

Fig. 11. Counted TMCT bias std at different frequencies:
(a) σε = 0.1ε,σµ = 0.1µ and (b) σε = 0.05ε,σµ =
0.05µ.p = 7.5 mm,σ∆Ttip = 1 K.

in Fig. 11. By achieving a sufficient (ε,µ) accuracy,
σε = 0.05ε,σµ = 0.05µ , the overall std of the TMCT
estimation can be below 0.1 K. This set of results indi-
cates that TMCT estimation based on PRT measurement

at bottom and infrared camera detection for tip-bottom
temperature difference is generally robust and can afford
the relatively low accuracy for the ∆Ttip measurement.

IV. CONCLUSIONS
In this work, the authors investigate the equivalent

physical temperature (TMCT) estimation methodology
for the MCT in ground-based radiometer calibration
applications. It is well known that the difference between
the actually TMCT and the nominal temperature is the
key factor for the BT bias. Accurate estimation of
TMCT is significant for practical BT bias correction.
This work performs error analysis for TMCT estimation,
for a highly possible temperature measurement strategy
combing PRT and infrared camera detection. It is shown
in the numerical results that such a routine is possible to
determine TMCT at an accuracy level of 1−σ std 0.1 K,
which is important for practical calibration application.
This routine performs better in accuracy on the MCT
with a larger unit size over that with a smaller unit size.
Ensuring sufficient low uncertainty in the electromag-
netic parameters of the coating layer is important to
retain the overall estimation accuracy and make such
a routine more tolerable to the infrared detection error.
Numerical results show the possibility of the temper-
ature measurement supported BT bias estimation and
provide a corresponding reference for error analysis.
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Abstract – In this paper, a broadband high-gain endfire
array antenna based on spoof surface plasmon polaritons
(SSPPs) is designed for simultaneous C- and X-band
applications. To achieve endfire radiation, the SSPP
structure is truncated to reduce its field confinement
capability, while a radiating branch is loaded at the end
of the transmission line to guide energy radiation. A
rectangular metal ground is placed at the bottom of the
antenna substrate to suppress backward radiation and
optimize the contact area with the connector to ensure
stable feeding. The final 1×4 endfire array antenna is
formed by integrating unit antennas via a Wilkinson
power divider-based feed network. A prototype was
fabricated and tested, showing a 50% relative impedance
bandwidth (6–10 GHz), 91% simulated radiation effi-
ciency, 87% average measured radiation efficiency, and
a maximum measured gain of 11.6 dBi at 9.7 GHz. With
simple structure, low cost, and excellent performance, it
is promising for C-band low-orbit satellite communica-
tion and X-band short-range radar.

Index Terms – Broadband, C-band, endfire array
antenna, high gain, low-orbit satellite, short-range radar,
Spoof Surface Plasmon Polaritons (SSPPs), X-band.

I. INTRODUCTION
At the metal-medium interface, free electrons inter-

act with photons to form surface plasmon polaritons
(SPPs), quasiparticles that characterize photon-electron
coupling behavior [1–3]. SPPs propagate along the inter-
face but decay rapidly in the direction perpendicular to
it, exhibiting unique field confinement advantages in the
optical band. To extend these advantages of SPPs from
the optical band to microwave/terahertz frequencies [4],
Pendry and his collaborators proposed subwavelength
periodic metallic structures in 2004 to simulate the
low-frequency properties of SPPs [5, 6], thus enabling

the emergence of spoof surface plasmon polaritons
(SSPPs).

Leveraging the strong field confinement capability
of SSPP structures, they have been widely employed
in microwave devices, including coplanar waveguides
(CPW) [7, 8], filters [9], amplifiers [10], power split-
ters [11], and antennas [12–16]. Among these appli-
cations, SSPP-based endfire antennas have garnered
significant attention. Compared with traditional endfire
antennas, they offer distinct advantages of low profile
and high integration, making them well-suited for planar
integration scenarios. However, existing designs still
face limitations. In [17], a printed dipole fed by an
SSPP structure achieves enhanced directivity but suffers
from narrow bandwidth due to the dipole’s resonant
nature. Reference [18] adopted a substrate-integrated
waveguide (SIW) structure for impedance matching;
rectangular slots are cut in the SIW structure to broaden
the bandwidth, yet there remains room for improve-
ment in bandwidth enhancement. In [19], a wideband
Vivaldi-shaped SSPP traveling-wave endfire antenna is
proposed, yet its large transverse size hinders compact
integration. Dipole-shaped odd-mode SSPPs are utilized
to form a two-element array in [20], but it fails to balance
high gain and high efficiency over a wide frequency
band.

To address these issues, this paper proposes a novel
broadband high-gain endfire array antenna based on
SSPPs. It breaks the bandwidth-integration trade-off by
truncating SSPP to adjust field confinement and adds a
gradient groove transition section to solve microstrip-
SSPP impedance mismatch. A 1×4 array with a Wilkin-
son power divider enhances gain while keeping com-
pactness, a slot between the “knife” patch and feed end
strengthens SSPP excitation. Experimental validation
shows the antenna covers C- and X-dual bands, solves
existing issues (narrow bandwidth, large size, unbal-
anced gain-efficiency), and provides a feasible solution
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for high-performance planar endfire antennas in wireless
communications.

