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Abstract: Building on the fully encapsulated architecture of liquid crystal (LC) coaxial phase shifters,
which leverages noise-shielding advantages for millimeter-wave wideband reconfigurable appli-
cations, this study addresses the less-explored issue of low-frequency breakdown (LFB) suscepti-
bility in modern full-wave solvers. Specifically, it identifies the vulnerability nexus between the
tuning states (driven by low-frequency bias voltages) and the constitutive elements of LC-filled
coaxial phase shifters—namely, the core line, housing grounding, and radially sandwiched tunable
dielectrics—operating at millimeter-wave frequencies (60 GHz WiGig), microwave (1 GHz), and far
lower frequency regimes (down to 1 MHz, 1 kHz, and 1 Hz) for long-wavelength or quasi-static
conditions, with specialized applications in submarine communications and geophysical exploration.
For completeness, the study also investigates the device state prior to LC injection, when the cavity is
air-filled. Key computational metrics, such as effective permittivity and characteristic impedance, are
analyzed. The results show that at 1 kHz, deviations in effective permittivity exceed four orders of
magnitude compared to 1 GHz, while characteristic impedance exhibits deviations of three orders
of magnitude. More critically, in the LFB regime, theoretical benchmarks from 1 MHz to 1 kHz and
1 Hz demonstrate an exponential increase in prediction error for both effective permittivity, rising
from 16.8% to 1.5 x 10*% and 1.5 x 107%, and for characteristic impedance, escalating from 8.1%
to 1.15 x 103% and 3.9 x 10*%, respectively. Consequently, the prediction error of the differential
phase shift, minimal at 60 GHz (0.16%), becomes noticeable at 1 MHz (4.39%), increases sharply
to 743.88% at 1 kHz, and escalates dramatically to 2.18 x 10!9% at 1 Hz. The findings reveal a
pronounced frequency asymmetry in LFB susceptibility for the LC coaxial phase shifter biased at
extremely low frequencies.

Keywords: analog phase shifters; liquid crystal; passive components; low-frequency breakdown;
full-wave solvers; millimeter-wave reconfigurable devices; mixed signals applications; computational
electromagnetics; finite-element method; submarine communications

1. Introduction

Flexible beam steering, realized through phased antenna array mechanisms [1-5], has
emerged as a foundational technology permeating modern and next-generation communi-
cation systems, radars, sensors, space exploration (e.g., probing the origins of the universe),
and joint communication-sensing technologies [6-9]. These advancements are integral to
the 6G roadmap [6,10,11], which operates predominantly in the millimeter-wave [12-14]
and sub-millimeter-wave (terahertz) [15,16] frequency domains to meet the insatiable needs
of bandwidth and hyper-fast data rates.
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A key enabler for electronically phased antenna array beam steering is the develop-
ment of liquid crystal (LC) tunable phase shifters [17-20], which offer a superior alternative
to traditional solid-state switch solutions [21]. The latter struggle to provide low-loss, low-
power performance within the millimeter-wave (mmW), sub-mmW, and terahertz (THz)
frequency ranges at the microscale. In an LC phase shifter, a low-amplitude voltage biasing
field (e.g., approximately 10 V [19]) with an extremely low frequency (ELF) is applied
to dynamically orient and reorient the liquid crystal (LC) material. It is noteworthy that
industry-standard quasi-static alternating current (AC) tuning, operating at frequencies
ranging from Hz to kHz, is employed instead of direct current (DC) control to mitigate the
risk of chemical degradation [17]. These phase shifters are crucial for emerging applications
such as the Internet of Things (IoT) [22-25] and the evolving Internet of Nano-Things
(IoNT) [14,26], a field still in its early stages of development, with considerable progress
needed to actualize full-scale commercialization.

Fortunately, with advances in computational power and artificial intelligence [27-29],
cost-effective deployment of these technologies is becoming both technically and finan-
cially feasible. One of the critical prerequisites for this progress is the creation of digital
twins [30] for LC-incorporated phasing components and networks in the engineering sector,
which can adapt to the function requirements from a wide range of frequency-specific
applications. Arguably, the integration of functional material (i.e., LC) with advanced elec-
tromagnetism (circuits and devices) is formulating a dielectrics-wave-guiding-information
nexus to facilitate a more sustainable and efficient global 5G-to-6G transition.

However, a significant challenge in this domain lies in the absence of precise multi-
scale, multi-physics simulations that span various disciplines. Such simulations must
comprehensively capture the molecular reorientation dynamics at the nanoscale, along-
side the spatial and temporal distribution of dielectric constants at the macroscale. This
spans a wide frequency range, from Hz and kHz (associated with LC molecular biasing
voltages) to MHz, GHz, and even THz (corresponding to the signals undergoing phase
shifting). While reducing computational overhead is essential, maintaining the reliability
of numerical predictions remains a top priority. Although the high-frequency behavior
of LC-based microwave (MW) and millimeter-wave (mmW) tunable devices has been
extensively studied (and matured for some planar topologies [31,32]), both numerically
and experimentally, there has been insufficient focus on their low-frequency response and
the accuracy of simulations in this regime. One of these computational challenges is the
low-frequency breakdown (LFB), due, fundamentally, to the finite machine precision [33,34]
for multi-scale simulations.

LFB represents a notable limitation of commercial full-wave simulators, which struggle
to accurately characterize the wideband low-frequency behavior (e.g., from 0 Hz to MW) of
devices where the wavelength is significantly larger than the circuit’s feature size. However,
these extra-low-frequency bands (e.g., Hz, kHz) find specific applications in underwater
wireless communications [35,36], more specifically, submarine communications [36] (a
trade-off between data rate and transmission distance), in place of the conventional acoustic
approach that is slow and bandwidth-limited.

