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Electromagnetic devices are a continuous driving force in cutting-edge research and
technology, finding applications in diverse fields such as optics [1-3], photonics [4], RF
waves [5], and many others [6-8]. The design and optimization of electromagnetic devices
have become essential to meet the demanding performance requirements for high efficiency,
high power density, and reduced form factors. Over the years, various methods, such as
analytic designs [9], evolutionary-based designs [10], gradient-based optimization [11,12],
and neural network-based design techniques [13,14], have been employed to improve the
design of electromagnetic devices.

Underpinning these design and optimization strategies are the fundamental principles
of optics, photonics, and electromagnetics, which collectively drive modern technological
advancements across a broad spectrum of applications. The field of optics focuses on the
behavior and manipulation of light, including reflection, refraction, and diffraction, while
photonics focuses on generating, controlling, and detecting photons for use in devices
such as lasers, optical fibers, and imaging systems. Electromagnetics, the overarching
discipline that unifies electric and magnetic phenomena, provides a theoretical framework
for understanding how electromagnetic waves propagate and interact with various materi-
als. Together, these fields enable innovations in high-speed communication systems [15],
optical computing [16], and photonic integrated circuits [17], among others [18,19]. Con-
tinued research into advanced materials [20], fabrication processes [21], and simulation
techniques [22-24] drives further progress, leading to the development of more compact,
energy-efficient, and high-performance devices that continue to push the boundaries of
what is possible in both fundamental science and practical applications.

This Special Issue features a diverse collection of recent advances in electromag-
netic devices, offering insights and practical approaches that will be of significant value
to researchers.

Zhang et al. [25] introduced a multifunctional metasurface designed for full-space
electromagnetic wavefront control, which holds promise for applications in 6G communi-
cations. This work exemplifies how reconfigurability and compact designs can meet the
growing demands for versatile electromagnetic systems. The authors achieved polarization
conversion and reflection-beam pattern tuning, demonstrating a robust combination of
theoretical modeling, simulation, and experimental validation.

Ma et al. [26] presented a 60 GHz slotted array horn antenna optimized for radar
sensing in industrial scenarios. This work demonstrates the potential of millimeter-wave
technologies in next-generation radar systems by achieving a high gain and wide band-
width. Their method involved meticulous radiation-band structure design and array
optimization to achieve a high gain and a wide impedance bandwidth, validated through
fabrication and testing.
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Zhao et al. [27] explored a five-degree-of-freedom electromagnetic levitation actuator
for laser cutting machines. Their work offers a compelling solution for achieving high-speed,
high-precision control, which is crucial for advanced manufacturing. They employed non-
linear analytical modeling, finite element simulations, and PID-based centralized control to
achieve high-speed and high-precision lens manipulation in laser cutting applications.

Huang et al. [28] proposed a high-efficiency 2.45 GHz rectifying circuit for RF energy
collection systems. This innovative approach could pave the way for sustainable energy
solutions in IoT and low-power devices. Their approach focused on suppressing harmonic
components and optimizing the rectifier’s DC-RF conversion efficiency through detailed
simulation and experimental comparisons.

Ahmed et al. [29] and Abdou et al. [30] introduced compact and high-performance
devices for 5G and beyond. Ahmed et al. focus on a quasi-twisted branch-line coupler,
while Abdou et al. present a multiband millimeter-wave dielectric resonator antenna
with omnidirectional radiation capabilities. By utilizing a double-layered microstrip line
structure with a slow-wave design, Ahmed et al. achieved a significant size reduction and
enhanced bandwidth, supported by their simulation and fabrication results. Abdou et al.
utilized the excitation of specific electromagnetic modes and validated their design through
simulation and measurements.

Behera et al. [31] investigated circularly polarized metasurface antennas tailored for
hybrid wireless applications. This study emphasizes energy-efficient designs that cater to
IoT and smart sensor networks. Behera et al. adopted Al-driven surrogate model-assisted
optimization to design a polarization-reconfigurable metasurface antenna. Their study
combined the use of smart metasurfaces with reconfigurable monopole antennas to achieve
high gain and broad bandwidth.

Li et al. [32] contributed a novel dual-polarized patch antenna with enhanced isolation,
showcasing its utility in modern wireless communication systems, where signal clarity
and separation are paramount. Their design methodology incorporated equivalent circuit
modeling and rigorous design formulas to enhance isolation and bandwidth.

Hu et al. [33] examined the compatibility of flexible UHF antenna sensors with SF6/N2
gas mixtures. Their findings support the development of reliable sensors for high-voltage
applications. Their experimental approach combined Fourier-transform infrared spec-
troscopy, scanning electron microscopy, and X-ray photoelectron spectroscopy to analyze
material interactions.

Zhan et al. [34] proposed a Ka-band MEMS delay with low insertion loss and high ac-
curacy. This design has significant implications for phased-array radar and communication
systems. Their method involved optimizing the structure to minimize insertion loss and
enhance delay accuracy through system simulations.

Neto et al. [35] explored the development, applications, and potential of planar printed
structures inspired by Matryoshka geometries. These structures leverage the nesting princi-
ples of Matryoshka dolls to achieve compact, multi-resonance, and wideband configura-
tions. This study demonstrates various applications of planar printed circuit technology;,
focusing on frequency-selective surfaces (FSSs), filters, antennas, and sensors.

Wang et al. [36] introduced a terahertz metamaterial absorber based on vanadium
dioxide (VO;) that achieves switchable ultra-wideband and ultra-narrowband absorption
by leveraging the material’s phase-transition properties. The proposed absorber comprises
a multilayer structure with VO, as the topmost layer, supported by an insulating Topas
layer, a PMI dielectric layer, and a gold reflector.
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Weng et al. [37] proposed a miniaturized loaded open-boundary quad-ridge horn (LO-
QRH) antenna engineered for interferometric direction-finding systems. By optimizing the
ridge structure and incorporating resistive loading and a self-balanced feed, they effectively
suppressed common-mode currents, ensuring radiation pattern symmetry and minimiz-
ing phase center fluctuations. This work underscores the potential of compact LOQRH
antennas to improve accuracy and efficiency in multiprobe interferometric applications.

In conclusion, this Special Issue focused on the potential of recent progress in elec-
tromagnetic devices to address critical challenges across various applications. The papers
included in this Special Issue demonstrate the diversity and impact of cutting-edge re-
search in this field, from advanced wireless communication systems and energy-harvesting
technologies to precision manufacturing and high-performance antennas. A key theme
emerging from these works is the emphasis on innovative design methods and multi-
disciplinary approaches. For example, the development of reconfigurable metasurfaces,
compact and high-efficiency components for 5G and beyond, and advanced actuators for
laser machining illustrates the continuous push for solutions that combine functionality,
precision, and scalability. Similarly, efforts to enhance energy-harvesting efficiency, im-
prove antenna isolation, and enable omnidirectional radiation patterns reflect the field’s
commitment to addressing practical needs in real-world applications. Another notable
aspect is the range of applications explored, from 6G communications, radar sensing, and
hybrid wireless systems to high-voltage power monitoring and phased-array systems.
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Abstract: In order to achieve high accuracy in interferometric direction-finding systems,
antennas with a stable phase center in the working bandwidth are required. This article
proposes a miniaturized loaded open-boundary quad-ridge horn (LOQRH) antenna with
dimensions of 40 mm x 40 mm x 49 mm. First, to stabilize the phase center of the antenna,
the design builds on the foundation of a quad-ridge horn antenna, where measures such
as optimizing the ridge structure and introducing resistive loading were implemented to
achieve size reduction. Second, electrically small-sized antennas are more susceptible to the
effects of common-mode currents (CMCs), which can reduce the symmetry of the radiation
pattern and the stability of the phase center. To avoid the generation of common-mode
currents during operation, a self-balanced feed structure was introduced into the proposed
antenna design. This structure establishes a balanced circuit and routes the feedline at
the voltage null point, effectively suppressing the common-mode current. As a result, the
miniaturization of the LOQRH antenna was achieved while ensuring the suppression of the
common-mode current, thereby maintaining the stability of the antenna’s electromagnetic
performance. The measured results show that the miniaturized antenna has a small phase
center change of less than 20.3 mm within 2-18 GHz, while the simulated phase center
fluctuation is only 14.6 mm. In addition, when taking 18.5 mm in front of the antenna’s
feed point as the phase center, the phase fluctuation is less than 22.5° within the required
beam width. Along with the desired stable phase center, the miniaturized design makes
the proposed antenna suitable for interferometric direction-finding systems.

Keywords: common-mode current (CMC); stable phase center; radio interferometry;
ultrawideband antennas

1. Introduction

Accurate positioning and localization are essential in modern technologies such as
radar detection, communication systems [1,2], and electronic warfare. Traditional methods
like time of arrival (TOA) [3-5], frequency-based estimation, and velocity-based techniques
have been widely studied for localization. While these methods have their merits, they
often face challenges in complex environments, such as susceptibility to errors from signal
timing, mobility, or the need for extensive hardware and signal processing.

In contrast, Direction of Arrival (DOA) estimation [6-8] has gained significant attention
due to its ability to provide precise localization through the measurement of signal angles.
Using multiple antennas, DOA estimation is highly effective for applications like satellite
navigation, automotive systems, and communication networks.

Micromachines 2025, 16, 44
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Figure 1 shows the simplified interferometric model for DOA estimation, which
ignores factors such as differences between receiving channels and the coupling between
antenna elements.
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Figure 1. Simplified schematic of an interferometric system.

The calculation process of the simplified interferometric model is shown in (1)-(3).
Table 1 shows the detailed explanation of each parameter in Equations (1)—(3).

A N-1 N-1 )
fpoa = arcsin( o Y dpwy /) di) )
T3 k=1
(PW,k-‘rl = ¢M€u,k+1 + Y Mea k+1 +0o 5
=27 fl X Pw k _ i _ ( )
YMeak = 270 - floor(=52%), e = =72, dw,1 = PMea
0 PMeak+1 + YMeak+1 — kPw i € [—7T,7T)
oc=4q 21 PMeak+1 T TMeak+1 — &kPw ik < —7T 3)
—2r PMeaj+1 T YMeaj+1 — MkPwi = 7T

Table 1. Symbol table.

Symbol Explanation
fpoa Minimum mean square error solution for the incoming wave angle
J Length of the interferometer baseline between each unit antenna N
k and the reference antenna 0
K Ratio of the lengths of the adjacent baseline
Pdwi Phase deblurring result of ¢y
YMeak/ 27T Number of fuzzy baseline k-measurement directions
PMeak Measured phase difference between channels k and 0
A¢p The phase measurement error
floor(-) The downward rounding function

As electromagnetic field detectors in the interferometer direction-finding system, the
performance of antennas is crucial for receiving signals, particularly phase center stability.
Since the DOA is calculated based on the phase difference between different channels and
the baseline length (distance between unit antennas), any phase measurement error can
significantly impact detection accuracy.
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According to the reciprocity characteristic of the antenna, the phase center is also the
location of the antenna reference point (ARP), where the antenna receives signals [9,10].
There is a unique phase center for an ideal antenna, but this is impossible in practice:
different signal frequencies will cause phase center offset (PCO), and different signal
incident angles also cause phase center variations (PCVs) [11,12]. Fluctuating phase centers
will cause changes in the baseline of the interferometer, which will inevitably introduce
deviations in the test results.

In the case of only considering the phase detection error A¢, which is caused by
the fluctuation of the phase center, the baseline interferometry error Af; can be given by
Equation (4):

AG; = _ Amin -89 @)
27td i COS 0 DOA

Since the phase center of most antennas varies with azimuth and is challenging to
solve analytically, there are two main methods to correct the errors caused by phase center
fluctuations. The first method is to ensure consistency across the antenna units. When all
units operating in the same frequency band are consistent, PCO and PCV will only cause a
small shift in the baseline, which will not significantly affect the test results. The second
method involves making sufficient corrections. If PCO and PCV fluctuations lead to large
changes in the baseline length, repeated measurements are needed to identify the pattern,
allowing for corrections to eliminate this error [13-20].

However, when antenna units are without choking [21,22] structures, a part of the
feed current will flow on the outer surface of the coaxial cable, generating the common-
mode current (CMC). For electrically large-sized antennas, the influence of the CMC is
often ignored. However, the influence must be addressed for many electrically small-sized
antennas. Impacted by the CMC, the feeding structures easily become a part of the radiation
structure, largely affecting the radiation pattern symmetry and phase center stability. The
CMC will distort the radiation characteristics of the antenna units, and its influence on the
phase center is complex to evaluate [23,24]. In addition, there will inevitably be mutual
coupling between the units, which will also make the PCO and PCV change irregularly
and affect the measurement accuracy.

To address these challenges, this article proposes a miniaturized loaded open-
boundary quad-ridge horn (LOQRH) antenna, designed to maintain stable phase center
characteristics while minimizing the impact of CMC. The proposed antenna incorporates
several key design techniques, including optimizing the ridge curve and incorporating
resistive loading, which reduces surface current flow and achieves compact dimensions of
0.27Ap x 0.27Ap x 0.33A, (where A[ is the free-space wavelength at the lowest operating
frequency). Furthermore, by conducting an odd-even mode analysis [25,26], this article
gives point N as the lead-out position for the coaxial feedline. When the feedline is led from
point N, there is no energy flowing on the outer surface of the feedline, which also means
no CMC. These key design techniques enhance phase center stability and improve radiation
pattern symmetry, making the LOQRH antenna ideal for DOA estimation systems.

2. Antenna Geometry and Design
2.1. Structure of the Proposed Antenna

Figure 2a shows the whole 3D structure of the antenna unit, which includes three main
components: the ridged horn, the loaded resistor, and the self-balance feeding structure.
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Figure 2. Geometry of the proposed antenna. (a) 3D view. (b) Top view. (c) Section view. (d) Detail
of the ridge. S =3 mm, L =30 mm, L1 =9 mm, L, =4 mm, L3 =10 mm, L4 = 26 mm, L5 = 3.2 mm,
L¢=2mm, Ly =3 mm, Ry =13 mm, /iy =8 mm, W = 14 mm, W1 = 1.5 mm, W, =2 mm, g = 40 mm,
d=1.1mm.

The ridge is critical in the impedance transformation from the feed point to the aperture.
The proposed antenna combines an additional Bessel curve with the exponential curve to
optimize the ridge more flexibly.

L indicates the length of the exponential curve in the z direction, and /, indicates the
length of the Bessel curve in the y direction. Y/(L), g, and d are the slope at the end of Y(z),
the diameter of the aperture, and the ridge spacing, respectively. What is more, the smallest
ridge spacing can lower the ridge waveguide’s cut-off frequency and make the equivalent
impedance closer to 50 Q).

As shown in Figure 2b, we perform 45° chamfering treatments on ridges, which
prevents the radiation performance from being affected by too large ridge spacing and
avoids the collision of ridges caused by too small ridge spacing.

To improve the low-frequency characteristics of the proposed LOQRH, a resistor is
loaded between each ridge and the fixed flange to reduce the ridge length and absorb
the energy not radiated. The VSWR performance of the antenna loaded with resistors of
different resistance values and an unloaded resistor is given in Figure 3. It can be seen that
the VSWR of the antenna is significantly decreased at 2-5 GHz after loading the resistor
compared to when no resistor is loaded, with little change at high frequencies. Integrating
the proposed antenna’s S;1 and gain performance, the resistors are chosen as 510 Q2.

As shown in Figure 2c, two 047 50 () semi-rigid coaxial probes are used for feeding
to facilitate processing and miniaturizing. The two probes are placed orthogonally for
dual polarization and better isolation between the ports. For the VSWR of the ports to be
as similar as possible, it is necessary to make the two probes as close as possible without
contact. Finally, the distance between them is 0.5 mm.
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Figure 3. Comparison of VSWR performance of antennas before and after loading resistors.

There is also a stepped cavity with a shorting plane at the bottom of the ridge waveg-
uide, as shown in Figure 2c. To make the shorting plane realize high impedance character-
istics in the entire frequency band, the height L, and length W of the back cavity steps can
be adjusted, thereby inhibiting the backward transmission of electromagnetic waves.

In addition, the coaxial feedline will be distributed along the claw structure and led out
at the bottom center of the claw structure, as shown in Figure 2c. The detailed mechanism
will be discussed later.

In summary, the proposed miniaturization design combines an exponential curve
and a Bessel curve for the ridge profile, ensuring a smooth transition of the antenna’s
characteristic impedance from the feed point to the bell mouth surface, with chamfered
ridge edges for enhanced performance. Additionally, resistors are loaded at the ends of
each ridge to absorb the energy that is not radiated due to the reduced vertical size of the
ridge at low frequencies, effectively improving low-frequency performance. Compared
to the traditional four-ridge horn antenna, the antenna proposed in this paper achieves
a reduction in both the vertical dimension L and aperture size g. To attenuate higher-
order modes in the horn, the opening section length is typically greater than 0.5A (where
A corresponds to the lowest frequency). For 2 GHz, this value is 75 mm, whereas the
proposed antenna achieves a length of 30 mm. Furthermore, as the vertical size L of the
antenna decreases, the aperture size g also reduces. Therefore, the proposed four-ridge horn
antenna successfully reduces both the vertical dimension L and aperture size g, leading to a
compact design.