II. ANTENNA CONFIGURATION DESIGN
AND MECHANISM

A. Dispersion relationship
The emergence of SSPP has facilitated endfire

antenna design with two optimization methods: periodic
modulation and bandwidth expansion by truncation.
Both methods break electromagnetic field confinement
and are widely used in microwave antennas. This paper
uses the second method, designing slotted units to
weaken field confinement, thereby achieving endfire
radiation. Figure 1 shows the SSPP unit, which uses F4B
substrate (εr = 2.65), with a thickness of t = 0.8 mm.
The dimensions of this unit are as follows: c = 2.5 mm,
b = 1.5 mm, h = 1.2 mm, d = 1.2 mm. The propagation
properties of the SSPP unit were investigated using CST
Microwave Studio software, aiming to provide a basis
for optimizing the endfire antenna design by analyzing
the influence of unit parameters on propagation charac-
teristics.

Fig. 1. SSPP unit structure diagram.

Figure 2 presents the simulated dispersion charac-
teristics of SSPP units and transmission lines with differ-
ent slot depths. Slot depth h serves as a key parameter to
regulate the transmission characteristics of SSPP surface
waves. From the perspective of electromagnetic field
distribution, increasing h enhances the “confinement
effect” of the metal slot on the electromagnetic field
which causes the field distribution of surface waves
to concentrate more inside the slot, thereby expanding
the spatial confinement region of the electromagnetic
field and further enhancing the overall field confinement
capability. Besides, the strengthened field confinement
extends the wavelength of SSPP surface waves and
reduces the cutoff frequency. Therefore, a detailed anal-
ysis of the slot depth is crucial when extracting the unit
structure’s dispersion characteristics to ultimately obtain
the optimal dispersion curve and slow-wave operating
mode characteristics.

As the slot depth h increases from 0.8 mm to
1.4 mm, the deviation of the SSPP dispersion curve

Fig. 2. Simulated dispersion characteristic curves for
different slot depths.

below the light line and the transmission line becomes
more pronounced, and the cut-off frequency decreases
continuously from 40 GHz to 29 GHz. At the same
frequency, these dispersion curves exhibit a larger wave
number K and a smaller wavelength than those of elec-
tromagnetic waves in vacuum. This slow-wave effect
can effectively enable antenna miniaturization, which
aligns with the compact design requirement of the pro-
posed antenna.

B. Design and analysis of the unit antenna
Figure 3 shows the designed unit endfire antenna

structure. The antenna is fabricated on a single-layer
F4B dielectric substrate with a thickness of t = 0.8 mm.
The antenna consists of three core parts: a knife-
shaped radiator, an SMA feed connector, and an SSPP
transmission line. It features symmetrically distributed
radiating elements, with the SSPP structure serving as
the transmission line to guide electromagnetic energy.
Additionally, a rectangular metal ground is designed
at the bottom of the substrate to suppress backward
radiation and optimize the contact area with the feed
connector for stable power feeding.

The knife-shaped radiating patch adopts a Vivaldi
gradient structure, which satisfies the following expo-
nential function relationship:

C1 =
y2 − y1

eRx2 − eRx1
, (1)

C2 = y1 −C1eRx1 , (2)

y = f (x) =C1eRx +C2. (3)

Among them, x1, y1, x2, and y2 represent the hori-
zontal and vertical coordinates of the start point and end
point of the curve, respectively. R denotes the curvature
of the curve, with a value of −200.

The SSPP transmission line comprises two seg-
ments: 10 identical single-sided metal grooves (with
h = 1.2 mm) and nine gradient grooves (with h varying
from 0.04 mm to 1.2 mm), forming a two-part transition
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Fig. 3. Specific structure diagram of unit antenna: (a) top
view and (b) bottom view. L = 132, W = 32, W1 = 1.5,
W2 = 1.2, W3 = 2.75, L1 = 18.5, L2 = 57.5, L3 = 8.5,
L4 = 19.5, P1 = 18.8 and d1 = 11 (unit: mm).

section. This gradient periodic unit structure offers three
key advantages aligned with the design goals of the
antenna. First, it achieves optimal impedance matching
between the microstrip line and the SSPP transmission
line. Second, it moderately enhances field confinement
to ensure stable SSPP mode propagation without exces-
sive energy leakage. Third, it enables smooth conversion
from the quasi-TEM mode to the SSPP mode. To fur-
ther broaden the impedance bandwidth and improve the
endfire directivity of the antenna, a wide knife-shaped
radiating patch is cascaded with the SSPP transmission
line. This patch facilitates controlled energy radiation by
weakening the field confinement of the final segment
of the SSPP, a process essential for realizing endfire
radiation.

C. Optimization and result analysis of unit antenna
Through structural analysis of the endfire antenna,

the SSPP transmission line is identified as a key com-
ponent regulating the performance of the antenna. Fig-
ure 4 (a) presents the optimization analysis of the
slot depth h for the SSPP transmission line unit. As
shown in Fig. 4, with the increase in h (from 1.1 mm
to 1.4 mm), two resonance points within the target
operating band gradually shift leftward, and the reflec-
tion coefficient curve shifts upward, which indicates
degraded impedance matching performance. Based on
the comprehensive analysis above, the slot depth h =
1.2 mm is finally selected as the parameter for the SSPP
unit.

The optimization results for the slot width d of the
SSPP transmission line unit are presented in Fig. 4 (b).
Comparative analysis shows that as d increases (from

1.0 mm to 1.4 mm), the operating resonant frequency
point of the antenna does not shift, but the reflection
coefficient S11 shifts upward gradually. This indicates
that the impedance matching performance degrades
significantly as d increases. Specifically, wider slots
weaken the spatial confinement of the electromagnetic
field by the metal slot, thus leading to unstable prop-
agation of the SSPP mode. After comprehensive con-
sideration of matching performance and mode stability,
the slot width d = 1.2 mm is selected for the SSPP unit
structure.