Albeit MW and mmW frequencies are extensively used in modern high-data-rate
communications with compact device sizes, these frequency bands face significant chal-
lenges in underwater communication. Their high attenuation and substantial absorption in
seawater limit their ability to effectively reach the operational depths of submarines and
underwater vehicles. This limitation drives the adoption of extremely low frequency (ELF),
super low frequency (SLF), and ultra-low frequency (ULF) bands, which offer significantly
lower attenuation, enabling more efficient penetration of seawater for oceanography [35]
and naval applications. Additionally, ELF frequencies were also reported in earthquake
monitoring and forecasting. These low-frequency signals leverage their ability to pene-
trate materials deeply and provide long-range communication capabilities, making them
potentially critical for various industries.
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However, challenged by the electromagnetic interference (EMI) noise and the attenua-
tion (range constraint) of conventional ELF antenna technologies (e.g., coaxial transmission
line antennas and loop antennas as reported in [35] for use in the sea), pronounced break-
throughs in submarine radio links (governing surface-to-submarine, submarine-to-surface,
and submarine-to-submarine propagation), have yet to be convincingly evidenced. A
solution by arrays of submerged antennas for enhanced directivity was proposed [35], for
which adaptable wavefront phase control is highly desirable and linked to the subject of
interest in this work.

As such, precisely characterizing the LC-based phase-reconfigurable device behavior
at these extremely-low-frequency bands is of equally strategic importance for optimizing
the LC biasing field in mainstream high-frequency applications and for enabling poten-
tial applications in ELF-phased array systems. Furthermore, from the lens of computa-
tional electromagnetics, this broader investigation, e.g., by strategically using a coaxial
LC-accommodating structure that supports a transverse electromagnetic (TEM) mode prop-
agation theoretically from DC (low frequency) to mmW, provides numerical insights into
the behavior of the simulation models at different scales and ensures the robustness of the
design tools used for both higher and lower-frequency applications.

Over the past decades, leading researchers, such as Jiao, D. [37-39], and Chew, W.C. [40,41],
have made substantial contributions toward addressing the LFB issue. A host of defini-
tive books on [42,43] can be referred to. However, their research has primarily focused
on standard transmission lines and circuit components, without incorporating tunable
dielectrics as functional materials into the analysis. More fundamentally and specifically,
most of the studies so far have been tailored to address the LFB when solving integral equa-
tions (IEs) [39-41,44], whereas the evidence remains patchy for solving partial-differential
equations (PDEs), e.g., via the finite-element method (FEM).

However, differences in the underlying mathematical frameworks between IEs and
PDE:s are a significant factor in limiting the generalizability of these findings. The validation
of the proposed approaches in the existing literature often lacks consistency, making it
difficult to fully substantiate their claims. This is because the parameters were intentionally
constrained to create a favorable scenario for demonstrating the method’s efficacy, which
may not accurately reflect real-world conditions. Therefore, a more general approach
is necessary to effectively address the broader challenges posed by PDE solvers under
low-frequency conditions.

More specifically, for reconfigurable devices like LC-based phase shifters, many un-
knowns and research opportunities remain, particularly concerning the low-frequency
cutoff vulnerabilities in device design and simulation. This gap raises a pertinent scientific
question: Is there a low-frequency breakdown (LFB) when simulating LC-based reconfig-
urable phase-shifting devices, originally designed for millimeter-wave applications [45,46],
in the low-frequency regime (associated with LC molecular biasing) using the FEM solver,
such as HFSS (High-Frequency Structure Simulator)? This question forms the basis of a
legitimate scientific hypothesis, warranting further investigation.

In line with answering these questions, this study addresses the gap by preliminarily
investigating the low-frequency breakdown (LFB) vulnerability in a single-dielectric liquid
crystal (LC)-filled coaxial delay line device. While coaxial geometry is a legacy structure in
microwave transmission lines, it offers a more consistent and computationally stable elec-
tromagnetic environment due to its fully shielded metal housing, which provides superior
immunity to external interferences [16]. Furthermore, it mitigates internal computational
errors often associated with inhomogeneous multi-dielectric systems, such as microstrip
lines incorporating multiple dielectrics [31,32]. From the perspective of mode analysis,
the single-dielectric topology of the coaxial structure supports a true transverse electro-
magnetic (TEM) propagation mode, assuming that the design includes an adequate guard
band [16] to suppress the onset of the first higher-order TE{; mode. This ensures that the
effective permittivity (ees) theoretically equals the intrinsic dielectric constant (Dk) of the
filled dielectric (i.e., LC), as represented by Equation (1). Thereby, the effective permittivity
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perturbation is entirely controlled by the dielectric constant tuning with the electric biasing
field applied to the LC layer, due to which the LC material Dk and the induced permittivity
(o) of the coaxial transmission line are used interchangeably in this work when referring
to the specific tuning state of the LC.

€off(theory)= Dkpc. 1)

By quantifying the deviations between the computed effective permittivity (ee¢) and
the theoretical value (Dk; ) at various frequencies (e.g., 1 Hz, 1 kHz, 1 MHz, 1 GHz, and
60 GHz), we aim to identify LFB computational issues in LC-based coaxial phase shifters
for the first time. The accuracy, efficiency, and reliability of computational electromagnetic
simulations in reconfigurable coaxial transmission lines filled with liquid crystal (LC) tun-
able media are highly influenced by boundary conditions and mesh discretization across
varying frequency ranges and material properties. In this study, we compare meshing statis-
tics for designs operating in coaxial TEM mode at millimeter-wave (60 GHz), microwave
(1 GHz), and lower frequency ranges (1 MHz, 1 kHz, and 1 Hz), providing valuable insights
into computational meshing metrology. The findings from this vulnerability analysis are
expected to be rapidly integrated into low-frequency breakdown (LFB) threat detection
frameworks, which are embedded in computational electromagnetics solutions. This work
holds strategic importance for digital twin technologies and paves the way for the develop-
ment of multi-physics and multi-scale open-source programs for LC-based devices beyond
phase shifters.