2.2. Common-Mode Current Suppression

The fluctuation of the antenna’s phase center is often related to the antenna’s dimen-
sions and also weakens as the antenna’s dimensions decrease. Therefore, interferometric
direction-finding antennas can stabilize their phase center once their dimensions are small
enough. Also, benefitting from the limited dimensions, interferometric direction-finding
antennas can reduce coupling between themselves. In this way, each unit can be a “similar
point source”, which is essential for ensuring the antennas’ performance and improving
interferometric direction-finding systems’ accuracy.

Due to the potential difference between the inner and outer surfaces of the outer
conductor of the coaxial line, a part of the current on the inner surface flows back to the
source along the outer surface. This part of the current is the CMC. The miniaturized
antenna is more susceptible to the influence of the CMC. The CMC affects the feed balance,
causing the pattern to deviate, intensifying phase center fluctuations, and even introducing
unnecessary cross-polarization [27-29].

10
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For the feeding structure, the inner conductor of the coaxial line is connected to a
ridge, and the outer conductor is connected to the opposite ridge. To suppress the CMC, the
proposed antenna added a claw structure after the shorting plane, as shown in Figure 2c.
The coaxial feedline will be distributed along the claw structure and led out at the bottom
center of the claw structure.

The self-balanced feeding structure’s equivalent model of the odd and even modes is
shown in Figure 4. A; and A; are the input electric field at points M; and M, respectively.
The electrical length from point M; to point N is 61, and the electrical length from point
M; to point M, is f7. Then, the odd-mode input A, = (A; — A) /2, and even-mode input
A, = (A1 + Ajy)/2. The function of electric field distribution and electric length can be
expressed by e~*%e/P?, where & represents the attenuation factor of the electric field as a
function of electrical length, and § is the propagation factor. At point N, where the coaxial
feedline is led out, the electric field B can be expressed by Equation (9):

B = (Ae + Ap) cem %0 B0 (Ae — Ap) g~ a(07—01) | ,jB(0r—61) )

Let B =0, then

1 1 A
Pt ——  In(—2L
2T T (a1 jB) (=7,

Near the midpoint, there must be a point where the electric field intensity is 0. When

6, = ) (6)

leading from this point, no energy flows on the outer layer of the coaxial line, thereby
suppressing the occurrence of the CMC from its source. This point is taken as the lead-out

point, point N.
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Figure 4. The equivalent odd and even mode analysis model of the self-balanced feeding structure.

Figure 5 shows the surface current distribution and the normalized radiation patterns
at some frequency points. When feeding without CMC suppression, there will be a CMC
on the coaxial line, and the pattern of the antenna will have obvious distortion accordingly;
when feeding with CMC suppression, there will be no CMC on the coaxial line, and the
pattern of the antenna also maintains good symmetry.

The specific normalized radiation pattern distortion is shown in the gray ovals in
Figure 5, while the specific details of common-mode current suppression are shown in the
red ovals in Figure 5.

At the same time, since the common-mode current suppression effect is frequency
related, we show the effect of the CMC suppression structure at high frequencies in Figure 6.
Combining Figures 5 and 6, we can clearly see that for antennas with electrically small-sized
antennas, the common-mode current has a large effect. Due to the effect of common-mode
current, the radiation pattern is severely distorted. Thus, for our proposed LOQRH antenna,

11
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the effect of the common-mode current is much larger in the low-frequency case than in the
high-frequency case.
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Figure 5. Normalized radiation patterns and surface current distribution of the proposed antenna
with or without CMC suppression in the XOZ plane. (a) 2 GHz. (b) 4 GHz.
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Figure 6. The effect of the CMC suppression at high frequencies. (a) 6 GHz, (b) 10 GHz, (c) 14 GHz.

Therefore, the CMC suppression structure can effectively suppress the CMC on the
coaxial line and reduce the antenna pattern distortion caused by the CMC.

2.3. Phase Center Stability

This article solves the phase centers of the XOZ and YOZ planes, respectively, and
then performs an arithmetic average on them to obtain the equivalent phase center in the
entire space. As to the proposed antenna, it can be assumed that (xg, yo, zp) is its phase
center in a particular plane. We have simulated in CST to verify that xg and yo can be
considered almost zero due to the fact that the proposed antenna is symmetric to both the

XOZ plane and the YOZ plane. Taking the XOZ plane as an example, zy can be obtained by
Equations (7)—(9).

- =
T(Q)Ik-ro—l—\ljo (7)
— N ~ a
ro = xoX + Yol + 202 (8)
zo = nzf/‘I’ cos 0do 9)

where ¥ (0) is the measured far-field phase pattern, ¢y is the speed of light, and f is the
working frequency.

12
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Normalized gain(dB)

The optimal position of the proposed antenna, which is selected based on the equiva-
lent phase centers at all frequency points, is determined to be 18.5 mm in front of the feed
point of LOQRH. At 2 GHz, the phase center of the proposed antenna and the antenna
in [30] deviates farthest from the optimal position. The deviation is 10.7 mm for the pro-
posed antenna and 24.6 mm in [30]. Furthermore, compared to the antenna referenced
in [30] at 2 GHz, the stabilization of the phase center in our proposed antenna contributes
to an enhanced success rate in direction finding for incoming signals.

3. Measurement and Analysis

The radiation characteristics of the proposed antenna are measured by the Anritsu
MS46322A VNA (which is manufactured by Anritsu Corporation, headquartered in Atsugi,
Kanagawa, Japan) in the anechoic chamber. A broadband horn antenna (A-INFO LB-10180)
produced by A-INFO Inc., based in Chengdu, China, was used as the probe antenna to
perform far-field measurements of the main polarization and cross-polarization of the
LOQRH antenna.

Laser alignment was employed to ensure proper main polarization alignment, and the
LOQRH antenna mounted on a turntable was rotated 360 degrees to obtain the radiation
pattern for the main polarization. Simultaneously, the broadband horn antenna was rotated
by 90 degrees, and the turntable was similarly rotated 360 degrees to capture the cross-
polarization radiation pattern. Figure 7 shows the simulated and measured radiation
patterns between 2 and 18 GHz. As seen in Figure 7, measured patterns have good
symmetry, showing that the CMC has been well suppressed.
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Figure 7. Simulated and measured patterns of the proposed antenna. (a) XOZ plane at 2 GHz.
(b) YOZ plane at 2 GHz. (¢) XOZ plane at 6 GHz. (d) YOZ plane at 6 GHz. (e) XOZ plane at 10
GHz. (f) YOZ plane at 10 GHz. (g) XOZ plane at 14 GHz. (h) YOZ plane at 14 GHz. (i) XOZ plane at
18 GHz. (j) YOZ plane at 18 GHz.
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Table 2 shows the values of the simulated and measured phase fluctuations in the XOZ
plane and the YOZ plane at some frequencies when taking the optimal position, 18.5 mm
in front of the feed point. During the test, we normalized the measured phase values by
the measured phase value at 0° to avoid unnecessary slight changes.

Table 2. Phase fluctuation values in the XOZ plane and YOZ plane.

XOZ Plane YOZ Plane
Frequency Phase Fluctuation (°) Phase Fluctuation (°)
(GHz) Simulated Measured Simulated Measured

10.2 21.2 7.6 12.0

17.4 22.2 11.3 15.8

10 4.3 8.5 18.6 22.5

14 8.4 12.5 12.9 14.5

18 11.4 16.1 14.1 17.8

If the HPBW of the proposed antenna is less than 90° at a specific frequency point,
then we focus on the phase fluctuation within the HPBW; otherwise, we focus on the phase
fluctuation within £45°. It can be seen that within the required range, the phase fluctuation
of the proposed antenna within 2-18 GHz does not exceed 22.5° [31] in Table 2, which
means that the proposed antenna has a stable phase center within 2-18 GHz.

It can also be found that the measured phase fluctuation is larger than the simulated
one in Table 2, which may be caused by the fact that the rotation axis and the phase center of
the antenna do not entirely coincide due to the constraints of the measurement conditions.

Figure 8 presents the simulated and measured S parameters and gain. As Figure 8
shows, the measured |5;;| between the ports is greater than 25 dB, possibly because
the two ports were not strictly orthogonal during the test but still met the requirement.
The measured |51 | is less than —6 dB from 2 to 18 GHz. Affected by the resistors, the
antenna’s gain is low when working at 2 GHz. As the frequency increases, the proposed
antenna becomes less affected by the resistors, and its gain rises accordingly.

— Sim_Gain — - - Mea_Gain Sim_|S,|(Port 1)
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Figure 8. Simulated and measured S parameter and peak gain of the proposed antenna. The direction
of the arrows indicates which y-axis is referenced for each data set.

Figure 9 shows the difference between the simulated and measured phase center
change in the full space.
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Figure 9. Simulated and measured phase center in the entire space.

The average of the XOZ plane and YOZ plane phase centers is usually used as the
full-space phase center. As shown in Figure 9, the measured full-space phase center change
fluctuates less than 20.3 mm in the working frequency band. If 18.5 mm is used as the
optimal phase center, the maximum phase center change is 10.7 mm at 2 GHz.

Figure 10 shows a prototype of the proposed antenna.

Figure 10. Photographs of the antenna prototype.

Table 3 compares the proposed antenna with previously published works. It can be
observed that the proposed design achieves miniaturization while maintaining the stability
of the phase center and a wide operating bandwidth.
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Table 3. Comparison of main results with previously published works.

Ref. BW Phase Center Profile

Work (fmax/fmin) Change (mm) (Af min)
[30] 6:1 <30 (2~12 GHz) 1.40 x 1.40 x 1.07
[32] 1.125:1 \ 1.61 x 1.61 x 0.30
[33] 2.25:1 \ 2.00 x 2.00 x 143
[34] 5.2:1 1.61 x 1.61 x 1.46
[35] 6:1 <50 (2~12 GHz) 1.14 x 1.14 x 1.04
[36] 3.3:1 <40 (8~18 GHz) 1.29 x 1.29 x 3.16
[37] 8:1 <50 (1.5~12 GHz) 042 x 1.42 x 1.32
This work 9:1 <20.3 (2~18 GHz) 0.27 x 0.27 x 0.33

4. Conclusions

Based on CMC suppression, a miniaturized, broadband LOQRH antenna for in-
terferometric direction-finding systems is proposed in this article. By introducing the
self-balanced feeding structure, the proposed LOQRH can not only achieve small dimen-
sions of 0.27 A x 0.27 Ap x 0.33 Ay but also effectively suppress the CMC and stabilize
the phase center. The measured results illustrate that the proposed antenna has a 2 to
18 GHz bandwidth. Within the working bandwidth, the measured phase center of the
proposed LOQRH fluctuates less than 20.3 mm, while the simulated phase center fluctua-
tion is only 14.6 mm. Therefore, the proposed antenna is very suitable for interferometric
direction-finding systems, especially for those tiny, multiprobe ones.
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Abstract: In order to implement multiple electromagnetic (EM) wave front control, a reconfigurable
multifunctional metasurface (RMM) has been investigated in this paper. It can meet the requirements
for 6G communication systems. Considering the full-space working modes simultaneously, both
reflection and transmission modes, the flexible transmission-reflection-integrated RMM with p-i-n
diodes and anisotropic structures is proposed. By introducing a 45°-inclined H-shaped AS and
grating-like micro-structure, the polarization conversion of linear to circular polarization (LP-to-CP)
is achieved with good angular stability, in the transmission mode from top to bottom. Meanwhile,
reflection beam patterns can be tuned by switching four p-i-n diodes to achieve a 1-bit reflection phase,
which are embedded in the bottom of unit cells. To demonstrate the multiple reconfigurable abilities
of RMMs to regulate EM waves, the RMMs working in polarization conversion mode, transmitted
mode, reflected mode, and transmission-reflection-integrated mode are designed and simulated.
Furthermore, by encoding two proper reflection sequences with 13 x 13 elements, reflection beam
patterns with two beams and four beams can be achieved, respectively. The simulation results
are consistent with the theoretical method. The suggested metasurface is helpful for radar and
wireless communications because of its compact size, simple construction, angular stability, and
multi-functionality.

Keywords: metasurface; multifunctional; reconfigurable; transmission-reflection integrated;
full-space

1. Introduction

A metasurface (MS) is a surface with periodic or aperiodic structures, consisting of
subwavelength elements, which possess the unique ability to control the amplitude [1,2],
phase [2,3], and polarization states [4,5] of incident electromagnetic (EM) waves. They have
some advantages such as a lower profile, low insertion loss, and easy integration with other
circuits [6,7]. With the help of innovative techniques for modulating electromagnetic waves
and a variety of useful applications, including diffusion, anomalous reflection and refrac-
tion [8,9], radar cross-section reduction [10,11], beam scanning [12-14], focusing [15,16],
polarization conversion [17-19], and holography [20], researchers have flexibly designed
MSs based on the generalized Snell’s law [21]. Nonetheless, passive unit cells make up the
majority of these designs. Their functions are set once they are produced, and they can only
be used for a limited number of pre-planned uses. As a result, they are unable to meet the
growing needs for communications and multifunctional devices.

Compared with passive MSs whose functions are fixed [22], reconfigurable MSs pos-
sess a stronger superiority [23,24]. Versatile features are expected because of their dynamic
status changes. Therefore, the reconfigurable multifunctional metasurfaces (RMMs) can be
controlled by electrical, optical, mechanical, and thermal means, which have been devel-
oped. These RMMs control EM waves from microwave to terahertz bands; furthermore,
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they are useful in a variety of applications, including antenna design [25], polarization
conversion [26-29], and beam steering [30-32]. In the meantime, tunable MSs have been
designed using functional materials such as liquid crystals [33], graphene [34,35], and
vanadium dioxide (VO2) [36]. For example, using the insulator-to-metal transition feature
of VO2, the researchers in [36] created a switchable MS that can accomplish broadband
absorption and reflection. However, these RMMs mostly operate in either the trans-
mission or reflection mode to regulate EM waves in half-space, and the other space
is unutilized. Nonetheless, RMMs in full-space will possess a wider prospect, particu-
larly with the growing demands for highly integrated and more powerful devices in 6G
communication systems.

Driven by the imperative demand for both design integration and miniaturization
for 6G applications, based on the earlier research in [37], we further present a flexible
transmission-reflection-integrated RMM with p-i-n diodes and an anisotropic structure
(AS), which can convert the x-polarized EM waves to circular polarization (CP) in the
transmission mode from top to bottom, and control reflection beam patterns of the y-
polarized EM waves in the reflection mode from bottom to top. The suggested unit cell for
the MS is made up of five delicately designed metal patterns separated by four substrate
layers. The upper three metal patterns complete the polarization conversion of linear-to-
right hand circular polarization (LP-to-CP). By integrating four p-i-n diodes into metal layer
5, 1-bit tunable reflection phases are realized, which can control the y-polarized EM wave
reflection patterns from bottom to top. To verify its adjustable property, a 13 x 13 array is
designed, which can reflect beam patterns with two beams and four beams in reflection
mode through the modulation of the switchable status on p-i-n diodes. Unlike previous
research, our designs provide a feasible way of realizing adjustable multifunctional MSs
operating in full space, which possess good angular stability and can result in many
fascinating applications in wireless communications and radar.

2. Metasurface Unit Cell Design

Through rigorous structural design, numerous functionalities can be extracted from a
single geometric structure, evoking unique reactions, as described in Figure 1. The RMM
unit cell structure is depicted in Figure 2, where five metal layers, divided by four substrates,
make up the RMM unit cell. Metal layers 1 to 3 are etched onto the Arlon AD255A (tm)
substrate with ¢, = 2.55 and tand = 0.0015. Additionally, the F4B substrate is etched with
the patterns of metal layers 4 and 5, which exhibit ¢, = 2.65 and tané = 0.0015. In order to
produce orthogonally polarized waves when the incoming waves are linearly polarized,
the element structure must be asymmetric along the incident wave’s polarized direction.
Meanwhile, the structure needs to be symmetrical in the direction along a 45° angle, which
can enhance the polarization conversion ratio [38]. As described in Figure 2c, the pattern
of metal layer 2 is a 45°-inclined H-shape, which completes the polarization conversion
of LP-to-CP. As depicted in Figure 2b,d, the polarization grids on metal layers 1 and 3 are
along the y- and x-directions, respectively, which improve the conversion attributes of the
x-polarized EM waves and enhance polarization conversion purity. In conjunction with
the metal grating on metal layer 3, four open trapezoid patches on metal layer 5 work
as an artificial magnetic conductor (AMC). The two dc bias signal lines are designed on
metal layers 4 and 5, as presented in Figure 2e f. To isolate the high-frequency signals, two
crescent-distributed capacitors and symmetrically distributed inductances are integrated
into the bias layer of metal layer 4. In the meantime, the bias layer on metal layer 5 adopts
the four inductors with L = 270 nH to choke RF currents. Through four metallized via-holes,
the bottom trapezoid patches and the bias layer of metal layer 4 are connected. Four
red square components on metal layer 5 are p-i-n diodes, which connect with a pair of
symmetric trapezoids, respectively, as shown in Figure 2f. The proposed RMM is simulated
and analyzed using the software Ansys HFSS 2018, the Floquet port, and periodic boundary
conditions. The unit designated in Figure 2 has its optimal parameters shown in Table 1.
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Figure 1. The schematic diagram of the suggested RMM working for full-space.
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Figure 2. The RMM unit cell structure. (a) Schematic of the unit cell; (b—f) structures of five metal
patterns from 1 to 5.
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Table 1. Dimensions of the proposed unit cell (unit: mm).