Figure 4 (c) illustrates the effect of the stub on
the S-parameters of the antenna. As the length of stub
L3 increases from 4.5 to 8.5 mm, the impedance char-
acteristic of the antenna is improved, and impedance
matching is achieved when L3 = 8.5 mm.

After setting the antenna parameters to the values
shown in Figure 3, the antenna model is re-simulated.
Figure 5 shows the main current distribution of the
antenna at 8 GHz, revealing the primary radiation area of
the antenna. Figure 6 (a) shows its S11 curve, confirming
6–10 GHz bandwidth that covers C-band and X-band.
It also includes the simulated gain curve: gain is stable
but not ideal for high performance, with a maximum of
6.26 dBi at 9.5 GHz. This limitation of the single-unit
structure serves as the core driver for subsequent 1×4
array integration to enhance gain. Figure 6 (b) presents
the simulated radiation pattern, demonstrating that the
antenna achieves directional endfire radiation with a
wide main beam and low backward radiation, which
verifies that the antenna simultaneously exhibits good
impedance matching performance and effective endfire
radiation characteristics within the operating band.

L3
L3
L3

Fig. 4. Simulated S-parameters with different parame-
ters: (a) slot depth of h, (b) slot width of d, and (c) stub
length of L3.
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Fig. 5. Current distribution at 8 GHz.

Fig. 6. (a) S-parameters and gain of a single-unit endfire
antenna and (b) 8 GHz direction diagram of a unit
endfire antenna.

D. Design of array antennas and feed networks
To maintain the directional radiation performance

of the single-unit endfire antenna and address its insuf-
ficient gain, a 1×4 array is adopted. This design
enhances gain while retaining the compact planar struc-
ture for microwave system integration. A Wilkinson 1-
to-4 microstrip equal-power divider serves as the feed
network and is integrated with SSPP transmission lines,
reducing overall size.

As shown in Fig. 7, the array has two copper layers
on the F4B sheet. The top layer integrates a 1×4 SSPP
feed network and the Wilkinson divider, the bottom
layer has four symmetric SSPP lines and a full metallic
ground. The ground suppresses backward radiation and
supports the structure, while symmetrical layout ensures
uniform energy distribution to avoid gain degradation.

III. ANTENNA FABRICATION AND
TESTING

Figure 8 shows the physical prototype of the
proposed 1×4 endfire array antenna, and tests were
conducted to validate its performance. Figure 9 com-
pares the measured and simulated S-parameters of the
proposed 1×4 endfire array. The measured −10 dB
impedance bandwidth covers C-band high frequencies
and X-band low frequencies, matching the target design.
Figure 10 shows the gain of the array and measured
radiation efficiency. Within 6–10 GHz, the measured
gain of the array ranges from 8.2 to 11.6 dBi. This
represents a gain enhancement of 4–5.4 dBi compared to

Fig. 7. Endfire array antenna: La = 132, Wb = 128, and
Wd = 1.5 (unit: mm).

Fig. 8. Photographs of the fabricated antenna: (a) top
view and (b) bottom view.

Fig. 9. Simulated and measured S-parameters of the
designed array antennas.

Fig. 10. (a) Simulated and measured gains of the
designed array antenna and (b) radiation efficiency of
endfire antennas.
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Table 1: Comparison with reported endfire antennas

Ref. f0 (GHz) Size L(λ0) × W(λ0) Band-width (%) Average Efficiency (%) Max Gain (dBi)
[14] 16.6 5.8×4.44 11 95 12.1
[16] 10 2.93×0.51 20 98 13.3
[17] 5.5 3.33×0.74 7.4 85 7.86
[18] 19.5 6.2×1.4 35 90 15.2
[19] 12.5 6.59×2.92 120 92 10.7
[20] 6 2.33×0.25 67 54 7.9
This Work 8.0 3×0.85 50 87 11.6

Fig. 11. Simulated and measured radiation patterns
in the E-plane (xoy-plane) and H-plane (yoz-plane) at
(a) 7.5 GHz, (b) 8 GHz, (c) 8.5 GHz, and (d) 9 GHz.

the maximum gain of 6.26 dBi achieved by the single-
unit SSPP endfire antenna, thereby verifying the effec-
tiveness of the 1×4 array configuration in improving

antenna gain. Measured average radiation efficiency is
87%, slightly lower than the simulated 91%. Figure 11
shows the measured and simulated radiation patterns
of the array in the E-plane and H-plane. The simu-
lated and measured patterns are basically consistent,
only minor back lobe differences exist. Collectively, the
measured results demonstrate excellent agreement with
the simulation data. The minor deviations between the
measured and simulated results are primarily caused by
unavoidable fabrication tolerances.

Table 1 compares the proposed antenna with recent
endfire antennas, where f0 and λ0 are the center fre-
quency and the wavelength at the center frequency,
respectively. It has a wider bandwidth than [14, 16–18],
while the antenna in [19] achieves a relatively wide
bandwidth, it is too large for miniaturized integration,
and the antenna in [20], though small and wideband,
lacks radiation efficiency and gain. In contrast, the
proposed antenna offers low profile, high integration,
broadband capability, and stable radiation performance.