2. Materials and Methods

The methodologies, geometrical configurations, material properties, and modelling
approaches for evaluating LFB are presented in this section. Figure 1 illustrates the material
composition and geometric configuration of the device that underpins the theoretical
analysis and computational modelling. The LC-filled, coaxially confined delay line device
can be electromagnetically characterized as comprising inhomogeneous and anisotropic
dielectric materials, specifically utilizing the GT3-24002 series of liquid crystals [16,19,45,46]
in this study. These materials are radially enclosed by non-ideal conductors, represented by
C101-grade copper, with surface roughness effects excluded from this analysis. Although
surface roughness is practically significant in relation to frequency-dependent insertion
loss, characterizing this aspect falls outside the scope of the preliminary investigation into
low-frequency breakdown (LFB) in this work. The primary objective is to ensure that the
signal propagation path is as clean as possible, which motivates the use of coaxial topology
to eliminate other complexities that may exacerbate the computational LEB problem.

A key feature of liquid crystal (LC)-based devices is their inherent anisotropy, which
arises from the nanoscopic anisotropy of the LC molecules and manifests macroscopically
as dielectric permittivity anisotropy [18,19]. This variation in dielectric properties, induced
by molecular anisotropy, is achieved through the application of a low-frequency external
voltage field, specifically a quasi-electrostatic bias field for dynamic control. By adjusting
the bias voltage from a reference state (e.g., 0 V in many cases) to a saturation point—at
which the dielectric properties stabilize despite further increases in the applied field—the
tunable characteristics of the device can be continuously controlled between these two
extreme states, as illustrated in Figure 1 for the two-dimension (2D) cross-sectional (XS)
and three-dimension (3D) longitudinal views.

From our past characterization work [16,47], the dielectric constant (Dk) for these two
extreme states is identified, with values tunable from 2.754 (isotropic state, i.e., state 1 in
Figure 1) to 3.3 (saturated bias state, i.e., state 2 in Figure 1). The dissipation factor (DF) is
also specified; while it significantly influences the prediction of insertion loss performance,
it has minimal or no impact on the low-frequency breakdown (LFB) problem of interest in
this study.
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Figure 1. Snapshot of the constitutive parameters for all materials utilized in the LC-filled coaxial
delay line device, illustrating the material composition and geometric configuration. The depiction
highlights the radially sandwiched anisotropic dielectric (GT3 LC series) and non-ideal copper
conductors (C101-grade), modelled without consideration of surface roughness. The emphasis is
placed on the coaxial structure and its associated electromagnetic properties under low-frequency
bias fields, specifically at 0 V (state 1) and at the saturated bias field (state 2).

Another significant advantage of the coaxially accommodating structure for LC-
enabled phase shifting applications is its ability to eliminate the traditionally required
alignment agents used in planar structures. One of the most commonly employed align-
ment agents is polyimide (PI), which is utilized in the fabrication of LC-based inverted
microstrip [32] and enclosed coplanar [19] phase shifters. As demonstrated in our pio-
neering work on the LC-filled coaxial phase shifter [47], the removal of the PI—and the
associated complex, time-consuming processing steps—substantially streamlines the man-
ufacturing process for LC-based devices and mitigates additional insertion loss that may
arise from the introduction of the PI.

The key property of the LC’s Dk is influenced less by the RF frequency dispersion
and more significantly by the applied bias voltage (driven by a low-frequency field). In
this numerical study, we analyzed three typical tuning states: 0 V bias, saturated bias, and
an unfilled state (no bias, with the LC absent). For all cases, the length of the LC-filled
device under numerical characterization is fixed at 10 mm, adhering to a per-unit-length
approach for ease of cross-device benchmarking. The cross-sectional geometries of the
LC coaxial phase shifter designs at various frequencies are summarized in Table 1. The
vacuum wavelength (A) is provided as an approximate reference; however, the effective
wavelength (Aq¢), which accounts for the varying dielectric constant of the tunable LC, will
be analyzed and presented in the results section.
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Table 1. Geometrical parameters ensuring TEM mode operation in simulations across multiple
frequency ranges.

Solution Dcore Tic L Avacuum At ™
60 GHz 0.23 mm 0.34876 mm 10 mm 5 mm 2.75 mm
1 GHz 0.23 mm 0.34876 mm 10 mm 30 cm 16.51 cm
1 MHz 0.23 mm 0.34876 mm 10 mm 300 m 165.14 m
1 kHz 0.23 mm 0.34876 mm 10 mm 300 km 165.14 km
1Hz 0.23 mm 0.34876 mm 10 mm 300,000 km 165,144.56 km

* Evaluated at the saturated bias state of LC.

For a given frequency, this study examines the dependence of low-frequency break-
down (LFB) vulnerability on the tuning states, where the LC is injected and subjected to
varying bias voltages. The varying dielectric constant (Dk) perturbs the electrical size of
the delay line’s cross-section relative to the guided wavelength, which subsequently leads
to variations in computational resource consumption (memory and processing time).

The selection mechanism for the parameters T; ¢ and Degre in this study is based on
four key considerations:

1.  The size must ensure pure TEM mode operation at all frequency points, without
exciting any higher-order modes. The highest frequency under consideration (60 GHz
in this case) is most susceptible to higher-order mode excitation. Therefore, the
central pin diameter (Dcore) is chosen as 0.23 mm, the industry-standard for 60 GHz
millimeter-wave operation, to guarantee single-mode behavior.

2. Tpc and Deore are calculated using the characteristic impedance (Z.) formula derived
from TEM mode analysis [47]. With one parameter fixed, the other is determined
according to Equation (2):

Ze = 60 In (Dcore + ZTLC ) ]
Eeff Dcore

()

3. Trc must also comply with liquid crystal operational constraints, specifically within
the classically defined rubbing interaction range (i.e., it should not be too thick). Using
the 60 GHz case as a baseline is more appropriate than using lower frequencies, as a
larger Dcore leads to a thicker Ty c under the impedance-matching condition.