Parameter px Py g w gl x1 yl
Value 18 18 4.05 1.35 0.33 5.5 1

Parameter h1 h2 h3 h4 dl1 dl2 dw
Value 3.175 0.813 0.254 1.524 9 9 2.7

Parameter a b r Rx rx Ry ry
Value 0.1 1 0.1 4.2 1.66 2.5 3.46

The p-i-n diode used is MADP-000907-14020 from MACOM, Lowell, Massachusetts,
USA. According to the data sheet, the forward-biased diode can be analogous to a series
RL circuit with resistance R = 7.8 () and inductance L = 30 pH, as described in Figure 3a.
Meanwhile, the reverse-biased diode can be analogous to a series LC circuit with resistance
L =30 pH and capacitance C = 28 fF, as depicted in Figure 3b.

ON OFF

7.8Q 28(F

30pH SopH

(a) (b)

Figure 3. Analogous circuit of p-i-n diodes in different states: (a) ON state, (b) OFF state.

Analysis of the RMM in transmitted and reflected modes is carried out independently.
The parts below provide a thorough analysis.

3. Transmission Mode

When the x-polarized incoming waves are impinged on the RMM from top to bottom,
the transmitted wave will be converted in polarization due to matching electric fields
being excited. In the meantime, the RMM operates in transmission mode, and works as
a polarizer.

3.1. Working Principle

To realize the polarized conversion of LP-to-CP with an x-polarized incoming wave
impinging on the RMM, the element structure should be asymmetric along the x-direction
and embrace a 45°-inclined H-shape, which can translate the x-polarized wave into two
perpendicularly polarized waves and produce different accumulations of phases. As

depicted in Figure 4, the x-polarized incoming wave E; can be divided into the tangential
(u) and normal (v) directions at the center point of the inclined H-shape, and can be
written as R
E; = RE;e % = 4E;,e % 4 9E; e~ % 1)
where E;, = E;;, = Eiy/ V/2; k is the wavenumber; and £, 11, and ¥ are the unit vectors with
respect to the x-axis and u- and v-directions, respectively. The transmitted fields can be
written using
E¢ = [(TuuEiy + TuvEiv) + 0(TouEju + Tvaiv)]e_ij (2)

where Ty, = |Tyyy|e/®w, Ty = |Tvu|ef5”W, Tyo = |le|ef5”“v, and T, = |Tw|ej‘PW are transmis-
sion coefficients.
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Figure 4. The electric field along the x-axis splitting into the u and v components, where the right-
hand coordinate system is assumed, and the z axis is directed towards the reader.

When ‘Tvu| = |Tuv| =0, |Tuu| = |TZIU|/ and A(P = Quu — Pov =TT,
Er = (0 — ) Too (Eix/\fz)e—sz = JEe ®)

which implies that the EM waves are converted from the x-polarized waves to the y-
polarized ones. When the phase differences Ap = @y, — ¢ov = 0, the polarization of
the transmission wave is still along the x-direction. If A¢p = £90°, the incoming linearly
polarized waves are transformed into circularly polarized waves, which can be described
as follows: N

E¢ = (£Ew + §Ep)e 1 @

- (32|Txx|ef<vxx + y|Tyxyef¢xxiﬂ/2) Eje ik
where Tyy = |Et/ Eix|ej‘Pxx and Ty, = ‘Ety / Eix‘ej(q’“i”/ 2) are transmission coefficients
of co- and cross-polarized components under the x-polarized incident wave. It is clear
from Equation (4) that the phase differences A¢ and the co-polarized and cross-polarized
transmission coefficients (T, and Tyx) can be used to identify the state of polarization
for the transmitted field. When |Tyx| = |Tyx|,if Ap ~ 90° and Ap ~ —90°, a polar-
ized conversion of LP-to-LHCP and LP-to-RHCP is achieved, respectively, whereas when
|Txx| # | Tyy|, an elliptic polarization wave is generated.

From Equation (4), it is concluded that controlling polarization can be accomplished
through altering Ag, which is mostly decided by the structure of resonant unit cells. Ag is
a function of frequency when metasurfaces are unreconfigurable structures, meaning that
distinct polarized conversion functions will be generated at distinct frequencies [37].

3.2. Simulation Results

We further discuss circular polarization conversion through the axial ratio (AR). The
transmission coefficients of two waves with orthogonal polarization under an x-polarized
incoming wave can be used to determine the AR parameter, which is crucial for assessing
the electromagnetic waves’ level of circular polarization.

\/ [T,%x T2+ T+ Th + 2(TxxTyx)2cos(2A(p)}

AR = ®)

2
\/ [T,%x + T2, - \/ T + T +2(TeTyx) cos(ZAgo)}

From the previous analysis, we are aware that in order to produce circularly polarized
waves, the two orthogonal components of the transmitted electric field must have a phase
difference of Ap = £90° and equal amplitude, i.e., |Tyx| = |Tyx | If the AR is less than 3 dB,
it is roughly circular polarization in practice.

The full-wave simulations are used to examine the RMM’s transmission magnitudes
and phase discrepancies in order to verify our design. In Figure 5, the simulated co-
polarized and cross-polarized transmission magnitudes and phase differences are displayed
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when the diode is forward-biased. It is evident that |T .| and |Tx| are over —10 dB and
nearly equal within the working frequency ranges of 7.65-7.7 GHz and 6.1-6.6 GHz, and
that the phase differences are close to 270°, which indicates the transmission of RHCP
waves. When the diode is reversebiased, Figure 6 displays the simulated co-polarized
and cross-polarized transmission magnitudes and phase discrepancies. Thus, an excellent
circularly polarized transmission wave is achieved in the two bands of 6.5-6.6 GHz and
7.65-7.7 GHz in both the ON and OFF states.

0

m Sp = - — . _ — y
) -— - ~ - |
g -10f \
2 15}
= 20
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Figure 5. Simulated co-polarized and cross-polarized transmission magnitudes and phase differences
under the x-polarized EM wave in the ON state.
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Figure 6. Simulated co-polarized and cross-polarized transmission magnitudes and phase differences
under the x-polarized EM wave in the OFF state.

In order to look into the impact of oblique incidence on transmission performance,
the variation in transmission performances is investigated for different obliques under
the x-polarized EM waves from top to bottom. Figures 7 and 8 present the co- and cross-
polarized transmitted magnitudes and phase differences versus operating frequency at
oblique incidence with the incidence angles 6 = 0°, 15°, and 30° in the ON and OFF states,
respectively. It is obvious from Figures 7 and 8 that the curved lines of the simulated co- and
cross-polarization transmission magnitudes and phase differences are nearly coincident
with those under normal incidence in the ON and OFF states, respectively, which shows
the great angular stability in transmission mode in the ON and OFF states.
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Figure 7. Simulated co- and cross-polarization transmission magnitudes and phase differences for
different incident angles under the x-polarized EM waves in the ON state.
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Figure 8. Simulated co- and cross-polarization transmission magnitudes and phase differences for
different incident angles under the x-polarized EM waves in the OFF state.

4. Reflection Mode

When the y-polarization incident wave is impinged on the RMM from bottom to
top, by switching the p-i-n states and designing the discontinuous reflection phases, the
wavefront of EM waves can be freely tailored, opening a wide range of new phenomena
and applications, including beam patterns with two beams and four beams. Meanwhile,
the RMM works in reflection mode and acts as a reflector.

4.1. Performance Analysis

According to the analysis above, we can determine that four open trapezoidal patches
on metal layer 5 serve as an AMC in conjunction with the metal grating on metal layer 3,
which acts as the ground of the AMC. To verify this, the simulated reflection performances
are analyzed. An AMC can be generated by impinging y-polarized EM waves on the MS
from bottom to top almost in the frequency range of 14-16 GHz, which can be used for
stealth materials in radars [39] or high-gain antennas [40]. Figure 9 presents reflection
coefficients, phases, and phase differences of the proposed flexible regulated MS under the
y-polarized normal incidence in the ON and OFF states within a bandwidth of 14-16 GHz.
As shown in Figure 9a, folded reflected phases are almost in the range of —90°~+90°, and
most of the incident waves are reflected with reflected coefficients (|Ryy| = |Ery/Ejy|)
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greater than —10 dB in each state in the operating band, which indicates that the proposed
MS works as an AMC. Furthermore, it is obvious from Figure 9b that the reflection phases
are discernibly distinct in every state, and the phase discrepancies between adjacent states
fall in the range of (180° — 10°, 180° + 10°) around 15.15 GHz, 15.54 GHz, and 15.8 GHz,
by switching simultaneously the four p-i-n diodes on metal layer 5 to operate in the
ON/OFF states. Therefore, 1-bit coding elements can be obtained at 15.15 GHz, 15.54 GHz,
and 15.8 GHz, meaning that the gradient reflection phase distribution of § and 6 + 180°
can be produced by the suggested metasurface working from state 1 to state 2. As a
result, the element configuration in each state can be thought of as a fundamental digital
element. Two different element configurations yield 1 bit, simulating the state 1 and state
0 units, respectively.
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Figure 9. Simulated reflection coefficients of the presented MS in the ON and OFF states: (a) reflection
coefficient; (b) reflection phase and reflection phase differences between p-i-n diode ON and
OFF states.

Subsequently, the performance of reflection is analyzed for various oblique incidences
in reflection modes. The reflection magnitudes and phases versus operating frequency with
variable incident angles 0 in the ON and OFF states are shown in Figures 10 and 11. From
these figures, it is concluded that the reflection performance is almost stable up to 30° in
the ON state and 20° in the OFF state in the band of 14-16 GHz, which implies that the
proposed RMM possesses better stability at oblique incidence in the reflection mode. The
above findings have conclusively demonstrated that the suggested RMM can still operate
as a digital coding MS at 20 degrees of oblique illumination in each state. Greater incident
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angles cause the EM wave to take an extra path between the ground (metal layer 3) and the
bottom, which increases the phase difference, resulting in destructive interference [38],

Ap = ¢0blique = Pnormal = 2\/akd % -1 (6)
1 — sin“0
Er

where 6 represents the incident angle with respect to normal incidence, k signifies the
vector of wave propagation in free space, d indicates the thickness of the substrate, and
g, = 2.65. Reflection performance degrades severely for incidence angles more than 30° in
the ON state and 20° in the OFF state. Folded reflection phases are out of —90°-90°. It is
obvious from Equation (6) that higher-order modes or grating lobes are the cause of the
performance deterioration. It can be concluded from the above analysis that the overall
trend in the reflection performance under oblique incidence also meets the majority of
large-angle incidence design criteria despite not being as stable as the transmission mode.
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Figure 10. Simulated reflection magnitudes and phases for different incident angles 6 in the ON
states under the y-polarized wave from bottom to top: (a) magnitudes, (b) phases.
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Figure 11. Simulated reflection magnitudes and phases for different incident angles 6 in the OFF
states under the y-polarized wave from bottom to top: (a) magnitudes, (b) phases.
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4.2. Reconfigurable Reflection Coding MSs

These coding particles could be arranged to form a coding metasurface with various
encoding sequences in two dimensions, which possesses different reflection patterns.
According to array theory, the radiation pattern of a given encoding sequence, which is
made up of N X N equal-sized unit cells with dimension D, can be analytically calculated.
In the far-field area, the specific characteristic of each coding particle becomes hazy because
of the subwavelength characteristic of the digital particle with a reflection phase of ¢(m, n)
(either 0 or 6 + 180° in the 1-bit case) for the mnth element. The far-field-function-reflected
metasurface at the normal incidence of plane waves is written as

f(6,9) = fe(0,9)
N

Z exp{—i{¢(m,n) +kDsinb[(m —1/2)cosp + (n —1/2)sing|} }

n=1

@)

where the lattice pattern function is denoted by f.(6, ¢) and the elevation and azimuth
angles are represented by 6 and ¢, respectively. The relative phase of the “0” element has
been assumed to be zero for simplicity’s sake, and the term f,.(6, ¢) in Equation (7) has
been neglected because it becomes ambiguous in the far-field. Using any given encoding
sequence, we may determine the directivity function Dir(6, ¢) from Equation (7), which
can be represented as

| 47|f (6, 9)
Dir(6, ¢) = ’
”’( 90) f0271 O?T/Z‘f(gl 47) |zsin9d9d(P v

In order to investigate the aforementioned beam modulation performance, the 1-bit dig-
ital MS is designed, which consists of 13 x 13 unit cells in the total size of 234 mm x 234 mm.
The various reflection fields will be produced by various coding sequences in the reflection
mode, and each particle can be independently controlled. Full-wave numerical simulations
are used to finish all numerical simulations. Figure 12 presents the reflection pattern of the
proposed RMM with the 0001111000111 coding sequence, under the y-normal illumination
from bottom to top. The coding sequence is shown in Figure 12a. From Figure 12b, it is
evident that normal-incidence plane waves are redirected in two symmetrical directions,
which is consistent with the theoretical predictions in Equation (7). Figure 13 depicts the
reflection pattern of the chess-board periodic coding MS under the y-normal illumination
from bottom to top. The chess-board coding sequence with 01/10 is shown in Figure 13a.
From Figure 13b, it can be obviously found that the normal-incidence plane waves are
scattered in four symmetrical directions, which further verifies the theory derivation results
in Equation (7). The comparison of the designed RMM with some existing multifunction
MSs for full space are listed in Table 2. It can be observed that the proposed RMM pos-
sesses real-time multifunctional adjustability and a low profile. Further, transmission and
reflection of the designed RMM have good angular stability compared to other existing
multiple MSs.

Table 2. Comparison of the proposed RMM with some recently reported full-space MSs.

Refs. Real-Time Tunable Phase Active Element Layer Number Bias Circuit Design Profile
[41] Yes P-i-n 9 No High
[42] No - 5 - Low
[43] Yes P-i-n 11 Yes Low

[44,45] No - 7 - Low

This work Yes P-i-n 9 Yes Low
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Figure 12. Schematic illustration of 0001111...... coding MSs under the y-normal illumination from

bottom to top with dual-beam pattern: (a) coding phase profile, (b) simulated 3D far-field patterns.

180°-Quantization-Phase I Max: 3.839087E+00
1 0 0 0 0 BEEEE 4.00E+00
3 0 l l 1 IJSUE*‘(]O
g 3 0 NN 0.8 )
.':-j 4 0 1 1 1 3.00E+00
=5 0 O BlEEimE
= nlalolold § 0.6
I 6 0 18 1N 1 : 2.50E+00
a7 L[
» 8 11 000000 04 200800
E 9 18 1 0 0 1.50E+00
£ 10 NN 00
11 1] ] ONRONRONC 0.2 1.00E+00
12 18 81 0
13 l 1 0 o 5.00E-01
NS A EATIQ_NOD 0.00E+00
. . . : 3. -06
Elements in x-direction LS
(a) (b)

Figure 13. Schematic illustration of chess-board periodic coding metasurface under the y-normal
illumination with quad-beam pattern: (a) coding phase profile, (b) simulated 3D far-field patterns.

5. Conclusions

In this paper, an important design has been implemented: a flexible transmission-
reflection-integrated RMM with p-i-n diodes and an AS, which can realize the EM wave
polarization conversion from the LP to CP in the transmission mode. As a good structure
from top to bottom, it can modulate reflection beam patterns by switching the p-i-n diodes
embedded into metal 5. Taking the transmitted mode as an example, the physical mecha-
nism of multifunctionalities was developed. An RMM with 13 x 13 elements was designed
and simulated, which can scatter reflection beam patterns with two beams and four beams
by switching p-i-n diodes. The efficiency of the suggested design is confirmed by the
simulation results, which agree with the theoretical predictions. Our design provides a new
method for building an RMM in full space and possesses enormous potential applications
in radar and wireless communications.

Author Contributions: All authors have significantly contributed to the research presented in this
manuscript; S.Z. presented the main idea and wrote the manuscript; W.C. and J.W. edited the
manuscript; TW. and Y.W. (Yiyin Wang) reviewed and revised the manuscript. Y.W. (Yanxia Wang)
and D.Z. finished some simulations. All authors have read and agreed to the published version of
the manuscript.

Funding: This work is supported by the Major Science and Technology Programs for Universities
in Hebei under Grant 241130447A and by the Natural Science Foundation of Guangxi Province
(2024GXNSFAA010178).