IV. CONCLUSION
This paper proposes a broadband high-gain endfire

array antenna based on an SSPP transmission line. End-
fire radiation is realized by truncating the SSPP structure
to reduce field confinement. A 1×4 array is designed,
with units connected via a Wilkinson power divider-
based feed network. Featuring a low-profile and highly
integrated structure, the antenna also possesses broad-
band performance and stable radiation characteristics,
thus exhibiting great application potential in millimeter-
wave communication, 5G/6G base stations, and satellite
payloads.
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Abstract – To improve the computational efficiency
and stability of the compressive sensing-method of
moments (CS-MoM) based on characteristic mode basis
functions (CMBFs) for electromagnetic scattering prob-
lems, this paper introduces an enhanced construction
strategy for CMBFs. The proposed method adopts a
dual strategy framework that synergistically integrates
physical insight with mathematical screening, replacing
the conventional approach based solely on mathemat-
ical selection. This integration significantly enhances
the physical interpretability and sparsity of the result-
ing basis functions. In addition, the least squares QR
(LSQR) iterative algorithm, which solves the problem
by utilizing QR decomposition, is employed instead of
the traditional LS method for the CS reconstruction
problem. This replacement alleviates the detrimental
effects of ill-conditioned matrices on solution stability,
thereby improving the robustness and accuracy of the
algorithm. Numerical results confirm that the proposed
method substantially reduces computational complexity
while enhancing numerical stability.

Index Terms – Characteristic mode basis functions,
compressive sensing, method of moments, reconstruc-
tion algorithm.

I. INTRODUCTION
The method of moments (MoM) [1] is an effective

full-wave numerical technique for solving electromag-
netic scattering problems, renowned for its high accu-
racy and broad applicability. However, when applied to
electrically large targets, the computational complexity
of the resulting matrix equations increases significantly.
To address this challenge, several acceleration algo-
rithms have been proposed, including the multilevel
fast multipole method [2], characteristic basis function

method [3], and adaptive cross approximation [4], all
aiming to reduce the matrix size or expedite the solution
process. In recent years, compressive sensing (CS) [5]
has been introduced into the MoM framework, offering
a novel approach for the efficient solution of electromag-
netic scattering problems. This integration has driven the
development of CS-based MoM (CS-MoM) [6] com-
putational models, with the core idea centered on spar-
sity optimization of the traditional MoM computational
structure. This optimization effectively reduces the com-
putational burden and enhances overall computational
efficiency.

The CS-MoM model primarily comprises two com-
putational frameworks. One framework targets mono-
static electromagnetic scattering problems and intro-
duces a novel excitation source construction method
[7–9]. The key idea is to randomly combine incident
excitations from different angles, thereby reducing the
number of matrix equations that need to be solved.
The other framework is designed for bistatic electro-
magnetic scattering [10–13], wherein CS techniques
are directly integrated into the algorithmic structure of
MoM. This approach transforms the full-rank matrix
equations into low-dimensional underdetermined sys-
tems, significantly decreasing both the matrix filling and
solution complexity.

The solution process of the second type of CS-
MoM model primarily involves three key steps: con-
structing the sparse basis, constructing the measure-
ment matrix, and reconstructing the current coefficients.
Among these, the critical challenges lie in how to
construct a sparse basis with clear physical significance
and strong expressive capability, as well as how to
select appropriate reconstruction algorithms to enhance
computational accuracy and efficiency, both of which are
central to the efficient solution of bistatic electromag-
netic scattering problems using CS-MoM. Currently,
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commonly used sparse bases for three-dimensional (3D)
problem analysis include characteristic basis functions
(CBFs) [14, 15], characteristic mode basis functions
(CMBFs) [13, 16], and Krylov subspace basis functions
[12, 17]. Among them, CMBFs have attracted significant
attention due to their excitation-independent construc-
tion and suitability for large-scale electromagnetic scat-
tering analysis, especially when combined with domain
decomposition strategies. However, existing selection
methods for CMBFs primarily rely on purely mathe-
matical criteria [16], which may lead to redundant basis
functions and reduce the efficiency of sparse representa-
tion. Moreover, many existing approaches accelerate the
sparse basis construction process by eliminating basis
functions associated with small-amplitude coefficients,
thereby forming an overdetermined system. In such sys-
tems, ensuring the accuracy of reconstruction typically
requires careful determination of the sensing matrix’s
column structure. Under these circumstances, classic
iterative reconstruction algorithms, such as orthogo-
nal matching pursuit (OMP) [18] or generalized OMP
(gOMP) [19], often exhibit limited efficiency. To address
this issue, the least squares (LS) method is adopted
in conjunction with the characteristic mode-based CS-
MOM (CM-CS-MoM) [13] framework to enhance the
computational efficiency. Nevertheless, during the con-
struction of the normal equations, the explicit formula-
tion of reduced matrices may lead to ill-conditioning,
adversely affecting both the stability and accuracy of the
final solution.

To address the key challenges in the sparse repre-
sentation and reconstruction processes described above,
this study introduces improvements and optimizations
from two perspectives. First, in the construction and
selection of CMBFs, greater emphasis is placed on
incorporating physical insights into the basis function
selection process, thereby avoiding redundancy or devi-
ation in the representation of the target’s scattering field.
To this end, an enhanced selection strategy that inte-
grates physical mechanisms with mathematical criteria
is proposed. By embedding the physical characteristics
of current distribution into the basis selection process,
the proposed method significantly improves the accu-
racy and sparsity of basis functions in representing
electromagnetic scattering features. Second, during the
reconstruction of current coefficients, the traditional LS
method is replaced by the least-squares QR (LSQR) iter-
ative algorithm. LSQR offers strong numerical stability
and is well-suited to handling ill-conditioned problems,
particularly in the context of high-dimensional overde-
termined or underdetermined systems. It demonstrates
superior reconstruction performance under such condi-
tions. The combined effect of these two enhancements
not only improves the overall computational efficiency

of the CM-CS-MoM framework but also significantly
enhances its robustness and adaptability.