4.  Finally, designing the geometry based on the highest frequency point (60 GHz) am-
plifies the LFB vulnerability. For long-wavelength applications (e.g., 1 Hz, 1 kHz,
and 1 MHz as listed in Table 1), the Ty ¢ (0.34876 mm) and Dcgre (0.23 mm) dimen-
sions, optimized for the 60 GHz standard, offer a highly area-efficient solution to
the 50 () impedance-matching equation. However, LFB may still occur in full-wave
computational simulations, as the wave-like behavior becomes infinitesimally small
relative to the tiny structure. The multi-scale evolution of the LFB susceptibility is
intuitively schematized in Figure 2. The multiple frequencies presented in this study
correspond to the transmitted signal (or low-frequency biasing signal) undergoing
phase shifting and subsequent analysis through simulations, where the quasi-static
or low-frequency bias cannot be simulated independently (separately). It is crucial
to carefully assess the potential computational impact (e.g., LFB errors) of the liquid
crystal (LC) material’s low-frequency bias on the simulation of the transmitted signal
across various frequencies, in addition to the practical coupling effects (crosstalk)
between the mixed signals and the influence of noise from instrumentation.

Compared to 3D simulations, 2D simulations provide faster computation and reduced
memory consumption. Although a 2D solver based on cross-sectional analysis is adequate
for predicting characteristic impedance and effective permittivity, it does not account for the
integral property of length, which is essential for accurately calculating core functionalities
such as differential phase shift and insertion loss. Consequently, a 3D solver is necessary
for a comprehensive performance evaluation.
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Figure 2. Schematic representation of potential low-frequency breakdown (LFB) issues in LC-filled
coaxial phase shifters. The five frequency cases examined in this work are exemplified in cross-
sectional and longitudinal views (mind the diverse scaling metrics for each case).

In this study, we utilize a nematic LC mixture (grade GT3-24002) as the dielectric
material within a coaxially filled cylindrical structure, positioned between the core and
the surrounding ground conductor. The dielectric properties of the nematic LC material
employed have been explicitly depicted in Figure 1. A notable property of liquid crystals is
their long-range molecular alignment, which allows the LC molecules to align along the
length of the microstructure in the direction of wave propagation. Additionally, van der
Waals forces may promote planar alignment of the molecules between the internal and
external conductors, a phenomenon observed in silica-glass microcapillaries infiltrated
with liquid crystals [48,49]. To minimize uncertainties associated with liquid crystal (LC)
alignment and geometry-dependent defects, we focus on the fully aligned state of the LC
(with Dk = 3.3) for the analysis of low-frequency breakdown. In this saturated biased state,
the LC molecules align with the electric field polarization, thereby eliminating uncertainties
related to initial alignment. Additionally, other tuning states, including those prior to
LC filling and at isotropic states, are considered in the computational study to evaluate
vulnerability to low-frequency breakdown under various LC tuning conditions.

3. Results

This section reports the quantification of errors in assessing low-frequency breakdown
at 1 MHz, 1 kHz, and 1 Hz. The analysis of low-frequency breakdown (LFB) vulnerability
is conducted in HFSS (version 2022 R1) for an 3D model of the LC-filled coaxial delay line
(structured with Ty c = 0.34876 mm, D¢ore = 0.23 mm, and length = 10 mm, as detailed in
Table 1) across a single frequency spectrum of 60 GHz, 1 GHz, 1 MHz, 1 kHz, and 1 Hz
(i.e., the same geometry is computationally solved at five frequencies, respectively). For
each frequency, three phase-tuning states are examined, corresponding to two extreme
biasing conditions of the LC and an air-filled state prior to LC infusion. This investigation
is mathematically implemented by perturbing the dielectric constant (Dk) of the dielectric
medium situated between the core line and the housing conductor (ground). The solutions
for all cases adhere to a unified convergence criterion of AS = 0.01.

3.1. Comparison of Solution Statistics

In the pursuit of digital twinning, the computational paradigm must maximize per-
formance and efficiency while prioritizing reliability for practical applications. Table 2
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presents the computational resources utilized for each case, encompassing various frequen-
cies and tuning states. High-performance computing (HPC) is implemented with eight
cores engaged for parallel processing in the HFSS simulations.

Table 2. Computational time and memory usage statistics for single-frequency solution cases.

Solution Frequency Tuning States Average Memory/Process Elapsed Time
Dk = 3.3 (LC saturated bias) 369 MB 00:00:14
60 GHz Dk =2.754 (LC 0 V bias) 361 MB 00:00:14
Dk = 1.0006 (air-filled) 292 MB 00:00:11
Dk = 3.3 (LC saturated bias) 231 MB 00:00:08
1 GHz Dk =2.754 (LC 0 V bias) 231 MB 00:00:08
Dk = 1.0006 (air-filled) 236 MB 00:00:08
Dk = 3.3 (LC saturated bias) 251 MB 00:00:14
1 MHz Dk =2.754 (LC 0 V bias) 253 MB 00:00:14
Dk = 1.0006 (air-filled) 252 MB 00:00:14
Dk = 3.3 (LC saturated bias) 238 MB 00:00:14
1kHz Dk =2.754 (LC 0 V bias) 236 MB 00:00:14
Dk = 1.0006 (air-filled) 235 MB 00:00:14
Dk = 3.3 (LC saturated bias) 7.24 GB 00:11:29
1Hz Dk =2.754 (LC 0 V bias) 433 GB 00:08:27
Dk = 1.0006 (air-filled) 3.68 GB 00:06:19
Meshing statistics are further compared across three potentially vulnerable frequency
cases: 1 MHz, 1 kHz, and 1 Hz. Figure 3a illustrates the number of meshed elements at the
surfaces of the core line, the housing conductor, and within the volume of the dielectric,
i.e,, liquid crystal (LC). Two primary phenomena are observed. First, there is a significant
increase in the number of meshed elements when the solution frequency is decreased from
1 kHz to 1 Hz, while the change is minimal when the frequency is reduced from 1 MHz to
1 kHz. Second, the volume of the LC dielectric consistently accounts for the majority of
meshed elements across all three frequency points, particularly evident in the 1 Hz case.
This is followed by the number of meshed elements at the surface of the core line, with the
grounding conductor exhibiting the least number. Notably, the difference in the number of
meshed elements across the constitutive materials is minimal for both 1 kHz and 1 MHz.
1.8%10° F ' ' — q ' ‘ ;
—«—LC (Dk ¢=3.3) e |
o 1-6%10° F ]
c
0 1.4x10° F . ]
5 Core line 3107 ]
i 1.2x10° | 1
8 1ox10° f i 5
2 —a i 2x107 .
- | Housing >
2 6.0x10° 3
8 1x107® 4
€ 4.0x10* | E
>
z 4
2.0x10¢ | ]
0 -
00F E
1Hz 1kHz 1 MHz 1 Hz 1kHz 1 MHz
Frequency Frequency
(a) (b)