29



Micromachines 2024, 15, 1282

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: Authors Yanxia Wang and Dongsheng Zhou were employed by Hebei Jinghe
Electronic Technology Incorporated Company. The remaining authors declare that the research was
conducted in the absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

References

1.  Demetre, ].S.; Smy, T.J.; Gupta, S. Static Metasurface Reflectors With Independent Magnitude and Phase Control Using Coupled
Resonator Configuration. IEEE Trans. Antennas Propag. 2023, 71, 3536-3545. [CrossRef]

2. Yang,];Yang, WX,; Qu, K;; Zhao, ].M; Jiang, T.; Chen, K.; Feng, Y.J. Active polarization-converting metasurface with electrically
controlled magnitude amplification. Opt. Express 2023, 31, 28979-28986. [CrossRef] [PubMed]

3.  Sleasman, T.; Duggan, R.; Awadallah, R.S.; Shrekenhamer, D. Dual-Resonance Dynamic Metasurface for Independent Magnitude
and Phase Modulation. Phys. Rev. Appl. 2023, 20, 014004. [CrossRef]

4. Mueller, ].P.B.; Rubin, N.A ; Devlin, R.C.; Groever, B.; Capasso, F. Metasurface Polarization Optics: Independent Phase Control of
Arbitrary Orthogonal States of Polarization. Phys. Rev. Let. 2017, 118, 113901. [CrossRef] [PubMed]

5. Rudakova, N.V,; Bikbaev, R.G.; Tyryshkina, L.E.; Vetrov, S.Y.; Timofeev, I.V. Tuning Q-Factor and Perfect Absorption Using
Coupled Tamm States on Polarization-Preserving Metasurface. Photonics 2023, 10, 1391. [CrossRef]

6.  Smith, D.R; Padilla, W].; Vier, D.C.; Nemat-Nasser, S.C.; Schultz, S. Composite medium with simultaneously negative permeabil-
ity and permittivity. Phys. Rev. Lett. 2000, 84, 4184—4187. [CrossRef]

7. Pendry, ].B. Negative refraction makes a perfect lens. Phys. Rev. Lett. 2000, 85, 3966-3969. [CrossRef]

8. Li, Y.C.; Wan, S.C.; Zhao, R.Q.; Zhu, Z.; Li, W.J.; Guan, C.Y,; Yang, ].; Bogdanov, A.; Belov, P,; Shi, ].H. Huygens’ metasurface:
From anomalous refraction to reflection. Opt. Commun. 2024, 565, 130648. [CrossRef]

9. Aijeta, F.; Genevet, P; Yu, N.F; Kats, M.A_; Gaburro, Z.; Capasso, F. Out-of plane reflection and refraction of light by anisotropic
optical antenna metasurfaces with phase discontinuities. Nano Lett. 2012, 12, 1702-1706. [CrossRef]

10. Song, Y.C.; Ding, J.; Guo, CJ.; Ren, YH.; Zhang, ]J.K. Ultra-broadband backscatter radar cross section reduction based on
polarization-insensitive metasurface. IEEE Antennas Wirel. Propag. 2016, 15, 329-331. [CrossRef]

11. Zhang, H.; Wang, X,; Liu, Y,; Liu, C.; Dong, H. A Combined Subdomain Method of Moments and Asymptotic Waveform
Evaluation for Fast Wideband Bistatic Radar Cross Section Prediction. IEEE T Antennas Propag. 2024, 72, 5900-5909. [CrossRef]

12.  Li, Y.B.; Wan, X,; Cai, B.G.; Cheng, Q.; Cui, T.]. Frequency-controls of electromagnetic multi-beam scanning by metasurfaces. Sci.
Rep. 2014, 4, 6921. [CrossRef] [PubMed]

13.  Chen, T.T; Song, L.Z. A Simplified Dual-Polarized Beam-Scanning Reflectarray Using Novel Wheel-Rudder Elements. IEEE
Antennas Wirel. Propag. 2024, 23, 2311-2315. [CrossRef]

14.  Yu, H,; Zhang, Z.Y,; Su, ] X,; Qu, M.],; Li, Z.R; Xu, S.H.; Yang, F. Quad-Polarization Reconfigurable Reflectarray With Independent
Beam-Scanning and Polarization Switching Capabilities. IEEE Trans. Antennas Propag. 2023, 71, 7285-7298. [CrossRef]

15. Hu, J.H,; Guo, Z.Y,; Shi, ].Y;; Jiang, X.; Chen, Q.M.; Chen, H.; He, Z.X.; Song, Q.H.; Xiao, S.M.; Yu, S.H.; et al. A metasurface-based
full-color circular auto-focusing Airy beam transmitter for stable high-speed underwater wireless optical communications. Nat.
Commun. 2024, 15, 2944. [CrossRef]

16. Shrestha, S.; Overvig, A.C.; Lu, M,; Stein, A.; Yu, N.F. Broadband achromatic dielectric metalenses. Light. Sci. Appl. 2018, 7, 85.
[CrossRef]

17. Grady, N.K,; Heyes, ].E.; Chowdhury, D.R.; Zeng, Y.; Reiten, M.T.; Azad, A.K,; Taylor, A J.; Dalvit, D.A.R.; Chen, H.T. Terahertz
metamaterials for linear polarization conversion and anomalous refraction. Science 2013, 340, 1304-1307. [CrossRef]

18.  Yuan, Y.Y,; Wu, Q.; Burokur, S.N.; Zhang, K. Chirality-Assisted Phase Metasurface for Circular Polarization Preservation and
Independent Hologram Imaging in Microwave Region. IEEE Trans. Microw. Theory 2023, 71, 3259-3272. [CrossRef]

19. Gao, X,; He, L.Y;; Yin, S.J.; Xue, C.H.; Wang, G.F; Xie, X.M.; Xiong, H.; Cheng, Q.; Cui, T.J. Ultra-Wideband Low-RCS Circularly
Polarized Antennas Realized by Bilayer Polarization Conversion Metasurfaces and Novel Feeding Networks. IEEE Trans.
Antennas Propag. 2024, 72, 1959-1964. [CrossRef]

20. Hu, Y.Q.; Luo, X.H.; Chen, Y.Q,; Liu, Q; Li, X.; Wang, Y.S.; Liu, N.; Duan, H.G. 3D integrated metasurfaces for full-colour
holography. Light. Sci. Appl. 2019, 8, 86. [CrossRef]

21. Yu, N.F; Genevet, P; Kats, M.A ; Aieta, F; Tetienne, ].P.; Capasso, F.; Gaburro, Z. Light propagation with phase discontinuities:
Generalized laws of reflection and refraction. Science 2011, 334, 333-337. [CrossRef] [PubMed]

22. Zhang, S.L.; Cao, W.P; Wu, T.S.; Wang, J.; Wei, Y. The Design of a Multifunctional Coding Transmitarray with Independent
Manipulation of the Polarization States. Micromachines 2024, 15, 1014. [CrossRef] [PubMed]

23.  Yin, T,; Ren, J.; Chen, Y.J.; Xu, K.D,; Yin, Y.Z. Highly Integrated Reconfigurable Shared-Aperture EM Surface With Multifunction-
ality in Transmission, Reflection, and Absorption. IEEE Trans. Antennas Propag. 2024, 72, 6789—6794. [CrossRef]

24. Xing, H.R.; Tang, C; Li, ZW.; Wang, M.]; Fan, C.; Zheng, H.X,; Li, E.R. Three-Polarization-Reconfigurable Antenna Array

Implemented by Liquid Metal. IEEE Antennas Wirel. Propag. 2024, 23, 374-378. [CrossRef]

30



Micromachines 2024, 15, 1282

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Afsari, A.; Van Veen, B.D.; Behdad, N. An Electronically Reconfigurable Matching and Decoupling Network for Two-Element HF
Antenna Arrays. IEEE Trans. Antennas Propag. 2024, 72, 6332-6347. [CrossRef]

Guo, Q.X.; Hao, ES.; Qu, MJ; Su, ].X.; Li, Z.R. Multiband Multifunctional Polarization Converter Based on Reconfigurable
Metasurface. IEEE Antennas Wirel. Propag. 2024, 23, 1241-1245. [CrossRef]

Ratni, B.; de Lustrac, A.; Piau, G.P,; Burokur, S.N. Electronic control of linear-to-circular polarization conversion using a
reconfigurable metasurface. Appl. Phys. Lett. 2017, 111, 214101. [CrossRef]

Huang, C.; Zhang, C.L.; Yang, ].N.; Sun, B.; Zhao, B.; Luo, X.G. Reconfigurable metasurface for multifunctional control of
electromagnetic waves. Adv. Opt. Mater. 2017, 5, 1700485. [CrossRef]

Lor, C.; Phon, R,; Lim, S. Reconfigurable transmissive metasurface with a combination of scissor and rotation actuators for
independently controlling beam scanning and polarization conversion. Microsyst. Nanoeng. 2024, 10, 40. [CrossRef]

Ning, Y.F; Zhu, S.C.; Chu, H.B,; Zou, Q.; Zhang, C.; Li, ].X,; Xiao, P,; Li, G.S. 1-bit Low-Cost Electronically Reconfigurable
Reflectarray and Phased Array Based on p-i-n Diodes for Dynamic Beam Scanning. IEEE T Antennas Propag. 2024, 72, 2007-2012.
[CrossRef]

Zhang, X.Y.; Kong, X.K.; Zhou, S.C.; Liu, P.Q.; Zou, Y.K.; Cheng, ].L.; Pang, X.Y.; Gao, S. High-accuracy beam generation and
scanning using reconfigurable coding metasurface. J. Phys. D Appl. Phys. 2024, 57, 385108. [CrossRef]

Fu, XJ.; Yang, F,; Liu, C.X.; Wu, XJ.; Cui, T.]J. Terahertz beam steering technologies: From phased arrays to field-programmable
metasurfaces. Adv. Opt. Mater. 2020, 8, 190062. [CrossRef]

Sobczyk, A.; Medon, K.E; Kowalczyk, M.A.; Suszek, J.; Zdrojek, M.; Sypek, M. Ultra-low reflection of sub-THz waves in
graphene-based composite with metasurface for stealth technology. Opt. Express 2024, 18, 32118-32127. [CrossRef]

Torabi, E.S; Fallahi, A.; Yahaqhi, A. Evolutionary optimization of graphene-metal metasurfaces for tunable broadband terahertz
absorption. IEEE T Antennas Propag. 2017, 65, 1464-1467. [CrossRef]

Xing, B.B.; Liu, Z.G.; Lu, W.B; Chen, H.; Zhang, Q.B. Wideband microwave absorber with dynamically tunable absorption based
on graphene and random metasurface. IEEE Antennas Wirel. Propag. Lett. 2019, 18, 2602-2606. [CrossRef]

Yang, W.C.; Zhou, C.Y.; Xue, Q.; Wen, Q.Y.; Che, W.Q. Millimeter-Wave Frequency-Reconfigurable Metasurface Antenna Based on
Vanadium Dioxide Films. IEEE T Antennas Propag. 2021, 69, 4359-4369. [CrossRef]

Zhang, S.L.; Cao, W.P; Wu, T.S,; Wang, J.; Li, H.; Duan, Y.L.; Rong, H.Y,; Zhang, Y.L. Transmission-Reflection-Integrated
Multifunctional Passive Metasurface for Entire-Space Electromagnetic Wave Manipulation. Materials 2023, 16, 4242. [CrossRef]
Yang, H.; Wang, S.C.; Li, P; He, Y.; Zhang, Y.J. A Broadband Multifunctional Reconfigurable Polarization Conversion Metasurface.
IEEE Trans. Antennas Propag. 2024, 71, 5759-5767. [CrossRef]

Galarregui, ].C.I; Pereda, A.T.; de Falcon, ].L.M.; Ederra, I.; Gonzalo, R.; de Maagt, P. Broadband Radar Cross-Section Reduction
Using AMC Technology. IEEE Trans. Antennas Propag. 2013, 61, 6136-6143. [CrossRef]

Su, R.; Gao, P; Wang, R.D.; Wang, P. High-gain broadside dipole planar AMC antenna for 60 GHz applications. Electron. Lett.
2018, 5, 407-408. [CrossRef]

Qin, Z.; Li, YF; Wang, H.; Li, C.C; Liu, C,; Zhu, Z.B.; Yuan, Q.; Wang, ].F; Qu, S.B. Transmission Reflection Integrated
Programmable Metasurface for Real-Time Beam Control and High Efficiency Transmission Polarization Conversion. Ann. Phys.
2022, 535, 202200368. [CrossRef]

Sun, S.; Ma, H.E; Chen, Y.E; Cui, T.J. Transmission-Reflection-Integrated Metasurface with Simultaneous Amplitude and Phase
Controls of Circularly Polarized Waves in Full Space. Laser Photonics Rev. 2024, 18, 2300945. [CrossRef]

Zhang, C; Gao, J.; Cao, X.Y; Li, SJ.; Yang, H.H.; Li, T. Multifunction Tunable Metasurface for Entire-Space Electromagnetic Wave
Manipulation. IEEE Trans. Antennas Propag. 2020, 68, 3301-3306. [CrossRef]

Wang, ].Y.; Zhang, Z.].; Huang, C.; Pu, M.B; Lu, X.J.; Ma, X.L.; Guo, Y.H.; Luo, J.; Luo, X.G. Transmission—Reflection-Integrated
Quadratic Phase Metasurface for Multifunctional Electromagnetic Manipulation in Full Space. Adv. Opt. Mater. 2022, 10, 2102111.
[CrossRef]

Cai, T.; Wang, G.M.; Tang, SW.; Xu, H.X,; Duan, ].W.; Guo, H.J.; Guan, EX,; Sun, S.L.; He, Q.; Zhou, L. High-Efficiency and
Full-Space Manipulation of Electromagnetic Wave Fronts with Metasurfaces. Phys. Rev. Appl. 2017, 8, 034033. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

31



micromachines

Article

A 60 GHz Slotted Array Horn Antenna for Radar Sensing
Applications in Future Global Industrial Scenarios

Binyi Ma 1234, Jing Li 1234, Yu Chen >34, Yuheng Si 1'>>4, Hongyan Gao 2-°, Qiannan Wu 2-3/4/5*

and Mengwei Li 12346/

check for
updates

Citation: Ma, B.; Li, J.; Chen, Y.; Si, Y.;
Gao, H.; Wu, Q.; Li, M. A 60 GHz
Slotted Array Horn Antenna for
Radar Sensing Applications in Future
Global Industrial Scenarios.
Micromachines 2024, 15, 728.
https://doi.org/10.3390/mi15060728

Academic Editor: Haejun Chung

Received: 11 May 2024
Revised: 29 May 2024
Accepted: 29 May 2024
Published: 30 May 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Instrument and Electronics, North University of China, Taiyuan 030051, China;
mabinyi9®9@163.com (B.M.); lijing@tit.edu.cn (J.L.); cy13833876975@163.com (Y.C.);

18834372826@163.com (Y.S.)

School of Instrument and Intelligent Future Technology, North University of China, Taiyuan 030051, China;
13781790790@163.com

Academy for Advanced Interdisciplinary Research, North University of China, Taiyuan 030051, China
Center for Microsystem Intergration, North University of China, Taiyuan 030051, China

School of Semiconductors and Physics, North University of China, Taiyuan 030051, China

Key Laboratory of Dynamic Measurement Technology, North University of China, Taiyuan 030051, China

*  Correspondence: giannanwoo@nuc.edu.cn (Q.W.); Imwprew@163.com (M.L.)

G oW

Abstract: This paper presents the design of a 60 GHz millimeter-wave (MMW) slot array horn an-
tenna based on the substrate-integrated waveguide (SIW) structure. The novelty of this device resides
in the achievement of a broad impedance bandwidth and high gain performance by meticulously
engineering the radiation band structure and slot array. The antenna demonstrates an impressive
impedance bandwidth of 14.96 GHz (24.93%), accompanied by a remarkable maximum reflection
coefficient of —39.47 dB. Furthermore, the antenna boasts a gain of 10.01 dBi, showcasing its outstand-
ing performance as a high-frequency antenna with a wide bandwidth and high gain. To validate
its capabilities, we fabricated and experimentally characterized a prototype of the antenna using a
probe test structure. The measurement results closely align with the simulation results, affirming the
suitability of the designed antenna for radar sensing applications in future global industrial scenarios.