II. THEORY
A. CM-CS-MoM framework

In the MoM, the integral equation is discretized
into the following matrix equation by using the Rao-
Wilton-Glisson (RWG) functions as basis functions and
weighting functions:

ZI = V, (1)

where Z denotes a full-rank impedance matrix of dimen-
sion N ×N, and N represents the number of unknowns.
In addition, I represents the induced current to be solved,
and V represents the incident excitation of dimension
N × 1. At this point, by uniformly extracting M rows
from Z and V, the measurement matrix Ẑ and the
measurement values V̂ are constructed, respectively.
The equation (1) is then transformed into the following
underdetermined system:

ẐI = V̂. (2)

Considering that the induced current I, discretized
using RWG basis functions, is typically not sparse, a
sparse transformation is therefore required:

I =Ψα, (3)

where α is the weight coefficient vector, and Ψ is the
sparse basis. Therefore, substituting equation (3) into
equation (2) gives:

ẐI = ẐΨα=Θα= V̂, (4)

where Θ is defined as the sensing matrix of size M×N.
Since the construction of CMBFs is independent

of the excitation and allows for efficient solving, they
are employed as the sparse basis for current transfor-
mation [16]. Thus, I is expressed as equation (5), and
equation (4) transforms to equation (6):

I = JCMα, (5)

ẐI = ẐJCMα=Θα= V̂, (6)

where JCM has dimensions of N ×K, with K represent-
ing the total number of valid modes across all blocks.
The sensing matrix Θ needs to satisfy the restricted
isometry property (RIP) [20] constraint. In this case, it
is sufficient to solve the optimization problem under the
l1-norm:

α= argmin∥α∥l1 s.t Θα= V̂. (7)

It is worth noting that equation (6) forms a low-
dimensional overdetermined system. At this point, the
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Fig. 1. Construction of CMBFs via a dual screening mechanism.

LS method can be used to replace the traditional greedy
algorithm for a fast solution of the system:

α= (ΘT V̂)/(ΘTΘ), (8)

where ΘT is the transpose matrix of Θ.

B. Improved characteristic mode basis functions
The traditional approach for selecting CBFs primar-

ily relies on mathematical eigenvalue decomposition.
This method extracts eigenvalues from the impedance
matrix through eigenvalue decomposition, and the cor-
responding eigenvectors are then chosen as basis func-
tions based on these eigenvalues. From a mathematical
perspective, these characteristic modes (CMs) represent
inherent patterns of the scattering object. Typically, the
most significant modes are selected based on the ranking
of eigenvalues or mode energy. The sorting of eigen-
values is usually determined by their magnitude, with
smaller eigenvalues corresponding to the characteristic
modes being chosen to preserve the primary modes
associated with electromagnetic scattering.

However, this method does not fully exploit the
physical characteristics of the scattering object, which
may result in the erroneous selection of low-energy
redundant modes and the inclusion of numerical mode
errors. These issues can adversely affect both the accu-
racy of the solution and the overall computational
efficiency.

To address these limitations, a physics-informed
and mathematically-guided selection strategy is pro-
posed, which combines the electromagnetic response
characteristics inherent in the physical model with
the eigenvalue decomposition techniques of the math-
ematical model to optimize the selection of CMBFs.
From a physical standpoint, modes exhibiting higher
modal energy are typically associated with stronger
electromagnetic responses; therefore, prioritizing modes
with greater energy contributes to improved solution
accuracy. By ranking characteristic modes according
to their modal energies and retaining those with the
highest energy, the selected basis functions are ensured

to effectively represent the dominant distribution of the
electromagnetic fields. As shown in Fig. 1, the process of
constructing the CMBFs matrix under the dual screening
of mathematical and physical principles clearly high-
lights the innovation of the proposed method.

From a reconstruction perspective, high-energy
modes exhibit stronger physical orthogonality, leading
to lower cross-correlation coefficients and enhanced
sparsity concentration. From an information-theoretic
viewpoint, the proposed dual-selection strategy maxi-
mizes the information entropy of the basis functions, as
high-energy modes convey more scattering field infor-
mation and effectively prevent the information dilu-
tion associated with low-energy modes. Modal energy
directly reflects the contribution strength of the current
distribution to the scattered field, thereby improving the
physical interpretability of the solution. Furthermore,
by reducing the number of selected modes, the pro-
posed approach significantly enhances computational
efficiency.

Specifically, from an information entropy
perspective:

η(JCM) =
K

∑
i=1

Pi log pi pi =
Ei

∑
K
j=1 E j

, (9)

where η(JCM) denotes the information entropy of the
current distribution JCM, which measures the uniformity
of the mode energy distribution. Ei represents the energy
of the ith characteristic mode, pi denotes the proportion
of the ith mode energy relative to the total energy, and K
refers to the total number of modes retained.