Figure 3. (a) Frequency-based meshing statistics (number of elements) for metal components (Cu
core line and Cu housing) and dielectric material (liquid crystal). (b) Edge sizes of meshing elements
in the dielectric volume. Results are based on the saturated bias state of LC (Dk = 3.3).
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Specifically, for the volume of the dielectric, the edge sizes (minimum, maximum, and
root mean square (RMS) values) relative to the effective wavelength for each analyzed
frequency are presented in Figure 3b. With the volume fixed based on the geometry
specified in Table 1 for all three frequencies, the significant increase in the number of
meshes observed from 1 kHz to 1 Hz in Figure 3a naturally results in a decrease in mesh
size, as illustrated in Figure 3b. In contrast, the relative mesh sizes for the 1 MHz case are
considerably larger, corresponding to the fewest number of meshes shown in Figure 3a. It
is important to note that this relative mesh size does not represent the absolute mesh size;
rather, it indicates the ratio of the mesh size to the effective wavelength (A.¢) scaled within
the dielectric medium.

When we plot all three tuning states under analysis in a single graph, Figure 4a
illustrates the impact of the filled dielectric constant on the meshing statistics. The results,
particularly at 1 Hz, demonstrate that a higher permittivity (e.g., Dk = 3.3) corresponds
to a greater number of mesh elements compared to the isotropic LC state with Dk =2.754
and the air-filled state with Dk = 1.0006. This trend is evident in both volume and surface
meshes. Accordingly, the edge sizes of the meshing elements in the LC volume follow the
pattern depicted in Figure 4b, with the most pronounced deviations between tuning states
observed at 1 MHz.
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Figure 4. (a) Frequency-based meshing statistics (number of elements) for metal components (Cu
core line and Cu housing) and dielectric material (liquid crystal). (b) Edge sizes of meshing elements
in the dielectric volume. Results encompass all three tuning states discussed in this work.

3.2. Errors in Cross-Spectrum Performance Prediction of Cross-Sections

To evaluate the occurrence of low-frequency breakdown (LFB), we incorporate two
critical electromagnetic parameters—effective permittivity (e.¢) in Figure 5a and charac-
teristic impedance (Z) in Figure 5b—into the benchmarking analysis against theoretical
values, i.e., €cff(theory) AN Ziheory, respectively. The prediction errors for both eqf and Z
vary by frequency, generally increasing as the frequency decreases. The most significant
increase in errors occurs between 1 MHz and 1 kHz, with errors continuing to rise as the
frequency drops further from 1 kHz to 1 Hz. Specifically at 1 kHz, the prediction error in
€eff dramatically amounts to the level of 1.5 x 10*%, and the error in Z surges to the level of
1.15 x 103%. At 1 Hz, the errors further rise to the levels of 1.5 x 10”% and 3.9 x 10*% for
eeff and Z, respectively. These results suggest that errors in the computed cross-sectional
properties, or modes, propagate into the scattering matrix (S-parameters), which links the
input and output modes. However, the dependency of these errors on the tuning states is
relatively minor compared to the significant influence of frequency dependency.
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Figure 5. Errors (percentage) in: (a) the prediction of effective permittivity; (b) the prediction of
characteristic impedance, evaluated across three tuning states and at five discrete frequency points.
Logarithmic scale applies for both vertical axes.

To further investigate the growth pattern of errors in e.¢ and Z, we processed the
data from Figure 5 by subtracting the error percentage at each frequency point from the
corresponding value at the adjacent frequency point, and then dividing by the difference
between these two frequencies. The resulting error growth rate, expressed as percentage per
Hz, is presented in Figure 6. It is important to note that both Figures 5 and 6 employ loga-
rithmic scales on the vertical axes. The patterns observed in these figures further underscore
the frequency asymmetry in the susceptibility to low-frequency breakdown (LFB).
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Figure 6. Error growth pattern (percentage per Hz) in: (a) the prediction of effective permittivity;
(b) the prediction of characteristic impedance, evaluated across three tuning states and four frequency
intervals between five discrete frequency points. Logarithmic scale applies for both vertical axes.

3.3. Mesh Illustrations

In addition to the meshing statistics comparison presented in Section 3.1, the less
vulnerable 1 MHz computation and the more vulnerable 1 Hz case are compared through
meshing visualizations (Figure 7) in this section using the same geometry and material (sat-
urated bias state of the same grade of liquid crystal, with a permittivity of 3.3). To facilitate
comparison, the 2D view presents a cross-sectional representation of the volumetric mesh
in the tunable dielectric region (i.e., the LC), while the 3D view illustrates the meshing
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detail along the length, including the core line surface mesh at both the input and output
wave ports. The surface meshes generated at the housing conductor are made transparent
to avoid obscuring the meshing visualization of the LC and core line. Interestingly, in the
case of low-frequency breakdown (LFB) at the 1 Hz solution, denser meshes are observed in
both the 2D cross-section and the 3D length representations. Quantitatively, the edge sizes
of the meshes—including statistics such as minimum, maximum, and root mean square
(RMS) values—are compared between the two solving cases at distinct frequencies (i.e.,
1 MHz in Figure 8a vs. 1 Hz in Figure 8b).

Same geometry_

/ N
o .

" 1Hzsolution:

1 (mm)

] 2 Saturated BiasedState of LC: £,c=33 &

C
) 15 3 mem)

[y

«®
°
¢

3(mm)

Figure 7. Initial mesh visualization for single-frequency solutions at two distinct frequencies (1 MHz
and 1 Hz), based on the same geometry, including both cross-sectional and longitudinal views.