Keywords: slot array; horn antenna; millimeter-wave; wide bandwidth coverage; high gain

1. Introduction

In recent times, there has been a notable surge in demand for radar sensors in the
realms of automotive, industrial, and medical applications [1-3]. However, conventional
radar sensors [4,5] are plagued by challenges including low operational frequencies, ele-
vated costs, restricted bandwidth, and substantial form factors. To address these challenges,
the 60 GHz frequency band emerges as a compelling solution due to its inherent broadband
characteristics. Moreover, sensors operating in the 60 GHz band have the capability to
capture rich and exceptionally accurate point cloud data [6,7], a critical factor for sustaining
precision in measurements across a spectrum of applications within the global industrial
radar sensing domain. Therefore, antennas characterized by both high gain and wide
bandwidth [8,9] in this frequency band are poised as promising alternatives for advancing
global industrial radar [10,11] sensing applications in the future. Currently, SIW technol-
ogy [12-14] is gaining maturity within the high-frequency antenna domain [15]. An SIW
represents a dielectric-filled metallic waveguide with a planar structure. In contrast to
conventional metallic waveguides [16,17], an SIW offers distinct advantages such as a
reduced profile, minimal signal loss, and seamless integration with planar circuits. As
a result, SIW structures have found extensive utility in both circuit and antenna designs
within the MMW frequency bands [18,19].

In 2015, S. Ramesh and his team conducted pivotal research in indoor radio link
characterization for millimeter-wave wireless communications, utilizing dielectric-loaded
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index-tapered slot antennas [20]. This design achieved a 3.33 GHz bandwidth, 6.45 dBi
gain, and a maximum reflection coefficient of 21.31 dB. However, with the evolution of
high-speed communication technology [21,22], its bandwidth and gain limitations became
apparent, highlighting the need for more advanced designs. By 2019 [23], Nanda Kumar
Mungaru and Thangavelu Shanmuganantham had addressed these limitations with a
broadband H-spaced head-shaped slot antenna based on an SIW, specifically for 60 GHz
wireless communication. This innovative antenna showed an impressive impedance band-
width of 3.22 GHz, a reflection coefficient of —38.3 dB, and a gain of 6.812 dBi. In the same
year, another significant advancement was a substrate-integrated waveguide-based slot
antenna, also for 60 GHz applications [24]. It boasted a 3.64 GHz impedance bandwidth, a
reflection coefficient of —21.31 dB, and a 6.812 dBi gain. Compared to S. Ramesh et al.’s
earlier design, these newer antennas offered an improved bandwidth and reflection coeffi-
cient [25]. Moving to 2021, T. Shanmuganantham and colleagues analyzed a tree-shaped
slotted impedance-matching antenna for 60 GHz femtocell applications. They achieved
remarkable improvements in size, gain, and bandwidth, with a 7.46 dBi gain and a 9.7 GHz
bandwidth, surpassing S. Ramesh’s earlier design. Despite these advancements, the chal-
lenge of integrating these technologies into future radar sensing applications within the
global industrial landscape remained formidable. In 2023, Manish Sharma introduced a
Conformal ultra-compact narrowband 60.0 GHz four-port millimeter-wave MIMO antenna
for wearable short-range 5G application [26]. This state-of-the-art design featured a com-
pact size of 16 x 16 x 0.254 mm?, a 1.735 GHz bandwidth, and a maximum reflection
coefficient of —35.79 dB, exhibiting superior gain. However, the trade-off for this enhanced
gain was a narrower bandwidth, potentially limiting its electrical performance stability
near the central frequency [27].

Addressing the critical challenge of low gain and narrow bandwidth in antenna
designs for radar industry applications, this paper introduces a novel 60 GHz slot array
horn antenna based on an SIW structure. This design markedly enhances overall antenna
performance by meticulously crafting the radiation band structure and gap array. The
resultant antenna demonstrates exceptional capabilities, notably in terms of gain and
bandwidth. The advanced performance of this antenna is pivotal for radar sensors, enabling
them to achieve high accuracy and generate rich point cloud data. These attributes make
the proposed antenna an optimal choice for future radar sensing applications across various
global industrial scenarios. By overcoming the limitations of previous designs, this antenna
stands as a significant step forward in the field, offering a robust solution tailored to meet
the demanding requirements of modern radar technology.

2. Design and Simulation

In this study, we have developed an antenna substrate using Arlon AD255C (Chandler,
AZ, USA), a high-frequency dielectric material, featuring copper layers on both the top
and bottom surfaces to facilitate electromagnetic radiation. The copper layer of the metal
substrate has a thickness () of 17.5 um and a conductivity (6) of 5.8 x 107 s/m; its relative
permittivity is 2.55, with a dielectric loss tangent of 0.0014, optimizing its performance for
high-frequency applications. Additionally, our study employed Ansys Electronics Desktop
2022 R1 software for structural simulation. Comprehensive simulations and optimizations
were conducted to refine the antenna’s performance. The result is an SIW slot array [28,29]
horn antenna, which notably achieves a bandwidth of 14.96 GHz, a gain of 10.01 dBi, and
is tuned to a resonant frequency of 60 GHz. The detailed design and specifications of this
antenna are illustrated in Figure 1.

Our study aims to iteratively refine and optimize the design of the antenna described
above. Next, we will begin describing the following sections:
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Lt
W,

Figure 1. Antenna design parameters.

2.1. SIW Structure Design

The antenna designed in this paper adopts the traditional rectangular waveguide [30,31]
and the primary mode in the rectangular waveguide TE;p mode [32]. It is also the lowest
mode under the mode of TEny; the wavelength of A¢ is an important parameter of the
rectangular waveguide mode of TEjy and can be expressed as below:

A= (1)

& — ()\/Ac)z

The column width of the metal through the hole of W; can be obtained by using the
traditional rectangular waveguide calculation formula. The width of the SIW is obtained
by the following Formula (2):

42
- W 2
Wi =Wt 5955 @
The diameter (d) to a width of waveguide (W) is not mentioned in Formula (3) and
sometimes it will give error values, and the more appropriate equation is represented as:
d? d?
| = 1. ——01x —
W; = W; + 08><S 0 XWi (©)]

Here, W; represents the equivalent width of the SIW. Upon obtaining the equivalent

width W; of the SIW, we can determine the cutoff frequency of the SIW in the TE;y mode,

as shown in Formula (4):
c

1
frE10 Wi W

Here, c represents the speed of light in a vacuum, and y, and ¢, denote the relative
permeability and relative permittivity of the substrate material.

Based on the above information, the dimension design of the SIW structure can be
completed. First, it is necessary to choose an appropriate width W; for the SIW based
on the operating frequency. Taking into account the radiation leakage problem and the
difficulty of machining, the size and spacing of the metallized through-holes [25] should

satisfy conditions d < %, S <2d,and d < 0.1 x W;; S and d were chosen to be 0.6 mm
and 0.3 mm, respectively. The microstrip [33] part is combined with the conical corner of
% proposed in Ref. [24] to better radiate electromagnetic waves into the SIW rectangular
waveguide, where the inclination (r1) of the conical corner of the antenna transmission
line is 21.2°. The horn aperture (r;) is selected to be 30° to better radiate electromagnetic
waves outward.

The antenna structure is shown in Figure 2. The SIW column width of the antenna is
3.383 mm, and the substrate thickness is 0.508 mm. Through simulation, the bandwidth

(4)
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performance of the antenna is shown in Figure 3, and the antenna’s bandwidth as designed
in step 1is 0.19 GHz.
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Figure 2. SIW horn antenna structure.
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Figure 3. SIW horn antenna bandwidth performance.

2.2. Antenna Radiation Belt Design

The initial iteration of the SIW horn antenna, as developed through the aforementioned
steps, exhibited a bandwidth of only 0.19 GHz. This was significantly narrower than the
design requirements, with the center frequency and other parameters not aligning with
our goals. To address this issue, we conducted an in-depth analysis of the antenna’s
electromagnetic radiation characteristics [34,35]. We discovered that the return loss at the
transmitting end of a standard SIW horn antenna was notably high, negatively impacting
its electromagnetic radiation, as depicted in Figure 4a. To optimize the electromagnetic
performance of the antenna, we introduced a novel design element: the radiation belt, as
illustrated in Figure 4b.

(a) (b)

Figure 4. (a) Electromagnetic radiation without radiation belt; (b) electromagnetic radiation with
radiation belt.

This strategic modification was found to not only optimize the electromagnetic ra-
diation of the antenna but also substantially enhance its bandwidth performance. The
improvements achieved through this design adjustment are clearly demonstrated in the
parametric metrics shown in Figure 5. Most notably, the introduction of the radiation strip
significantly expanded the antenna’s bandwidth from a mere 0.19 GHz to an impressive
9.56 GHz. This dramatic increase marks a considerable advancement in the bandwidth
performance of the antenna, aligning it more closely with the stringent requirements of
high-frequency applications.
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Figure 5. Results with or without radiation belt Sy1.

2.3. Antenna Slot Array

Under the TE;p mode of a rectangular waveguide, opening narrow slots along the
direction of current flow generally does not significantly affect the original mode. However,
when etching slots on the metal surface, if the slots disrupt the original surface conduction
current, displacement currents (i.e., time-varying tangential electric fields) will be induced
on the aperture formed by the slots to maintain current continuity. In this case, the open
slots are excited, leading to the radiation of electromagnetic energy into space.

According to the principle of electromagnetic equivalence, the radiation of an ideal slot
with a length of L. and a width of W,(L,; = %, W, < L.) is equivalent to a magnetic current
source ;. Following Babinet’s principle, it complements a strip dipole with the same
shape. Because the rectangular substrate-integrated waveguide (SIW) has transmission
characteristics similar to those of traditional rectangular metal waveguides filled with
dielectrics, the design methods for SIW slot antennas and traditional metal waveguide
slot antennas are essentially the same. However, since the SIW is fabricated using PCB
technology;, its thickness is relatively thin, and the narrow sidewalls of the traditional metal
waveguide are equivalent to the through-hole metallization of the SIW. Therefore, radiation
can only be achieved by opening slots on the upper and lower metal surfaces of the SIW.

For the SIW operating in the TE;p mode, it exhibits three common types of slots based
on their positions, as illustrated in Figure 6c. Slot 1 represents a longitudinal slot on the
wide side, parallel to the propagation direction of the SIW. To cut off the current distribution,
it needs to be offset from the centerline of the SIW by a certain distance. Slot 2 is a diagonal
slot on the wide side, with its center located on the symmetrical centerline of the SIW and
at an angle with respect to the propagation direction. Slot 3 is a transverse slot on the
wide side, perpendicular to the propagation direction. Among these, the longitudinal slot
array on the wide side is the most common type of SIW slot array. When the current is
interrupted to open slots, energy leaks into space, thereby radiating electromagnetic waves.
Therefore, by establishing a slot array, electromagnetic wave radiation can be controlled to
achieve an increase in bandwidth.

In the quest to further augment the performance of the antenna, the concept of a slot
array mode, as indicated in Reference [36], was incorporated in step 3 of our process. The
SIW, fabricated using the PCB process [37], possesses a thin structure. This thinness is
analogous to the narrow sidewalls of a traditional metal waveguide, achieved through
metalized vias or holes. In the PCB design, electromagnetic radiation is primarily confined
to the top and bottom wide edges of the SIW, where the metal layers are present. A critical
aspect of this design is the presence of gaps within the SIW structure. These gaps disrupt the
continuity of the transverse surface currents, leading to a distinct behavior. Specifically, the
transverse surface currents are redirected towards the ends of these gaps. This redirection
results in abrupt changes in the longitudinal currents along the propagation direction of the
SIW, as detailed in References [38,39]. Consequently, the longitudinal slot on the wide side
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of the SIW can be effectively modeled as an admittance in parallel with the transmission
line. This concept is instrumental in establishing the equivalent circuit model, depicted in
Figure 6a.
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Figure 6. (a) Three slot types of the SIW TE;y mold; (b) results with or without slot and Sy3; (c) three
types of slots under TE;y mode in SIW.

When the wide-side longitudinal slot of the SIW is in resonance, Stevenson provided
its normalized conductance as:

B Wideg (AN . o[ 7A
g—2.0977605 @ sin A (5)

Figure 6b illustrates the significant impact of implementing a slot array on the band-
width of the antenna. This comparison clearly shows that introducing the slot array not
only extends the bandwidth from 9.56 GHz to a remarkable 10 GHz, but also beneficially
shifts the center frequency towards the higher frequency spectrum, moving from 57.2 GHz
to 59.07 GHz. This shift brings the antenna’s performance closer to the targeted center
frequency of 60 GHz, aligning more closely with our design objectives.

In addition to the slot array modification, another critical strategy for optimizing the
antenna’s electromagnetic performance involves reducing the area of the metal layer. This
is achieved by cutting the metal at specific angles, as discussed in Reference [40]. Reducing
the metal layer area minimizes metal radiation and coupling effects, thereby enhancing
the electromagnetic properties of the antenna. The simulations and comparisons of the
Si1 results provide insightful evidence of this improvement. Notably, the bandwidth’s left
and right boundaries at the metal layer’s tangent angle are expanded outwards, thereby
broadening the overall bandwidth from the initial 10 GHz to an impressive 14.48 GHz.
The culmination of these design modifications and optimizations is the finalized SIW slot
array horn antenna, as showcased in Figure 7a. This design represents the integration
of innovative techniques to significantly improve the antenna’s bandwidth and electro-
magnetic performance, marking a substantial advancement in antenna technology for
high-frequency applications.
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Figure 7. (a) Three-dimensional explosion diagram of the overall antenna structure; (b) results of

cutting angle 511 with or without metal layer.

3. Analysis, Results, and Discussions

After the above three stages of the design process, the overall structure of the antenna
is finally obtained. The effects of the geometric parameters are investigated in this part. The
following parameters are selected for this study: the length (L.) and width (W,) of the slot
array, the distance (P), length (L), and width (W) of the radiation belt unit, and the width
(Wy,) of the metal cutting angle. However, the parameters described above will exhibit
a hierarchical relationship. The initial design parameters of the antenna are as follows
(Table 1).

Table 1. Initial values of optimization parameters.

Symbol Value (mm) Description
Wi 2.735 Width of metal cut corners
P 0.150 Radiation belt unit spacing
Wr 1.000 Radiation band unit width
Ly 11.000 Radiation belt unit length
We 0.092 Width of slot array element
L; 5.750 Length of slot array element

The scan optimization and discussion of the above parameters are as follows (Figure 8).

This part of the study focuses on the value of S;; under different W, values. A step
scanning optimization method was employed, incrementing W, by 0.02 mm steps. The
simulation results revealed that as W, increased, the optimum value was identified at
2.835 mm. At this width, the antenna achieved its widest bandwidth, spanning 14.96 GHz
(from 54.06 GHz to 69.02 GHz), with the maximum reflection coefficient reaching —39.27 dB.
After careful analysis, a Wy, of 2.835 mm was determined to be the most effective for
achieving optimal bandwidth and reflection characteristics.

The study then analyzed the impact of varying the W¢ on the antenna’s performance,
specifically looking at the S1; parameters. It was observed that the antenna’s bandwidth
shifted at both ends as Wy increased. The most favorable bandwidth expansion occurred at
a Wy of 1.15 mm. Meanwhile, when Wy s set to 1.15 mm, the resonance frequency aligns
well with the Wy, at 2.835 mm, yielding optimal bandwidth. Consequently, an optimal
antenna performance was achieved when the width of the Wy was set to 1.15 mm.

This part of the study examines the 51 results for different L¢ values. The simulations
indicate that the Sy reflection coefficient peaks at an Ly of 13 mm. However, the optimal
length for Ly is determined to be 12 mm. At L¢ =12 mm, the length of the radiation belt
closely aligns with the aperture of the SIW horn antenna, facilitating more effective radiation
of electromagnetic waves. To minimize electromagnetic wave scattering, the width of the
radiation belt is designed to be larger than the distance between the two metallized holes
in the SIW horn antenna layer. The study further investigates how the variation in the P
affects the antenna’s reflection coefficients. It was observed that the antenna’s bandwidth
decreases as P increases, particularly when the band spacing exceeds 0.15 mm. The antenna
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achieves its optimal impedance bandwidth of 14.96 GHz at P = 0.15 mm, marking this as
the best value for antenna bandwidth performance.
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Figure 8. Antenna parameter optimization diagram. (a) the impact of the metal cutting angle width
(W) on antenna performance. (b) the impact of the radiation belt unit width (Wj) on antenna perfor-
mance. (c) the impact of the radiation belt unit length (L) on antenna performance. (d) the impact of
the radiation belt unit distance (P) on antenna performance. (e) the impact of the slot array length
(L¢) on antenna performance. (f) the impact of the slot array width (W) on antenna performance.

This segment of the study focuses on the influence of the L. on the antenna’s band-
width. It was observed that the antenna’s bandwidth reaches its maximum of 14.96 GHz
when L, is set to 5.90 mm. Consequently, an L, of 5.90 mm was identified as the optimal
length for maximizing the antenna bandwidth. The study then examines how varying the
W, affects the antenna’s impedance bandwidth. The results show a gradual widening of
the antenna’s impedance bandwidth with an increase in W,, with the maximum bandwidth
of 15.15 GHz achieved at a W, of 0.192 mm. Therefore, the optimal width for the slot array
is determined to be 0.192 mm, as it yields the highest bandwidth performance.