At this stage, a physical selection mechanism is
introduced to eliminate low-energy modes, effectively
avoiding information redundancy and enhancing the sys-
tem’s information entropy, thereby achieving the goal of
accelerating computational efficiency. Specifically, the
modal energy is calculated as:

Ei = ∥JCM
i ∥2 =

Nm

∑
k=1

|JCM
i,k |, (10)
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where, JCM
i,k denotes the value of mode i at degree of

freedom k. At this point, the index permutation mapping
σ : {1, . . . ,K}→ {1, . . . ,K} is constructed to satisfy:

Eσ(1) ≥ Eσ(1) ≥ ·· · ≥ Eσ(K)

K = min(|Je
i |,MaxModes).

(11)

Therefore, the ordered index sequence S = (σ(1),
σ(2), . . . ,σ(K)) is generated, which arranges the energy
distribution in a monotonically decreasing order. In
addition, MaxModes denotes the maximum number of
modes preset for each subdomain.

Finally, the objective function for the joint physical
and mathematical optimization is:

Γ =
N

∑
i=1

II(MS < τ)+β

N

∑
i=1

Ei, (12)

where II() denotes the indicator function (which takes
the value 1 when the condition is satisfied, and 0
otherwise), and β represents the weighting parameter
(typically set to 1). Furthermore, the first half of the
equation corresponds to numerical sparsity, while the
second half represents physical significance.

C. Least square QR dissolution
In conventional CS reconstruction approaches, the

LS method is frequently employed to solve for the cur-
rent coefficients α by minimizing the observation error,
thereby enabling the recovery of the original signal.

As shown in equation (8), its analytical solution is
obtained by constructing the normal equations. How-
ever, this approach suffers from numerical instability;
when the columns of matrix Θ are highly correlated,
ΘTΘ may become nearly singular, resulting in an
unstable solution. In addition, the requirement to store
and process large-scale matrices, along with their trans-
poses and inverses, poses significant challenges in terms
of memory consumption and computational scalability,
particularly for 3D electromagnetic scattering problems
involving electrically large targets.

To address the aforementioned issues, this paper
introduces the LSQR iterative algorithm. Rather than
explicitly constructing ΘTΘ, the LSQR algorithm
directly performs iterations to minimize the Euclidean
(L2) norm of the error:

min
α

∥Θα− V̂∥2. (13)

In each iteration, LSQR avoids direct matrix inver-
sion and operates without forming ΘTΘ, thereby miti-
gating numerical instability. It achieves this by progres-
sively approximating the solution within a Krylov sub-
space framework. The k-dimensional Krylov subspace is

defined as:

Kk(Θ
TΘ,ΘT V̂)

= span{ΘT V̂,(ΘT ,Θ)ΘT V̂, . . . ,(ΘTΘ)k−1ΘT V̂},

(14)
r0 =Θα− V̂0, (15)

Kk(Θ
TΘ,ΘT V̂), (16)

where equation (15) represents the initial residual, while
equation (16) denotes the sequence of Krylov subspaces.
At the kth iteration, LSQR solves:

αk = arg min
α∈Kk

∥Θα− V̂∥2. (17)

This iterative process converges toward the mini-
mum residual solution without forming or storing large-
scale matrix products. The use of Golub-Kahan bidiago-
nalization further enhances the numerical robustness by
orthogonalizing the Krylov basis and avoiding loss of
orthogonality due to round-off errors.

In the context of this work, integrating LSQR into
the CS-MoM framework not only enhances numeri-
cal stability in the presence of ill-conditioned systems
but also provides a computationally efficient pathway
for solving underdetermined or overdetermined sys-
tems arising from sparse basis pruning. This contributes
directly to the robustness and scalability of the proposed
method, especially in scenarios involving electrically
large and geometrically complex targets.

Finally, Fig. 2 presents the computational flowchart
of the LSQR algorithm. Unlike the explicit matrix con-
struction and direct solution employed in the traditional
LS method, LSQR iteratively approximates the solution
through successive refinements.

D. Computational complexity analysis
In this paper, the CM-CS-MoM method and the

proposed approach are employed. Their computational
complexity primarily arises from three components:
the construction of the sparse basis, the formation of
the measurement matrix, and the recovery of the sparse
coefficient vector. Since both methods share the same
complexity in constructing the measurement matrix, this
component is excluded from the analysis.

Construction of sparse basis: In the mathemati-
cal screening method, for each subdomain, a gen-
eralized eigenvalue problem is solved based on the
impedance matrix, with computational complexity O(R ·
N2/(logN)2), where R is the number of subdomains
and N is the number of unknowns per subdomain. The
basis vectors corresponding to selected eigenvalues are
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Fig. 2. Flowchart of LSQR algorithm.

assembled to construct the sparse basis matrix, with
complexity O(R ·N ·T ), where T is the total number of
selected characteristic modes.

In the physics-based and mathematical screening
method, the complexity of computing the physical char-
acteristic basis functions is the same as that in the
mathematical screening method, up to a maximum of
Tbm modes. The additional screening based on modal
energy, along with eigenvalue filtering, has complexity
O(R ·N ·Tbm).

Since sufficient accuracy can be achieved for
bistatic scattering problems when Tbm ≤ 200, the overall
complexity of this hybrid method is significantly lower
and more controllable than the purely mathematical
screening method.

Recovery sparse coefficient vector: Although both
methods use the same linear algebra operations for cur-
rent reconstruction, the physics-based and mathematical
screening method has a significantly lower computa-
tional cost due to the enforced upper bound Tbm on the
number of characteristic modes. In contrast, the math-
ematical screening method may select a much larger
number of modes T , leading to higher complexity in
matrix multiplications and inversions.