T : > 0.0 :
Core Line LC Housing Core Line

T >

‘E 1.0x107°
2x107° A
5.0%107"° A
1x1076 o ,_
0 T . >
LC

Housing

(@) (b)

Figure 8. Edge size statistics of the mesh solved at: (a) 1 MHz; (b) 1 Hz. Results are based on the
liquid crystal in a saturated bias state (Dk = 3.3).

Given the significant impact of meshing density on the accuracy of FEM solvers, a
future study will involve performing a mesh sensitivity analysis at each critical frequency.
This analysis aims to provide further insights into the extent to which meshing influ-

ences the observed discrepancies in effective permittivity and characteristic impedance,
particularly at lower frequencies.
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3.4. Errors in Differential Phase Shift Behavior

The simulated results of the differential phase shift (DPS), a key performance metric
of the LC-based phase shifter (calculated between the saturated bias state and the 0 V
bias state of the LC), are compared with the theoretical values derived from Equation (3),
where f represents the frequency of interest and L is the line length (10 mm, as specified in
Table 1). Both the post-processed results, normalized to 50 Q) (DPSgimylated_normalized) and
non-normalized (DPSgimylated non—normalized), are presented in Figure 9a. The benchmarking
of the errors (ADPS = DPSgjmylated — DPStheory) expressed as a percentage (ADPS/DPSgeory)
is illustrated in Figure 9b.

2nfL

DPStheory = T ‘ \/seff(saturated bias) — \/‘Seff(O V bias) |- (©)

107 4 1013 4
2 10(:- DPSiateq (NON-NOrmalized) 10123 .
5 10°4 : 11 ] : ,
8 103 [ IDPS,jyateq (normalized) "+ = non-normalized &
= 10°4 DPS . 10" 5 .
@ 104 theory $ 104+ normalized
& 104 M 2 10°
~ 10° _ 8 107
E 1071 £
< 0 10° 3
» 1024 a .
@ 1074 o 10°3
@ 104 o5 10%3
& 1074 & 10° 4 ¢
= 1076 4 3 1024
2 1074 10" 4
o 10°4 o L
= 10" 4 e
o 1074 "
g0 T ol v

107" > 1072 >

60 éHz 1 GIHz 1 I\/IIHz 1 lez 1 II—|z 60GHz 1GHz 1 MHz 1 kHz 1Hz

(a) (b)

Figure 9. Results of differential phase shift (DPS) at five discrete frequency points under examination:
(a) Comparison of simulated values (both normalized and non-normalized to 50 (3) with theoretical
values; (b) Prediction errors in percentage. Logarithmic scale applied to both vertical axes.

As illustrated by the DPS pattern in Figure 9, the prediction error (using the normalized
result as an example) is minimal at 60 GHz, with a value of 0.16%, and begins to become
noticeable at 1 MHz with an error of 4.39%, then increases sharply to 743.88% at 1 kHz,
and escalates dramatically to 2.18 x 10'°% at 1 Hz. The error growth rate, expressed as
percentage per Hz, is depicted in Figure 10, highlighting a continuously increasing trend as
the frequency decreases from the gigahertz (GHz) range into the low-frequency breakdown
(LFB) regime (MHz, kHz, and Hz). These DPS deviation results are consistent with the
cross-spectrum performance predictions of the cross-sectional properties presented earlier
in Section 3.2 and further demonstrate the frequency-asymmetric error growth pattern in
the LFB regime from 1 MHz down to 1 kHz and 1 Hz.

In summary, the results within the low-frequency breakdown (LFB) segment of the
spectrum (1 MHz, 1 kHz, and 1 Hz) are considered unreliable and warrant re-evaluation.
The computational errors observed in these frequency regimes have significant implications
for predicting the impact of the low-frequency LC-biasing field on the cross-sectional
properties (effective permittivity and characteristic impedance, as quantified in Section 3.2),
as well as on the prediction of the differential phase shift (discussed in Section 3.4). To
address this issue and mitigate the risks associated with LFB vulnerability in broadband
applications—particularly at frequencies below 1 kHz—it is essential to develop a dedicated
low-frequency subroutine. This would not only improve accuracy but also ensure more
efficient budgetary control and enhance return on investment. While this presents certain
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challenges, it also opens up new opportunities for Al-driven multi-source data fusion,
offering potential solutions to these limitations.

100

108
] | non-normalized e

1 e normalized /)

102

10°
1072
107
1078
1078

107" e

10-12

Error Growth Rate of ADPS / DPSy;,, (%/Hz)

»
—»

T T T T T T T T
[60 GHz,1 GHz] [1 GHz,1 MHz] [1 MHz,1 kHz] [1 kHz,1 Hz]

Figure 10. Error growth pattern (percentage per Hz) in the DPS prediction. Logarithmic scale applies
for the vertical axis.

4. Discussion and Generalizations

Building on the fully encapsulated design of liquid crystal (LC) coaxial phase shifters,
which provide noise-shielding advantages for millimeter-wave wideband reconfigurable
applications, this study investigates the largely overlooked issue of low-frequency break-
down (LFB) susceptibility in modern full-wave solvers that are primarily designed for high-
frequency (e.g., MMW and mmW) electromagnetic simulations. The research specifically
examines the vulnerabilities arising from the interaction between tuning states (controlled
by bias voltage) and the key components of LC-filled coaxial phase shifters—namely, the
core line, grounding structure, and radially positioned tunable dielectrics—across a wide
range of frequencies, including millimeter-wave (60 GHz WiGig), microwave (1 GHz),
and significantly lower frequency regimes (down to 1 MHz, 1 kHz, and 1 Hz), where
long-wavelength or quasi-static conditions prevail. For completeness, the analysis also
includes the air-filled state of the device prior to LC injection. The study focuses on essential
computational parameters, such as effective permittivity and characteristic impedance.
Results demonstrate that at 1 kHz, deviations in effective permittivity exceed four orders
of magnitude compared to 1 GHz, while characteristic impedance varies by as much as
three orders of magnitude.