Following the meticulous optimization of the core parameters of the antenna, we
achieved notable results as depicted in Figure 9, which displays the gain exponent. The
extensive simulation process culminated in the antenna achieving a significant bandwidth
of 14.96 GHz along with a substantial gain of 10.01 dBi. These figures mark a consider-
able advancement in antenna performance, particularly in terms of bandwidth and gain.
The detailed bandwidth simulation, showcasing these results, is presented in Figure 10b.
This diagram illustrates the effective bandwidth coverage of the antenna, confirming its
suitability for high-frequency applications. The substantial bandwidth, coupled with the
high gain, indicates that the antenna is well-equipped to meet the demanding requirements
of contemporary wireless communication systems. The specific size parameters of the
designed 60 GHz SIW slot array horn antenna are given in Table 2:

The final design of the SIW slot array horn antenna, as depicted in Figure 10a, was
meticulously crafted and manufactured based on the optimized parameters previously
outlined. The antenna boasts a compact size of 32 x 13 x 0.543 mm?3, highlighting its small
footprint and potential for seamless integration into various applications. The comprehen-
sive simulation and validation results of this antenna are presented in Figure 10b. These
results confirm its performance metrics and suitability for the intended high-frequency
applications. The combination of its small size and the results from the simulation and
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validation processes underscore the antenna’s innovative design and its potential impact in
the field of wireless communication.
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Figure 9. Radiation patterns of E and H planes of SIW slot array horn antenna; (a) H-plane radiation
pattern; (b) E-plane radiation pattern.
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Figure 10. Antenna diagram and performance verification; (a) picture of real products; (b) analog
and measurement bandwidth.

Table 2. Specific values of antenna design parameters.

Symbol Value (mm) Description
W 11.800 Antenna width
L 6.705 Transmission line and metal cutting
length

Ly 21.795 Horn length

Ls 3.980 Radiation layer length

Wi 1.575 50 Q) feeder width

L; 3.500 50 Q) feeder length

Wy 3.383 Metallized through hole row wide
Lt 8.405 Rectangular waveguide length
Wi 2.835 Width of metal cut corners

Ly 1.064 Conical corner length

Wy 1.150 Radiation band unit width

Ly 12.000 Radiation belt unit length

d 0.300 Metal through hole diameter

S 0.600 Metallized through hole aperture
P 0.150 Radiation belt unit spacing

We 0.192 Width of slot array element

Lc 5.900 Length of slot array element
W, 13.000 Width of horn antenna output
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The measurement results of the SIW slot array horn antenna revealed a bandwidth of
14.5 GHz and a reflection coefficient of —37.51 dB. These figures are largely in alignment
with the theoretical predictions, affirming the success of the antenna design. However, a
minor shift in frequency was observed, which warrants consideration.

This deviation from the theoretical values is likely attributable to a few key factors
encountered during the manufacturing and testing phases. Firstly, errors in the positioning
and sizing of the through-hole apertures during the manufacturing process could have
contributed to these discrepancies. Secondly, the loss of joints in the measurement process
is another potential source of variation. Lastly, environmental conditions [41] during testing
may have had an impact on the results. These factors underscore the complexities involved
in translating theoretical designs into practical applications. They highlight the need for
precision in manufacturing and the influence of external conditions on the performance of
high-frequency antennas.

4. Comparison

Table 3 presents a comprehensive comparison of the antenna’s performance param-
eters across the three distinct design phases discussed in Section 2. This comparative
analysis clearly illustrates that the antenna exhibits superior performance in the third phase
compared to the first two phases. The enhanced performance in the final phase can be
attributed to the strategic additions made to the antenna design, namely the incorporation
of radiation bands and slot arrays. These modifications have proven to be effective in
significantly improving both the bandwidth and gain of the antenna. This improvement
highlights the importance of iterative design and optimization in antenna engineering,
demonstrating how each phase of development contributes to the overall enhancement of
antenna performance.

Table 3. Compares the performance of the three phases.

Maximum Reflection

Bandwidth (GHz) Gain (dBi) Coefficient (dB)
Phase 1 0.19 5.43 —-11.35
Phase 2 9.56 10.56 —56.08
Phase 3 14.96 10.01 —39.47

Table 4 effectively compares the performance of the antenna developed in this paper
with other antennas previously reported in the literature. The comparison is based on key
parameters such as bandwidth, gain, size, and reflection coefficient. The findings indicate
that the antenna designed in this study holds a distinct advantage in terms of bandwidth
performance, surpassing most of the other antennas. Additionally, it demonstrates superior
performance in terms of reflection coefficient, and its gain and size are also comparatively
better than most of the antennas in the study.

The excellence in these performance metrics is particularly significant for industrial
radar sensing systems. The wide bandwidth of the antenna contributes to a higher distance
resolution, which is crucial in accurately determining the position of objects. Moreover,
the center frequency of 60 GHz enhances the velocity resolution, enabling more stable
detection of moving objects. The combination of a wide bandwidth and an optimal center
frequency is vital for collecting rich and highly accurate point cloud data. This, in turn, fa-
cilitates the generation of high-resolution radar images, crucial for the efficacy of industrial
radar systems.
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Table 4. Comparison between the published SIW structural antennas at 60 GHz and our work.

. . . Bandwidth Return Loss

Reference Size (mm) Gain (dBi) (GHz) (dB)

[20] 29.5 x 8 x 0.787 10 3.33 —12.23

[23] 14 x 8 x 0.381 / 4.18 —33.95

[24] 14 x 8.4 x 0.381 / 35 —21.98
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[43] 13 x 9 x 0.381 / 53 —29.6

This work 32 x 13 x 0.543 10.01 14.5 —37.51

5. Conclusions

This study focused on the development of a 60 GHz slot array horn antenna, leveraging
an SIW structure. A key aspect of this design was the strategic control of electromagnetic
radiation direction through the arrangement of apertures. Additionally, the antenna’s
bandwidth performance was optimized by incorporating a radiation band at the radiation
front. The use of a slot array further expanded the working bandwidth of the antenna.

Experimental evaluations of the antenna demonstrated its exceptional performance,
with a strong correlation between simulation predictions and actual measurement re-
sults. The antenna’s impressive performance characteristics are pivotal for providing
high-resolution radar imaging, crucial for accurate target detection and tracking in indus-
trial applications. Moreover, the antenna’s compact size contributes to cost reductions in
the deployment of radar sensing systems in industrial settings.

In conclusion, the designed antenna, with its combination of excellent performance,
high resolution, and cost-effectiveness, emerges as a promising alternative for future
industrial radar sensing applications. Its innovative design and successful implementation
mark a significant advancement in the field of radar technology.
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Abstract: In laser beam processing, the angle or offset between the auxiliary gas and the laser beam
axis have been proved to be two new process optimization parameters for improving cutting speed
and quality. However, a traditional electromechanical actuator cannot achieve high-speed and high-
precision motion control with a compact structure. This paper proposes a magnetic levitation actuator
which could realize the 5-DOF motion control of a lens using six groups of differential electromagnets.
At first, the nonlinear characteristic of a magnetic driving force was analyzed by establishing an
analytical model and finite element calculation. Then, the dynamic model of the magnetic levitation
actuator was established using the Taylor series. And the mathematical relationship between the
detected distance and five-degree-of-freedom was determined. Next, the centralized control system
based on PID control was designed. Finally, a driving test was carried out to verify the five-degrees-of-
freedom motion of the proposed electromagnetic levitation actuator. The results show it can achieve
a stable levitation and precision positioning with a desired command motion. It also proves that
the proposed magnetic levitation actuator has the potential application in an off-axis laser cutting
machine tool.

Keywords: electromagnetic levitation actuator; laser cutting machine; PID control; coordinate trans-
form; magnetic field analysis

1. Introduction

With the rapid development of the aerospace, automobile and semiconductor indus-
tries, the processing difficulty of key parts with complex structures and high-hardness
materials is gradually increasing. Improving efficiency under the premise of ensuring ma-
chining accuracy and indicating quality has become an important challenge for advanced
manufacturing technology. Laser cutting has been widely applied due to its characteristics
of high precision, high efficiency, small thermal deformation, low noise, strong flexibility
and small thermal deformation.

In laser cutting processing, the processing method of coaxial laser beam and auxiliary
gas nozzle has basically been adopted, and the research on the laser cutting process is mostly
focused on the analysis of the nozzle auxiliary gas flow field and structural improvement.
The research on traditional laser cutting technology mostly focuses on the improvement of
the nozzle structure and the analysis of the auxiliary gas flow field [1-3]. Its processing
quality and efficiency are affected by laser power, pulse frequency, gas pressure, feed
rate, defocusing amount, sheet properties and thickness. [4] proposed a new process

Micromachines 2024, 15, 641. https:/ /doi.org/10.3390/mi15050641 45

https://www.mdpi.com/journal /micromachines



Micromachines 2024, 15, 641

optimization scheme, which can effectively improve the processing efficiency of the laser
cutting machine and the processing quality of the kerf by making the blowing direction
of the auxiliary gas and the laser beam form a certain angle. However, this different axis
will also lead to a different processing efficiency and quality of the laser cutting machine
in each processing feed direction, which will seriously affect the processing accuracy. In
order to solve the influence of this inconsistency, a high-speed, high-precision and compact
driver must be used to control the lens to ensure the position relationship between the laser
beam and the auxiliary airflow in real time in different feed directions.

The electromechanical actuators cannot achieve a multi-degree of freedom driving
motion with a compact structure due to the existence of the contact transmission mechanism.
The magnetic levitation technology can realize force regulation without contact. In a
multi-DOF driving system, the magnetic levitation technology is highly favorable for
the following characteristics: (i) a compact structure as the driving force and torque are
generated by an integrated maglev actuator; (ii) a high motion precision with active control
and positioning errors compensation; (iii) the elimination of vibration noise owing to its
non-contact advantage [5,6]

The maglev actuators can be categorized into Lorentz actuators and reluctance actua-
tors. Dyck [7] developed a 6-DOF magnetically levitated rotary table for micro-positioning.
This stage uses a combination of four Lorentz-force magnetically levitated linear motors to
achieve an unlimited rotation motion range about the vertical axis. Heyman [8] designed
a Lorentz force-based magnetically levitated stage which can achieve a 10 mm stroke in
all XYZ directions. Gloess [9] presented a magnetically levitated hub actuator. This stage
prototype can generate thrust forces in the X and Y directions of up to 200 N. Zhang [10]
proposed a MagTable which consists of a planar array of square coils and a permanent
magnet type carrier. The maximum levitation height of the carrier is 30 mm within a
400 mm x 200 mm horizontal translation range. Huang [11,12] proposed a min—max model
predictive control (MPC) method of planar motors, which can achieve robust precision
position tracking. The Lorentz actuators can achieve a long stroke with nanometer posi-
tioning. However, it is difficult to achieve laser lens driving by Lorentz force due to a large
volume caused by the PM array or armature winding.

The magnetic bearing is a typical application of reluctance levitation technology [13].
In order to support the rotor of rotating machinery, the five-degree-of-freedom magnetic
bearing system often adopts a distributed scheme [14]. Two radial magnetic bearings
realize the three-degree-of-freedom control on both sides of the rotor, and a thrust magnetic
bearing is used to move the rotor axially [15,16]. Masahiro [17] designed a maglev motor
with a 5-DOF active control. The movable ranges of the rotor in the axial and radial
direction are restricted to £0.3 mm and £0.5 mm, respectively. Luan [18] and Zhang [19]
designed a controllable magnetic levitation actuator for an EDM machine tool to improve
the stability of the inter pole voltage, hence the machining speed increases to 3.925 ps.
Dongjue He [20,21] designed a novel air core coil type electro-magnetic driving unit to
actuate the lens holder, which can achieve a range of 5 mm with a tracking error of less
than 12 um and a bandwidth of more than 100 Hz in the axial direction. However, the
above magnetic levitation driver has a large volume, a large mover mass, and a large
motion inertia, resulting in slow control accuracy and response speed.

Therefore, this project proposes a five-degree-of-freedom magnetic levitation driver
with a compact structure, which adopts six sets of differential electromagnets to achieve
five-degree-of-freedom motion. The dynamic model of the five-degree-of-freedom magnetic
levitation drive device is established. The characteristics of the electromagnetic force of the
linearized model are analyzed, and the mathematical model between the sensor and the
actual displacement of the suspension platform is derived. The PID control is used to verify
the five-degrees-of-freedom motion of the system, and the displacement response and
position control characteristics of the system are analyzed. In the control of each degree of
freedom motion, it can achieve a stable suspension and good tracking effect of the desired
command, and has a certain robustness.
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2. 5-DOF Magnetic Levitation Driver
2.1. Magnetic Levitation Driver Function

Traditional laser cutting technology requires the laser beam to be coaxial with the
auxiliary gas in order to ensure the consistency of the cutting quality in the processing feed
direction. A review of the literature reveals that the eccentricity of the laser beam with
the auxiliary gas improves the quality and efficiency of the process. This paper proposes
a magnetic levitation drive for a five-degree-of-freedom laser light path. It realizes high
cutting quality and efficiency, non-contact 5-DOF motion, reduced friction and improved
system response characteristics. The ranges of the magnetic levitation actuator in five-
degrees-of-freedom are, respectively, 0.05 mm in axial range, 0.1 mm in radial range,
0.001 rad in « direction, and 0.001 rad in § direction.

The magnetic levitation drive is shown in Figure 1. The drive as a whole consists of
a top cover, a bottom cover and a connecting ring in the center. There is an aluminum
ring in the middle of the suspended platform to place the laser lens, and the control of
the suspended platform realizes the control of the laser lens to achieve the purpose of
controlling the laser light path and the off-axis effect. Among them, four sets of axial
differential electromagnets are evenly distributed in the upper and lower covers, which
can make the floating platform realize the z-axis direction and &, B direction movement;
the connecting ring in the middle part is likewise evenly distributed with two sets of radial
differential solenoids in 45° relation to the axial solenoids, which can realize the movement
of the floating platform in the direction of the X and Y axes.

Axial sensor
Magnet connection block

Radial Coil Lens

Radial electromagnet Suspension platform

Coupling collar
Radial Sensor
Axial electromagnet

Bottom cover Axial Coil

Figure 1. Structural diagram of a 5-DOF magnetic levitation actuator.

2.2. 5-DOF Magnetic Levitation Actuator Principle of Operation

The 5-DOF motion of the magnetic levitation actuator is controlled by the electro-
magnetic force of a differential electromagnet. In the experiments, the translations along
the x and y directions are similar, as are the « and § direction rotations. Therefore, in
this paper, only the principles of translation in the z and x directions and the rotation
in the « direction are presented. As shown in Figure 2, there are four sets of differential
electromagnets labeled 1 (1), 2 (2), 3 (3’), and 4 (4') in the vertical direction; and there
are two sets of differential electromagnets 5 (5') and 6 (6) in the horizontal direction in
a diagonal arrangement. In Figure 2a, the combined force generated by the four sets of
differential electromagnets in the vertical direction is in the same direction as the axis,
thereby driving the suspended platform in that direction. In Figure 2b, the electromagnets
5 (5’) and electromagnets 6 (6') generate a combined force pointing in the positive direction
of the X-axis, thereby driving the suspended platform along that direction. In Figure 2c,
the torque generated by electromagnet 1 (1’) is in the opposite direction to the movement
generated by electromagnet 3 (3'), thereby driving the levitated platform to rotate in that
direction. The experimental setup is shown in Figure 3.
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Figure 2. Motion control principle of suspended platform: (a) z direction, (b) x direction, (c) « direction.

Figure 3. The 5-DOF magnetic levitation drive.

3. Analysis of Magnetic Field Characteristics of Magnetic Drive Platform
3.1. Axial Single Electromagnetic Force Analysis

First, the magnetic field finite element software is used to simulate the five-degree-of-
freedom magnetic levitation drive model. The core magnetic material is set as silicon steel,
the levitation platform material is set as Q235, the coil material is set as copper, and other
materials are set as aluminum. In order to ensure the accuracy of the calculation results, the
model adopts adaptive mesh and refines the key parts such as arc air gap and levitation
air gap. The levitation platform is set as the force object, the variable is set as the control
current, and the range of the parameterized scan is 0-1.5 A, with a step size of 0.1 A.

Then, the simulated electromagnetic force is compared with the theoretical value
calculated by the simplified model of differential electromagnetic force Equation (1) using
the simulated electromagnetic force, and the change in the electromagnetic force with the
excitation current at the axial equilibrium position is compared and analyzed, as shown in
Figure 4.

VIRY. S VIRY.
MoN"A(i+1i9)”  HoN"A(i —ip)
4(dy — 2)? 4(dy + 2)?

In the above equation, N is the number of turns of coil required to wind the solenoid,
A is the cross-sectional area of the magnetic circuit air gap, 7 is the current in the coil of the
solenoid, iy is the bias current, and dj is the balance air gap.

F=F-FK= 1)
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Figure 4. Comparison of theoretical and simulated electromagnetic forces.