Therefore, under the same reconstruction frame-
work, the computational complexity is O(M · T +

M · T 2 + N · T ) when using the LS algorithm with
mathematical screening, whereas it is O(M · Tbm + k ·
zzn(Θ)+N ·Tbm) when employing the LSQR algorithm
in combination with both mathematical and physical
screening, where, k denotes the number of iterations,
which is typically less than 200, and zzn() represents the
number of non-zero elements in the matrix. Since Tbm <
T , the proposed method exhibits lower computational
complexity in the reconstruction stage from an overall
perspective.

III. NUMERICAL RESULTS
Different objects are simulated and analyzed to test

the proposed method’s effectiveness. The accuracy was
evaluated using the root mean square error (RMSE) of
the radar cross section (RCS), which is defined as:

RMSE =

√√√√ 1
Na

Na

∑
i=1

|RCScal,i −RCSre f ,i|2, (18)

where RCScal,i is the calculation result of the method
used, RCSre f ,i is the calculation result using MoM, and
Na is the number of sampling points.

First, the bistatic RCS of a perfectly electrically
conducting (PEC) cube with an edge length of 1 meter
was calculated at an incident frequency of 1 GHz, with
the scattering angle observed at position (θ ,ϕ) = (0◦−
360◦,0◦), where θ and ϕ represent the azimuth and
zenith angles, respectively. The surface of the cube was
discretized into 21888 triangular elements. The surface
electric field integral equation was discretized using
RWG basis functions, resulting in 32832 unknowns.
The target was partitioned into 16 blocks, each with an
extension width of 0.15 times the wavelength, leading
to a total of 39377 unknowns after domain expansion.
In addition, during the mathematical screening process,
the mode significance (MS) threshold was set to 0.001,
resulting in the generation of 3196 CMs. In practice,
for the CMBFM, when the extended region and the MS
threshold are set to 0.1λ and 0.0001, respectively, the
RMSE is 0.1 dBsm. A similar level of accuracy can
also be achieved with an MS threshold of 0.002 and
an extended region of 0.3λ . However, a larger extended
region leads to an excessive number of unknowns on
each subdomain, which significantly increases the com-
putational time. To strike a balance between compu-
tational accuracy and efficiency, the extended region
is generally set to 0.15λ , and this value is adopted
consistently in all subsequent numerical examples. In
the proposed method, an additional physical screening
criterion was introduced, as shown in Table 1. By con-
straining the number of CMs generated per subdomain,
the total number of CMs is effectively controlled. It can
be observed that as the number of CMs increases, the
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Table 1: Time and accuracy based on dual screening

CMs count 960 1080 1200 1320 1440 1560 1680 1800 1920 2040 2160
Proposed Construction time/s 33.0 33.8 35.5 37.8 40.7 43.2 44.7 46.7 48.5 50.9 53.1
Method RMSE/dBsm 0.348 0.199 0.168 0.087 0.088 0.089 0.101 0.097 0.090 0.087 0.092

construction time grows accordingly, while the recon-
struction error decreases. When the total number of CMs
reaches 1320, the improvement in accuracy becomes
marginal, indicating a saturation of the selected basis
functions. Therefore, based on a trade-off between com-
putational accuracy and efficiency, the number of CMs
per subdomain was set to 110, resulting in a total of 1320
CMs. The number of CMs per subdomain is determined
by the accuracy saturation behavior. When the RCS error
tends to be stable, the smallest number of CMs that
meets the accuracy requirement is selected. This method
is objective and can be generalized to different PEC
targets and mesh configurations.

To validate the advantages of the proposed method,
Fig. 3 presents the solution time and reconstruction
error (RMSE) under varying extraction steps for two
different reconstruction approaches. The solution time
includes both matrix construction and current recovery.
In Fig. 3 (a), the conventional mathematical screening is
employed to construct the CMBFs, while in Fig. 3 (b),
the proposed dual screening strategy based on both
mathematical and physical is employed.

As shown in Fig. 3 (a), when the extraction step
ranges from 4 to 8, the reconstruction accuracy of the
LSQR algorithm is comparable to that of the conven-
tional LS method. However, at step size 9, the LS
method begins to show noticeably higher reconstruction
error compared to LSQR, and at step size 10, a sharp
increase in RMSE occurs, indicating the onset of ill-
conditioning. Beyond step 10, the RMSE exceeds 10,
signifying complete deviation from acceptable accuracy.
In contrast, the LSQR method continues to yield reliable
current reconstructions, demonstrating strong numeri-
cal stability. In terms of solution time, the difference
between the two methods remains within 2 seconds
across all step sizes, and this difference decreases as the
extraction step increases.

A closer examination of Fig. 3 (b) reveals that
the overall solution time is significantly reduced due
to the decreased number of constructed CMs. Owing
to the higher-quality CMs obtained through the dual
screening strategy, the conditioning of the LS solver
is notably improved. Consequently, the RMSE values
for both reconstruction methods remain nearly identical
within the extraction step range of 4 to 14. Slight ill-
conditioning only begins to appear when the extraction
step exceeds 18 for the LS algorithm, and noticeable ill-
conditioning appears only when the step size reaches 20.

Overall, the reconstruction stability is further enhanced,
while the difference in solution time remains negligible.

Fig. 3. Time and RMSE for different extraction steps of
the cube model: (a) mathematical screening and (b) dual
screening based on mathematical and physical.

Table 2 presents the correlation coefficients between
the sparse basis matrix JCM and the measurement matrix
Ẑ constructed using both the CM-CS-MoM and the
proposed method. It is evident that the sparse basis
matrix JCM generated by the proposed approach exhibits
weak correlation with the sparse sensing matrix Θ
that satisfies the RIP [20], thereby ensuring accurate
reconstruction of the current coefficients α.