It is important to note that the modeling approach presented here carries specific impli-
cations due to the exclusive use of a noise-shielded coaxial transmission line configuration
for accommodating a single dielectric layer (i.e., LC). Other reconfigurable transmission
line or waveguide configurations incorporating LC and other dielectric materials—beyond
the coaxial structure examined in this study—may yield different levels of low-frequency
band (LFB)-induced errors, contingent upon their structural variations.

4.1. Analysis of Root Causes and Associated Complexities

Partial differential equations (PDEs) and integral equations (IEs) form the fundamental
mathematical frameworks for electromagnetism and its applications in the modern infor-
mation age. This section seeks to identify the root cause of low-frequency breakdown (LFB)
in PDE-based methods, particularly in the finite element method (FEM) approaches used
for analyzing LC-filled coaxial phase shifters in this work. The analysis aims to clarify the
source of LFB-induced errors and provide a pathway for improving mathematical-physical
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models. By pinpointing these LFB sources, this work also supports future development of
FEM-based solutions and other computational techniques that can mitigate these errors,
offering insights that are valuable for tool selection and adaptation in similar applications,
and assisting designers who may face uncertainty regarding which method is optimal for
minimizing LFB-induced inaccuracies in LC device simulations.

Figure 11 outlines the characteristics of LFB specific to the Galerkin FEM solution,
where w denotes the angular frequency, S is the stiffness matrix (coefficient matrix), T is the
mass matrix, R is the conductivity-related mass matrix, and b is the excitation vector. (See
Appendix A for detailed mathematical formulations [37]). The matrix norm is represented
by the function ||| and is used to assess LFB ratios. The discussion encompasses three
cases: a purely lossless system, a lossy system within good conductors, and a generally
lossy system (with non-ideal dielectrics and conductors), as examined in this work using
the LC-filled coaxial phase shifter.
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Figure 11. Conceptual framework for low-frequency breakdown (LFB).

LFB arises when the angular frequency (w) becomes sufficiently small, causing the
frequency-dependent terms jwR or w?T to diminish to a level indistinguishable from zero
due to finite machine precision [37,38]. This leads the computer to treat these terms as zero,
resulting in incorrect solutions to the matrix Equation (A1) outlined in Appendix A.

As the frequency decreases from higher ranges (millimeter-wave and microwave) to
the low-frequency breakdown (LFB) regime, two previously unrecognized computational
complexities emerge. First, the penetration depth inside conductors increases, becoming
comparable to or larger than the conductor’s dimensions, which necessitates meshing
within the conductors. Second, the frequency dependencies of the solutions differ sig-
nificantly between the lossy dielectric (LC) and the lossy conductor (Cu). An additional
avenue for future research involves examining the impact of workstation or server con-
figurations on LFB. It is crucial to assess whether utilizing alternative computing setups,
such as dedicated high-performance computing clusters, can improve or reduce prediction
accuracy in these scenarios. Furthermore, conducting a cross-solver benchmark, i.e., testing
the same LC-based coaxial structures using different FEM or hybrid solvers, could add
robustness to the findings by showing whether these LFB issues persist across various
solver architectures.
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4.2. Implications for Next-Generation B5G/6G Communication-Sensing Integrated Platforms

Mixed-signals sensor fusion has garnered significant attention over the past decade
due to its wide-ranging applications in advanced driver assistance systems (ADAS) [50,51],
the Internet of Things (IoT) [22-24], satellite internet [9,47], and beyond [52-55]. Fundamen-
tally, these sensors (e.g., mmWave radars, LIDARs, cameras, ultrasonic sensors, infrared
sensors, THz sensors, etc.) operate at different frequencies (wavelengths). As we move
into the era of beyond 5G (B5G) and 6G, the demand for sensor fusion is expected to grow,
driven by the increasing need for advanced functionalities and the transformative advance-
ments in optical and quantum (entangled) networks [56,57]. This progression imposes
increasingly stringent requirements for a low-power, low-profile, small-footprint, cost-
effective, and low-complexity ecosystem that can reliably orchestrate multi-wavelength
devices, both hardware and software, with resilience and sustainability.

Designing a controlled distribution system that integrates distributed sensor net-
works of multi-frequency, multi-scale nature is a complex challenge. It involves specific,
wavelength-dependent approaches due to the intricate dynamics of grids operating across
diverse spatial and temporal scales. Moreover, integrating this mixed signals-embedded
system with supporting infrastructure introduces additional layers of complexity. To ad-
dress these challenges, research and development efforts at both the component and system
levels are essential for creating an efficient and effective controlled distribution system. One
promising solution is the use of reconfigurable [58-62] devices and components (e.g., the
LC-based devices examined in this study), which allow for on-demand reconfiguration of
wavelength-specific functionalities. This is achieved by real-time tuning of external stimuli
to which the materials respond, such as electric fields (voltage), magnetic fields (current),
temperature, pressure, light (polarization and intensity), humidity, and other chemical
environmental variations. Precise computational characterization across a broad frequency
range is crucial for the successful implementation of such systems. The LFB issue identified
and quantified in this work is a key step toward achieving the roadmap objectives outlined
for the field.

Given that the major focus of the current work is from the lens of computational elec-
tromagnetics, a practical limitation of the present LFB analysis is the omission of potential
interference effects arising from electrical instrumentation—specifically, the low-frequency
voltage bias field (e.g., ~1 kHz for LC reorientation) that may electromagnetically couple
with the transmitted signal when its frequency approaches that of the LC biasing field (in the
Hz or kHz range). This crosstalk introduces an additional layer of LFB susceptibility, sug-
gesting the need for experimental investigations into more rigorous frequency-decoupling
(filtering) techniques. Conventional three-port bias-tee solutions for MW-DC decoupling,
as used in previous work [63], may be insufficient in separating these closely spaced fre-
quencies. A practical solution to mitigate this issue at low-frequency operations could
involve replacing the electronic biasing with a magnetic biasing scheme, making it worth-
while exploring alternative transmission line configurations, such as substrate-integrated
waveguides [64], in future research.