The comparison between simulation and theoretical calculation shows that the simu-
lated electromagnetic force has the same trend as the theoretical electromagnetic force. At
the maximum control current of 1.5 A, the maximum error between theory and simulation
is 10%, which meets the design requirements and indicates that the structural design is rea-
sonable. The results also show that the magnetic force of 3.64 N at a control current of 0.9 A
satisfies the experimental requirements for a levitated platform under current differential
control. The structural parameters and solenoid parameters of which are simulated are
shown in Table 1.

Table 1. Theoretical calculation and simulation parameters.

Parameter Name Symbol Value
number of turns N 100
Balance air gap dp (mm) 1
permeability in vacuum Mo 4mt x 1077
Air gap cross-sectional area A (mm?) 60
Suspended platform inner diameter dq (mm) 67
Suspended platform outer diameter dsz (mm) 114
Electromagnet cross section width b (mm) 10
Electromagnet cross section length L4 (mm) 6
Coupling collar inner diameter dp (mm) 126

3.2. Equilibrium Position Electromagnetic Force Analysis

The variation in the axial electromagnetic force with the bias current under different
control currents is analyzed using the finite element method and the simulation results are
shown in Figure 5.
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Figure 5. Variation in electromagnetic force with different bias currents.
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The analysis results show the change in electromagnetic force at the equilibrium posi-
tion with different bias currents; different control currents are selected to observe the change
in electromagnetic force and it can be seen from the simulation that the electromagnetic
force has a good linear relationship at the equilibrium position.

Furthermore, the impact of axial displacement at the equilibrium position and the
selection of the control current on the performance of the axial electromagnetic force
was analyzed. The equilibrium position was set at 0 mm, and the variation in the axial
electromagnetic force with the control current was examined as the axial displacement was
varied from 0.1 mm to 0.4 mm. The results of this analysis are presented in Figure 6.

38}
(=}
T

15F

Electromagnetic force(N)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Current(A)

Figure 6. Variation in electromagnetic force with control current under different axial displacements.

The results show that the slope of the curve remains basically unchanged when the
displacement is less than 0.4 mm; there is a significant increase in the slope and the nonlinear
characteristics of the electromagnetic force begin to appear.

In the design of the 5-DOF magnetic levitation actuator, in order to ensure stability
during operation, the levitation platform should have a good linear workspace at the
steady state operating point, which is expected by the design. So, the electromagnetic force
is simulated at different bias currents and at bias current 1.5 A and the electromagnetic
force has a good linear space. Additionally, the variation in the electromagnetic force
with the control current in the displacement case is also simulated. The simulation results
show that the electromagnetic force within the equilibrium position range exhibits good
linear characteristics. Consequently, the designed 5-DOF maglev actuator demonstrates a
favorable linear workspace at the equilibrium position.

3.3. Magnetic Field Analysis

Figure 7 depicts the magnetic field simulation in the axial and radial directions, re-
spectively. To facilitate the clear observation of the axial magnetic field simulation, a set of
electromagnet simulations is utilized. The five-degree-of-freedom magnetic drive platform
model is simulated using simulation software, with a maximum current of 3 A applied
to the axial and radial electromagnets for excitation, respectively. The simulation results
indicate that the magnetic field strength and magnetic circuit of the levitated platform are
consistent with theoretical expectations. Furthermore, it is demonstrated that the structural
design of the five-degree-of-freedom magnetic levitation actuator avoids magnetic leakage.
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Figure 7. Magnetic field simulation of a 5-DOF magnetic levitation actuator. (a) Axial magnetic field

intensity. (b) Radial magnetic field intensity. (c) Axial magnetic circuit. (d) Radial magnetic circuit.

4. Mathematical Modeling of a 5-DOF Maglev Actuator
4.1. Sensor Coordinate Transformation for Magnetic Levitation Actuators

When performing levitation experiments with a five-degree-of-freedom magnetic levi-
tation actuator, it is necessary to transform the coordinates of the sensor and the degrees of
freedom. According to the working principle of a differential electromagnet, by controlling
the size of the control current of the electromagnet, the size of the electromagnetic force of
the levitation platform can be changed to realize the movement of five-degrees-of-freedom.
The axial sensors are C;, C, and C3, and the radial sensors are Cs and C4. When the
platform moves in the x and y directions, it can be measured directly without solving the
derivation. When the platform moves in other degrees of freedom, the offset detected using
the sensors for each degree of freedom is not the actual controlled offset and needs to be
solved. This discrepancy is caused by the fact that the centerline of the sensor is not in
the same line as the centerline of the magnetic poles. Where the relationship between the
measurement signal of the sensor and the degrees of freedom is shown in Equation (2):

z= %(b‘h +d2+d3)

q = —h

d3—d
p= 2—L31 Snd )
X = d5
y=ds
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Rewrite in matrix form:

z dl
1 d2
B | =N| d; ®)
X d5
y de

N is the coordinate transformation matrix of the sensor and the degrees of freedom:

1

S B S

—2L1sinf —2L]isin9 (1) 00

N = 0 —2L,sinf 2L;sinf 00
0 0 0 1 0

0 0 0 01

4.2. Modeling of Magnetic Levitation Drive Systems

From the 5-DOF magnetic levitation actuator system, the force analysis of the levitated
platform is shown in Figure 8. F is the magnetic force of the electromagnet. z, «, and p are
the displacement of the suspended platform along the Z-axis, the angle of rotation around
the X-axis, and the angle of rotation around the Y-axis, respectively. L1, Ly, and L3 are the
distances between the sensor, axial electromagnet, and radial electromagnet, respectively. 6
is the angle between the sensor and the X-axis. m is the mass of the suspended platform.

Figure 8. Force analysis of suspension platform.

The dynamics of a 5-DOF magnetic levitation actuator is modeled according to the
Lagrange equations:

mi = Y2 (Fs + F) — cxi + fx

omiy =2 (B~ F) —cyy+ fy
mz=F+F+F+F—cz—mg+f; 4

]a& =FL,—FLy,—cux+ T,

]/gﬁ =FRL,— KL, — C,B,B+ Tﬁ

where F; to Fy are the magnetic forces of each of the six electromagnets. c;, cy, ¢y, cx, cp
are the damping coefficients for the Z-axis, X-axis, Y-axis, rotation around the X-axis,
and rotation around the Y-axis, respectively. f;, fx, fy, Ta, Tp are the perturbation forces
in the Z-axis, X-axis, Y-axis, rotation around the X-axis, and rotation around the Y-axis,
respectively.

F, = kjin + kgd,,n =1,2,3,4

Fn = Kim + kydy,m =5,6 ®)
4Ki 4Kiy?

k- = 7,k = 6

i d02 d d03 (6)
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The linear differential equation of the system is obtained, as shown in Equation (7), by
applying the linearization Equation (5) to Equation (4).

mit = Y2kl (is + i) + Y2k} (ds + de) — cxk + f
mij = 2Ki(is — is) + ZKy(ds — de) — i + fy
mz = ki(iy + iz + i3 +is) + kg(dy +da +ds +ds) —czz2+ f: @)
Jakt = kiLy (i1 — i3) + kqLo(dy — d3) — catt + Ty
JB = kiLa(iy — iz) + kgLa(dy — d2) — cgB + Tg

Organized in matrix form:

i i a 1 TR
- 1o dz -
! i | Y|
M\Z| =Ki|’| +Kp| 2| —C|Z| + | f2 8)
- 4 4 )
o« ; d o T,
- 5 . .
p ig dg p Tp

M is the inertial matrix of the suspension platform, K is the current coefficient matrix,
Kp is the displacement coefficient matrix, and C is the damping coefficient matrix.

m 0 0 0 0
0 m 0 0 0
M= |00 m 0 0
00 0 Jo O
0 0 0 0 Js
0 0 0 0 LK 2
0o 0 0 0 K -
Ky = ki ki ki ki 0 0
kla, 0 —kL, 0 0 0
L0 —klp 0 kL, O 0
0o 0 0 0 2K, 2K,
0 0 0 0o LK LK
Kp = kg kg kg kg 0 0
kila 0 —kslp O 0 0
L0 —kgly 0 kglp O 0
e 0 0 0 0
0 ¢, 0 0 0
C =10 0 c¢ 0 0
0 0 0 ¢ O
0 0 0 0 ¢

The coordinate transformations of magnetic pole displacements and degrees of freedom:

1+da+ds+dy) )
= o7, (d1 — d3)
5
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Organized in matrix form:

dq
x i
y ds
z| = N1 (10)
% dy
ds
p de
Nj is the distribution matrix
0o o0 0 0 ¥ 2
0o 0 0 0 ¥ ¥
A EONE S
oL o1 —a; (l) 0 0
0 —5; 0 a; O 0
Organize the matrix:
dq N
d> y
a5 | _ N, |z (11)
dy N
ds 8
de

After organizing the matrix, a system dynamics model is obtained, with the model
parameters shown in Table 2. The model can be expressed as follows.

X iy x X fx
Yy Iy y y fy
M|Z| =KiN, |i.| +KpNo |z| —C|z| + | f2 (12)
o iy o bt Ty
B ip p Bl LT
Table 2. Model parameter.
Parameter Name Symbol Value
Quality M (kg) 0.3
Moment of inertia about the X-axis Jx (kg-mz) 9.7 x 107
Moment of inertia about the Y-axis Jp (kg-m?) 9.7 x 107*
Sensor distance Ly (mm) 425
Axial current coefficient K; (N/A) 1.13
Axial displacement coefficient K4 (N/m) 1.7 x 103
Radial current coefficient K[ (N/A) 1.13
Radial displacement coefficient Kl; (N/m) 1.7 x 10
Damping coefficient in Z direction ¢z (N/(m/s)) 0.3
Damping coefficient in « direction cg (N/(m/s)) 9.7 x 10~

5. Levitation Experiments with a 5-DOF Magnetic Levitation Actuator
5.1. Centralized Control Strategy for Magnetic Levitation Drives

The system model of the five-degree-of-freedom magnetic levitation actuator com-
prises two parts: the model for the five-degree-of-freedom motion and the model for each
group of electromagnets. The closed-loop control system adopts a series-level control
structure. The outer loop controls the five-degrees-of-freedom of the platform and utilizes
a PID control law, serving as the primary regulation loop of the control system. The inner
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loop controls the current of the electromagnet and adopts a PI control. A platform PID
control system is established, as depicted in Figure 9. The reference inputs for the platform’s
five-degrees-of-freedom (X,ef, Yref, Zref Xref, Pref) are set, and the outer loop PID controller
is adjusted based on the error. The inner loop employs a PI current loop to ensure that the
output current quickly tracks the output voltage of the levitation controller within a certain
frequency range, thereby enhancing the current response of the magnetic levitation drive
and achieving control over the five-degrees-of-freedom motion.

. u
Magnetic
suspension
platform

L
Brot +i i - :

| |
I

I

|

| Outer ring PID pasition ring

Distribution matrix Feedback matrix

System model

- sl —— S

Figure 9. The block diagram of five-degree-of-freedom centralized control system.

5.2. Experimental System Composition

The experimental system for the five-degree-of-freedom magnetic levitation actuator is
illustrated in Figure 10, comprising the prototype, hardware equipment, and control system.
The control system is based on the DS1202 control board from dSPACE, with ControlDesk
7.6 software toolkits installed on the host computer. The hardware circuit utilizes drivers,
while air gap detection employs eddy current displacement sensing technology from
Zhuzhou Liulingba Technology and Science Co., Ltd. (Zhuzhou, China). The detection
range is 0.65 mm to 2.65 mm and the analog output voltage range is 0 V to 10 V.

Five-degree-of-freedom magnetic
drive platform

Control System Hardware Toop

CotrolDesk

<«—=Sensor

Sensor front-end

power amplifier

Figure 10. Experimental system.

5.3. Magnetic Levitation Drive Experiment

In this system, the sensor displacement needs to be determined. The sensor measure-
ment is resolved for the z, x and f degrees of freedom. When the sensor measurement is
0 mm, it indicates that the levitated platform is attracted by the electromagnet; when the
air gap is measured to be 1.12 mm, the levitated platform reaches its lowest point.

We set the levitated platform to float at 0.6 mm, midway within the air gap. To stabilize
the levitation platform at this height, the magnitude of the current is adjusted so that the
electromagnetic force on the levitation platform equals the force of gravity. The changes
in the levitation displacement and current are demonstrated in Figure 11. This lays the
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foundation for subsequent translational and rotational experiments. Additionally, the
levitation experiment can verify whether the magnetic levitation actuator can achieve a
stable levitation state at the midpoint position. The results indicate that the system can
achieve a stable levitation at 0.6 mm after levitation.

g —refz—z
£ I
£ <
2 =
. o 2 b
(5] I 5)
Q g
— 0.6 =] [
g ot O L
A o4l
02 L 1 " 1 L 1 " 1 L 0 L 1 L 1 L 1 L
0 1 2 3 4 5 0 1 2 3 4 5
Time(s) Time(s)

Figure 11. Floatation experiments and current changes.

When the levitation platform is stably suspended, step signals are applied to the
z degree of freedom, a degree of freedom, and B degree of freedom in turn, and the
experimental results are shown in Figure 12. In the initial state, the platform is in a stable
suspension position, corresponding to an air gap length of 0.6 mm, and the platform
deflection angles & and B are both zero radians. As shown in Figure 12a, a 0.05 mm
step signal is input to the z degree of freedom at 0.5 s. The platform reaches a new
levitation state after about 0.7 s, at which time the platform levitates with an air gap of
0.65 mm. Additionally, the platform deflection angles « and 8 remain zero radians during
the adjustment process, and the z degree of freedom step input does not interfere with the
platform rotational degrees of freedom. As shown in Figure 12b, a step signal of 0.001 rad
is applied to the « degree of freedom at 0.5 s, and the system stabilizes after about 1.1 s.
The system is then stabilized. The z degree of freedom and the B degree of freedom remain
in the same state as before the step is applied; the suspension height is 0.6 mm. As shown
in Figure 12¢, a step signal of 0.001 rad is applied to the B degree of freedom at 0.5 s, and
the system stabilizes after about 0.6 s. The system is then stabilized. At this point, the three
degrees of freedom changes in the platform relative to the initial state after stabilizing the
suspension are 0.6 mm, 0.001 rad, and 0.001 rad, respectively.
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Figure 12. Cont.

56



Micromachines 2024, 15, 641

0.68

Displacement(mm)
c o o o o o
W W (=) (=) RN N
(o)} [e1e] (=] [ N N

o
193
~

0.68

Displacement(mm)
S o o o o
w N N = (=)
co o [\ N =)

4
n
N

0.54

-3 -3
4 x10 4 x10
[ z refz 5 [ — ref o X [ —p ref B
- < 2 =1
! & T s T
—~ — L
| N N’
=21 2ok
' 2 2
< <
- e ¢ o
L ) A
L 1 F -1
! 2 k- 2k
1 1 M 1 1 M M 1 M 1 M 1 L 1 M L 1 M 1 M 1 M 1 M
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Time(s) Time(s) Time(s)
(b)
3 -3
4 x10 5 x10
i z ref z L — ref o 4 b — B ref 3
I ~ ~ 3 F
B = 2} e
£ £
Lok 2
g =
s <
L& g
B a A
1k gL
2 2k
1 1 " 1 1 " " 1 M 1 " 1 " 1 " " 1 M 1 " 1 " 1 "
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Time(s) Time(s) Time(s)

(c)
Figure 12. The z, a, 8 step response of PID control.(a) z direction; (b) a direction; (c) B direction.

Similarly, when the platform is stably levitated, the step and sinusoidal signals are
applied to the x and y degrees of freedom in turn, and the experimental results are shown
in Figure 13. In the initial state, the platform is in a stable levitation position, with the air
gap length corresponding to z being 0.6 mm, and the platform deflection angles A and
B are both zero radians. As shown in Figure 13a, a step signal of 0.1 mm is input to the
x degree of freedom at 0.5 s, and the platform reaches a new levitation state after about
0.8 s, at which point the platform has an air gap of 0.6 mm. The x degree of freedom is
also tracked. The tracking characteristics of the x degree of freedom are further analyzed
by applying a sinusoidal signal with a frequency of 0.5 Hz. The trajectory is tracked with
an amplitude ratio of 1.12 and a phase difference of 2.9°. Additionally, the other degrees
of freedom of the suspended platform remain at zero during the adjustment process. As
shown in Figure 13b, a step signal of 0.1 mm is applied to the y degree of freedom at 0.5 s,
and the system stabilizes after about 0.8 s. A sinusoidal signal with a frequency of 0.5 Hz
and an amplitude of 0.1 mm is applied, and the trajectory is tracked with an amplitude
ratio of 1.17 and a phase difference of 0.2°.
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Figure 13. y step response of PID control. (a) x direction. (b) y direction.

During the above experiments, the levitation platform is able to maintain stable
levitation after applying a step to each degree of freedom. It can be seen that the structure
of the 5-DOF magnetic levitation actuator is reasonably designed.