Table 2: Correlation coefficients between measurement
matrix and sparse basis matrix

Method CM-CS-MoM Proposed method
Coefficient −0.0075–0.0931i −0.0034+0.0859i

To further validate the accuracy of the proposed
method, Fig. 4 presents a comparison of current distri-
butions obtained using the proposed approach and the
conventional MoM. The currents depicted correspond
to common border currents uniformly sampled with a
step size of 150. Figures 4 (a) and (b) illustrate the
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real and imaginary components of the current, respec-
tively. As observed, the reconstructed currents from the
proposed method closely align with those computed by
MoM, confirming its effectiveness in current recovery.
Additionally, Fig. 5 displays the RCS results obtained
using both the CM-CS-MoM and the proposed method,
with an extraction step size of 5. The RCS values for
the horizontally polarized cube calculated using the
proposed method show excellent agreement with those
produced by MoM, further demonstrating the method’s
reliability.

Fig. 4. Common border currents: (a) current real part and
(b) current imaginary part.

Fig. 5. Bistatic RCS of the cube in horizontal
polarization.

Second, to further validate the effectiveness of
the proposed method, the bistatic RCS of a 1-
meter-long missile target was calculated under plane
wave excitation at 4.5 GHz frequency. The inci-
dent wave direction was defined as angle (θ ,ϕ) =
(0◦,0◦), while the observation angle was denoted

as angle (θ ,ϕ) = (0◦−360◦,0◦). The target surface
was discretized into 36510 triangles, generating 54765
unknowns through RWG basis function discretization.
These unknowns were distributed across 16 computa-
tional blocks. Furthermore, with an extension width of
0.15 wavelength applied in the computation, the total
number of extended unknowns reached 87729.

In this case, the mathematical filtering approach
generated a total of 5115 CMs. In contrast, the proposed
method incorporated an additional physical screening
constraint. Considering the saturation of computational
accuracy and solution efficiency, the number of CMs per
subdomain is limited to 180, resulting in a total of 2880
CMs. With the extraction step set to 5, Fig. 6 presents
the RCS results reconstructed using LS and LSQR for
both methods. As illustrated, the results produced by the
proposed method exhibit excellent agreement with those
obtained from the MoM, demonstrating high computa-
tional accuracy.

Fig. 6. Bistatic RCS of the missile in horizontal polar-
ization.

Third, to further demonstrate the effectiveness of
the proposed method in analyzing electrically large
targets, an array composed of 36 PEC objects with two
distinct geometries was selected for scattering simula-
tion. The frequency of the incident plane wave was set
to 800 MHz, and the scattering was observed at angle
(θ ,ϕ) = (0◦ − 360◦,0◦). The surface of the array was
discretized using RWG basis functions, resulting in a
total of 51984 triangular elements and 77976 unknowns.
The entire target was partitioned into 36 blocks.

In this case, the conventional mathematical screen-
ing method generated a total of 8582 CMs. Using
the dual screening strategy combining mathematical
and physical constraints and considering the saturation
of computational accuracy and solution efficiency, the
number of CMs per subdomain is set to 120, result-
ing in a total of 4320 CMs. Under an extraction step
of 6, simulations were performed using both methods,
each with LS and LSQR reconstruction, and the results
were compared with those obtained by the MoM. As
shown in Fig. 7, the proposed method exhibits excellent
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Table 3: Simulation time and accuracy

Model Method Unknown CMs Count Construction
Time of
Sparse

Basis (s)

Recovery
Induced
Current
Time (s)

Total
Time (s)

RMSE
(dBsm)

Cube CM-CS-MoM 32832 3196 83.9 9.0 92.9 0.089
Proposed method 1320 37.8 6.5 44.3 0.087

Missile CM-CS-MoM 54765 5115 212.5 35.5 248.0 0.221
Proposed method 2880 136.2 29.0 165.2 0.193

Array Target CM-CS-MoM 77976 8582 184.3 105.0 289.3 0.365
Proposed method 4320 99.8 56.6 156.4 0.379

agreement with the MoM results, confirming its high
computational accuracy.

Fig. 7. Bistatic RCS of the array target in horizontal
polarization.

Finally, Table 3 presents a comparative analysis
of the computational time and RCS error between the
CM-CS-MoM method and the proposed method across
three different models. It is important to note that the
current recovery time includes both the matrix equa-
tion construction and current reconstruction phases. As
shown in Table 3, under the condition that the RMSE
remains nearly the same, the proposed method reduces
the number of basis functions by 58.7%, 43.7%, and
49.7%, respectively, compared to CM-CS-MoM. Cor-
respondingly, the total computation time is reduced by
52.3%, 33.4%, and 45.9%, respectively.

IV. CONCLUSION
This paper proposes a dual screening mechanism

incorporating physical principles for the construction of
CMBFs and employs the LSQR algorithm to achieve
efficient reconstruction of current coefficients. By inte-
grating both mathematical and physical screening pro-
cesses, the approach generates basis functions with
higher quality and reduced redundancy, thereby signif-
icantly enhancing the efficiency of matrix construction.
Meanwhile, the LSQR algorithm demonstrates strong
capabilities in handling ill-conditioned matrices, con-
tributing to improved overall computational stability.

Simulation results validate that, compared to CM-CS-
MoM, the proposed approach exhibits notable advan-
tages in both computational efficiency and stability.
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