5. Conclusions

A significant number of microwave researchers are at the forefront of innovation in
terahertz (THz) electronics, engaged in projects that push the boundaries of next-generation
wireless systems, remote sensing, and space terahertz instrumentation. While the transition
from microwave (MW) to millimeter-wave (mmW) and THz frequencies is numerically
substantiated through geometric design to avoid higher-order modes, the computational
justification for frequency downscaling (i.e., increasing wavelength) remains less clear
in mainstream full-wave simulators. This raises concerns about potential low-frequency
breakdown (LFB) issues in the simulation of the new family of liquid crystal (LC) coaxial
models, which are designed for MW and mmW wavelengths and which are electrically
biased at extremely low frequencies (ELF).



Electronics 2024, 13, 4792

16 of 21

Although LFB has been extensively studied in the context of integral equations (IE),
research on its implications for methods solving partial differential equations (PDE), par-
ticularly in finite element method (FEM)-based simulators for LC-based reconfigurable
devices, is notably scarce. This paper addresses this gap by presenting a novel investigation
through a comprehensive series of computational studies focused on the LFB phenomenon
in LC-enabled reconfigurable delay lines structured in a classic coaxial topology, utilizing
the widely recognized FEM solver, HFSS.

The findings from this broadband computational analysis reveal a frequency-asymmetric
error growth pattern in the LFB regime, highlighting the critical importance of selecting
and optimizing meshing parameters [65,66] to accurately capture intricate electromagnetic
behavior across varying frequency ranges and material properties. Such optimization is
essential for ensuring stable operation and improved yield. This comparative analysis
enhances the fidelity and accuracy of electromagnetic simulations, thereby advancing our
understanding and capabilities in designing and optimizing complex systems characterized
by a delicate balance between computational resource utilization (memory and time) and
precision, particularly concerning anisotropic LC-based dielectric tuning.

Building on the advancements observed in this study of LC-based coaxial phase
shifters at V-band (60 GHz), 1 GHz, 1 MHz, 1 kHz, and 1 Hz, we anticipate scalable
deployment for intermediate frequencies. Future work will focus on precisely identifying
the low-frequency breakdown point and associated transition regimes, extending beyond
the five discrete frequencies examined in this study. Addressing this scientific gap is vital
for advancing LC-integrated microwave, millimeter-wave, and terahertz research.

Moreover, the implications of this research can be generalized to other transmission
line configurations utilizing LC beyond the coaxial design discussed here; however, the
degree of LFB-induced errors (deviations) varies across different structures. Several factors
influence these errors, with solution frequency being the most prominent, followed by
tuning states (i.e., the variable dielectric constant). Importantly, the identification of the
computational limit, specifically the lower-frequency computation limit, does not reflect the
performance limit of the device itself. Given that the coaxial-structured device operates in
the transverse electromagnetic (TEM) mode, concerns about low-frequency malfunctioning
of a mmW-designed geometry are minimal. Instead, the LFB-induced errors identified
in this work underscore the limitations of the computational tools employed by many re-
searchers to predict and design devices. In essence, numerical predictions in the vulnerable
LFB regime may significantly underestimate device performance, resulting in false-positive
assessments of the device’s capabilities.

These insights and conclusions provide a robust foundation for designers and engi-
neers dedicated to advancing reconfigurable devices based on LC technology. They pave
the way for applications across a broad frequency spectrum, ranging from extremely low
frequencies (e.g., 1 Hz to 1 kHz for submarine underwater communications [36,67,68],
sensor networks [69], as well as seismic studies [70,71]) to millimeter-wave (mmW) and
even sub-millimeter-wave frequencies, targeting 5G/6G communications.
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Abbreviations

The nomenclature and corresponding abbreviations used in this paper are listed below.

Nomenclatures
Low-frequency breakdown
Cross-section

Liquid crystal

Liquid crystal thickness

Core line diameter

Length

Polyimide

Direct current

Alternating current
Extremely low frequency
Super low frequency
Ultra-low frequency
Microwave-wave
Millimeter-wave
Electromagnetic interference
Kilometer

Megameter

Gigahertz

Terahertz

Root mean square

Scattering parameters
Forward transmission coefficient
Forward reflection coefficient
Characteristic impedance
Differential phase shift
Dielectric constant
Dissipation factor

Effective permittivity
Effective wavelength

Two dimensional

Three dimensional
Fifth-generation wireless
Sixth-generation wireless
Wireless Gigabit

Advanced driver assistance systems
Light detection and ranging
Internet of Things

Internet of Nano-Things
Finite-element method
High-frequency structure simulator
High-performance computing
Partial-differential equation
Integral equation

Artificial intelligence

Appendix A

Abbreviations
LFB
XS

LC
Tic
Dcore
L

PI

DC
AC
ELF
SLF
ULF
MW
mmW
EMI
km
Mm
GHz
THz
RMS
S parameters
So1

S11

Zc
DPS
Dk
DF

Eeff

Aetf
2D

3D

5G

6G
WiGig
ADAS
LiDAR
IoT
IoNT
FEM
HFSS
HPC
PDE
1IE

Al

Applying the mathematical framework from [37] to the analysis presented in this
study, the matrix equation governing the FEM analysis of a general case involving both
inhomogeneous dielectric materials and non-ideal conductors is provided in Equation (Al).

(Al)
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where w is the angular frequency, and A(w) is defined by Equation (A2) in accordance with
the finite element method (FEM) solution to Maxwell’s equations, subject to either Dirichlet
or Neumann boundary conditions.

A(w) =S — w?T +jwR, (A2)

where S is the stiffness matrix (coefficient matrix) defined by Equation (A3), T is the mass
matrix specified in Equation (A4), R is the conductivity-related mass matrix described in
Equation (A5), and b is the excitation vector presented in Equation (A6).

sc=[[[ (v X I\Ti> : (v x ﬁj>dv, (A3)
-

TS = ue [ NiNdV, (A4)
Ve
Ry = o [ NNV -+ 2 [ (5N ) (N ) as. (A5)
Ve So
bf = —joon [ Ni- TV, (46
Ve

—
wherein e represents the contribution from an element, N is the normalized vector basis
function for the electric field expansion, i and ¢ represent permeability and permittivity,

—

respectively, o denotes conductivity, and ] represents the current density.
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