6. Discussion and Recommendations

The experimental results of the five-degree-of-freedom magnetic levitation actuator are
given in Figures 12 and 13 for the step response and trajectory tracking in different degrees
of freedom. The main reason for the large overshoot of each step response is that the
magnetic levitation system is a non-damped system, and the overshoot and response time
for PID control are in some contradiction; a small overshoot will inevitably be sacrificed
for a certain response time. Other reasons may be that the selection of PID parameters is
not optimal. The comparison of the magnetic levitation drive designed in this paper with
the published results shows that the experimental results are somewhat deficient. Both
the overshoot and the response time are not at the expected level. At the same time, there
are power loss and temperature problems. However, the five-degree-of-freedom magnetic
levitation actuator with the six group differential control proposed in this paper has the
advantages of a compact structure and a certain robustness in five-degree-of-freedom
motion. We believe that through subsequent optimization, this design will show higher
application potential.
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References

7. Conclusions

In this paper, a 5-DOF compact electromagnetic levitation actuator for lens control
was designed. The nonlinear characteristics of the magnetic driving force were analyzed
by establishing an analytical model and conducting finite element calculations. Next, we
established the dynamic model of the magnetic levitation actuator. A centralized control
system based on the PID control was designed, and driving experiments were conducted
to verify the motion in five-degrees-of-freedom. The main conclusions are as follows:

1. The five-degree-of-freedom magnetic levitation actuator exhibits a positive correlation
between the electromagnetic force and the control current within the range of 0 to
1.5 A. The maximum output electromagnetic force reaches 6.1 N. Specifically, at a
control current of 0.9 A, the electromagnetic force measures 3.64 N, ensuring the
stability of the levitation platform.

2. When the suspended platform was in the equilibrium position, the different bias
currents ranging from 0.5 A to 1.4 A were applied to observe the change in elec-
tromagnetic force. Similarly, we set the equilibrium position at 0 mm and selected
four sets of control currents to observe the change in electromagnetic force as the
displacement varied from 0.1 mm to 0.4 mm. It was found that the slopes of the
electromagnetic force curves remained relatively consistent. However, when the
displacement exceeded 0.4 mm, the slope increased significantly, indicating the onset
of electromagnetic force nonlinearity. These results suggest that the electromagnetic
force exhibits a strong linear relationship within the equilibrium position range.

3.  Inthe experiments, step signals were applied to the z, &, B, x, and y degrees of freedom.
The experimental results indicate that the axial range is 0.05 mm, the radial range is
0.1 mm, and the range for the & and p degrees of freedom is 0.001 rad. Furthermore,
sinusoidal signals were applied to the radial actuator, and the tracking characteristics
were also analyzed, achieving the desired results in both cases.

In the future, our first priority will be to optimize the controller to address issues
related to overshooting and response time. We plan to explore different control methods for
regulating the five-degree-of-freedom magnetic levitation drive. Alternatively, we intend
to integrate the 5-DOF magnetic levitation drive into a laser cutting head to investigate its
impact on processing efficiency and quality under various control methods.
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Abstract: A review on planar printed structures that are based on Matryoshka-like geometries is
presented. These structures use the well-known principle of Matryoshka dolls that are successively
nested inside each other. The well-known advantages of the planar printed technology and of the
meandered nested Matryoshka geometries are combined to generate miniaturized, multi-resonance,
and/or wideband configurations. Both metal and complementary slot structures are considered.
Closed and open configurations were analyzed. The working principles were explored in order to
obtain physical insight into their behavior. Low-cost and single-layer applications as frequency-
selective surfaces, filters, antennas, and sensors, in the microwave frequency region, were reviewed.
Potential future research perspectives and new applications are then discussed.

Keywords: printed circuits; microstrip; ring resonators; Matryoshka sets; frequency selective surfaces;
filters; antennas; sensors

1. Introduction

The name Matryoshka comes from the well-known Russian dolls, shown in Figure 1,
that are successively nested inside each other. It has been used to refer to nested sets in
many areas of electrical and electronics engineering, such as electronics packaging [1],
implantable medical devices [2], biomedical imaging [3], computer network security [4],
silicon compounds [5], software protection [6], Internet-of-Things [7], image retrieval [8]
and reconstruction [9], cancer gene analysis [10], cellular biophysics [11], cloud comput-
ing [12], 5G network slicing [13], acoustic wave resonators [14], pattern recognition [15],
and astronomy [16]. It has also been used associated with planar printed configurations.
This combination of printed circuits with Matryoshka-like geometries benefits from the
well-known advantages of printed planar technology (low profile, lightweight, compact-
ness, low cost, easy fabrication and integration of electronic components, wide range
of characteristic impedances) and the multiband (or wideband) behavior and miniatur-
ization associated with Matryoshka configurations. The Matryoshka-like scheme was
used for the first time in planar printed circuit structures at the Group of Telecommunica-
tions and Applied Electromagnetism (GTEMA) from the Instituto Federal da Paraiba in
Joao Pessoa, Brazil. A multi-resonant frequency selective surface (FSS) was proposed in
2014 [17,18]. Since then, the work in these planar printed structures based on Matryoshka
geometries has progressed steadily at GTEMA, as reported in many MSc theses [17,19-31]
and associated publications [32—46]. Different applications have been envisaged, such
as FSSs [17-19,21,23,24,27,32,33,36,38-40,42], filters [20,22,26,30,37,43,46], antennas [25,28],
and sensors [29,31,34,35,41,44,45]. All these applications are motivated mainly by the
huge importance of new telecommunication systems, particularly mobile communication
networks, with emphasis on the recently deployed 5G systems and the closed associated
Internet-of-Things (IoT). New ideas and perspectives are being explored to further develop
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these new types of structures. However, having been worked on for about ten years, the
topic is already sufficiently mature to justify the publication of a review paper. Therefore,
the goal of this paper was to precisely present a review on the work conducted in the field
of planar printed structures based on Matryoshka geometries. The paper is organized into
seven sections. After this introductory section, Section 2 deals with the printed planar
Matryoshka geometry. The Matryoshka cell is described, and the corresponding working
principles are analyzed. Section 3, Section 4, Section 5, and Section 6 are dedicated to the
description of the use of this type of cell in FSSs, filters, antennas, and sensors in already-
reported applications, respectively. At the end, Section 7 contains the main conclusions and
the perspectives of present and future developments.

Figure 1. Example of a Russian Matryoshka with nine nested dolls.

2. The Matryoshka Geometry

The Matryoshka geometry is based on concentric rings. As shown in Figure 2, Ma-
tryoshka geometries have been conceived as an evolution of the split ring resonators (rings).
Starting with a set of rings (so far homothetic), a gap is introduced in each one and then
the consecutive rings are connected near the gaps. However, differently from the SRR [47],
the rings are connected. As in an SRR, the rings may take different shapes, from simple
ones (as square or circular) to other, more complex, canonical or non-canonical geometries.
Matryoshka geometries have been implemented in printed circuit board (PCB) technology,
both with and without a ground plane. As the SRR, they can be formed by metal strips or
by slots in the metal (complimentary configurations). As complimentary configurations,
Matryoshka geometries have been used in defected ground structures (DGSs) [30,48] and

FSSs [24].

(a) (b) ()

Figure 2. Example of the evolution from concentric rings to a Matryoshka geometry. (a) Concentric
rings without gaps. (b) SRR. (c¢) Matryoshka geometry.

For a specific type of Matryoshka geometry, there are two sub-types: the open and the
closed. It is open when there is a gap in the smaller inner ring (Figure 3). As is detailed in
the next sections, this gap has a remarkable effect on the structure’s characteristics, namely,
on its resonance frequencies. Due to the metal continuity, in the closed configuration, for
the first resonance

Lef & Arefcloses 1

whereas, for the open one,
Lef ~ )\refopen/ 2, 2)

where L is the effective length of the structure and A is the effective wavelength [19] for
the first resonance. Naturally, there are other (higher-order) resonances. This difference
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in the behavior of the closed and the open structure can be explained by the continuity
required by the closed structure and the interference standing wave pattern imposed by the
reflection at the gap of the open structure’s inner ring. This means that, for structures with
the same dimensions, the open structure has a first resonance frequency that is approxi-
mately half the one of the closed structure. In other words, for the same first resonance
frequency, the open structure has an equivalent electrical length that is approximately half
of the one of the closed structure, meaning a much more effective miniaturization capability.

(a)

Figure 3. Example of Matryoshka geometries. (a) Closed. (b) Open.

The Matryoshka configurations are highly meandered, and the total area occupied
is defined by the external ring. The physical parameters of an open square Matryoshka
configuration, with four rings, are indicated in Figure 4. For the closed Matryoshka
geometry, there is no gap at the inner ring (s = 0). When a Matryoshka geometry is used in
an FSS, it is also necessary to specify the unit-cell size.

Lo I

< Lx2
< Lxl—

Figure 4. Open Matryoshka geometry, expanded, with the definition of its physical parameters.

The average perimeter of the closed geometry (Py), corresponding to the physical
length defined at the middle of each segment, can be obtained using Equation (3). For the
open geometry, s must be subtracted from Py.

N N-1
Py =2|) (Lau+Lyn)+ ) Len —2Nw— (N—1)g ®3)
n=1 n=1

In printed planar structures, it is also necessary to specify the substrate character-
istics (e;—relative electric permittivity, h—thickness, and tand—loss tangent) and the
presence or absence of the ground plane. In both cases, the structures are transversally
non-homogeneous, and an equivalent homogenous medium can be conceived. For the
commonly used substrates, with normal magnetic behavior, an effective relative electric
permittivity (e.of) and an effective wavelength (A.f) can be defined.

Ao

Aef = \/?ef 4)

where A is the wavelength in a vacuum. The procedure used to calculate ¢, depends on
the type of configuration used, which is associated with the envisaged application. For
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filters, a microstrip structure has been used, whereas for FSSs, a simple substrate without a
ground plane has been selected. For antenna applications, so far, only microstrip structures
with DGSs have been employed.

There are some features of the Matryoshka geometries that depend on the specific type
of structure and application. These specific features will be detailed in the next sections,
where applications as FSSs, filters, antennas, and sensors are analyzed. However, there are
some features that are intrinsic of the Matryoshka geometries and therefore are common to
all type of applications. These common features re analyzed here using microstrip filters as
application examples.

There are different formulas to obtain the &, of a microstrip line. A simple non-
dispersive model, valid for low frequency, is given in Equations (5)-(7) [49].

P I | h)
Eref = rT + r2 (1 + 10W> (5)
4 2
1| () + (%) 1 [ w 3}
a=1+—In +—In|1+4+ (—+ (6)
49 [ (%)4+0.432 18.7 (18.1h)
er —0.9) %03
b = 0.564 7
( e +3 ) @

For a 2.0 mm wide microstrip line printed on a FR4 substrate with ¢, = 4.4 and
h = 1.5 mm, Equation (5) leads to €,f = 3.23.

The outline of a microstrip filter, with an open Matryoshka geometry of two rings,
is shown in Figure 5. The input and output microstrip lines are 2.8 mm wide (50 Ohm
characteristic impedance). W = 2.0 mm and g = s = 1.0 mm are used.

Figure 5. Example of microstrip filter based on an open Matryoshka geometry with two rings.

The four configurations, indicated in Table 1, were numerically simulated in Ansoft
HFSS [50]. Square rings were used (Ln = Lxn = Lyn). All the four configurations had the
same average perimeter (Pn = 178.00 mm).

Table 1. Physical characterization of Matryoshka geometries with two rings.

Configuration L; (mm) L, (mm) L. (mm)
Configl 27.25 21.25 1.00
Config?2 28.00 20.00 2.00
Config3 31.00 15.00 6.00
Config4 34.00 10.00 10.00

The simulated transmission coefficient of the four configurations is shown is Figure 6
for the open configuration and Figure 7 for the closed one.
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Figure 6. Simulated transmission coefficient of the open Matryoshka filters with constant length.
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Figure 7. Simulated transmission coefficient of the closed Matryoshka filters with constant length.

As can be concluded from Figure 6, the open configurations present adequate char-
acteristics for a stopband filter, that is, high attenuation in the stopband, low attenuation
in the passband, steep slope transition from passband to stopband (and vice-versa), and
large bandwidth. However, that is not the case for the closed configurations (Figure 7). The
open configuration provides a higher order filter because it offers two different resonance
paths and the closed configurations just one. Moreover, as predicted, the open configura-
tions have much lower first resonance frequencies. As is verified in the next sections, this
conclusion was also obtained for the Matryoshka configurations used for other envisage
applications (FSSs, antennas, sensors). Table 2 summarizes the characteristics of the open
Matryoshka filter configurations.

Table 2. Main characteristics of open Matryoshka filter configurations.

fr; (GHz) fr, (GHz)
Configuration - - - - - - fo (GHz) BW * (%)
Equation (2) Simulation Equation (2) Simulation
Configl 0.681 0.71 0.800 0.85 0.785 43.4
Config?2 0.684 0.65 0.802 0.85 0.756 49.6
Config3 0.695 0.63 0.810 0.81 0.717 46.4
Config4 0.707 0.63 0.818 0.85 0.720 52.0

* Defined for a —10 dB reference level.
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For a single ring configuration, the effective length can be simply calculated as the
average perimeter. However, for multiring Matryoshka configurations, there is coupling
between the rings, and there is not a simple physical interpretation of the effective length.
To pre-design two rings’ configurations, curve fitting was used to obtain L associated
with the first two resonances [20].

Lest = 2[3(Ly + Lo —4w) + L] 8)

Lepp = 2(3L1 + 2L, — 10w) )

Equation (2) tends to provide a better estimation of the first resonance frequency
for intensive coupling (small Lc). Although the relative error can reach about 12% (for
the first resonance of configuration 4), Equation (2) is still very useful at the pre-design
stage of these filters. These configurations provide miniaturized filters with very large
bandwidth. The four configurations have different sizes for the rings and separation
between them, but, because they have the same perimeter, the stopband characteristics of
the open configurations are very similar.

Microstrip filters based on open Matryoshka geometries with two, three, and four
rings were also simulated. The corresponding dimensions are indicated in Table 3. The
previously indicated FR4 substrate, w = 2.0 mm and g = s = 1.0 mm, were used, again.

Table 3. Physical characterization of open Matryoshka geometries with 2, 3, and 4 rings.

Configuration N L; (mm) L, (mm) L3 (mm) Ly (mm) L. (mm) Lo (mm) L3 (mm) Pn (mm)
Configb 2 NA NA NA NA 210.00
Config6 3 32.00 24.00 NA 2.00 NA 268.00
Config? 4 16.00 8.00 2:00 2.00 294,00

The obtained 15211 results are shown in Figure 8.
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Figure 8. Simulated transmission coefficient of open Matryoshka filters with 2, 3, and 4 rings.

Table 4 contains the main simulation results associated with the first two resonances
shown in Figure 8.
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Table 4. Main characteristics of open Matryoshka filter configurations with 2, 3 and 4 rings.

Configuration N PN (mm) fr; (GHz) fr, (GHz) fo (GHz) BW * (%)
Configb 2 210.0 0.55 0.69 0.627 48.7
Config6 3 268.0 0.43 0.53 0.501 48.4
Config7 4 294.0 0.37 0.51 0.462 50.3

* Defined for a —10 dB reference level.

The use of more rings leads to the appearance of more resonances and, if the average
perimeter increases, to a decrease in the frequency associated with the first two resonances.

The surface current density, on configuration 6, at the resonance frequencies and for
frequencies between them, is shown in Figure 9.
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Figure 9. Simulated surface current density of the open Matryoshka filter with three rings (con-
figuration 6). (a) f = 0.33 GHz, (b) f = f;1 = 0.43 GHz, (¢) f = f;» = 0.53 GHz, (d) f = 0.83 GHz,
(e) f=1fi3=1.19 GHz, (f) f =1.79 GHz, (g) f = f;4 = 2.05 GHz.
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There was a common pattern of the surface current distribution at the resonance
frequencies. Being a stopband filter, there was no transmission at the resonance frequencies.
In fact, for such frequencies (Figure 9b,c,e,g), the current at the output port was negligible,
and the current at the input port was very strong due to a positive interference of the
incident wave and the waves reflected at the two parallel paths, mostly if there was a
good input impedance matching. For the frequencies between resonance frequencies
(Figure 9a,d,f), there was almost perfect transmission. It was also noticeable that the current
magnitude on the inner rings increased as frequency went up.

3. Examples of Application as FSS

The first application suggested for the Matryoshka geometry was as FSS [17,18]. This
is quite logical since, at the time, there was already a strong and continued research activity
in the topic of FSS at GTEMA, and FSS was already widely used in microwave, millime-
ter wave, and Terahertz frequency bands. There are many specific applications of FSSs,
such as RFID, absorbers, rasorbers, reconfigurable intelligent surfaces (RIS), RF energy
harvesting, polarizers, dichroic sub-reflector and reflector antennas, reflectarray antennas,
beam-switching antennas, lens antennas, and radio astronomy [51-53]. A very important
initial choice in the design of an FSS is the geometry of the unit-cell. Despite the variety
of available geometries, with the rapid growing of wireless technologies, telecommunica-
tion system requirements impose a continuing challenge to meet characteristics such as
miniaturization, multiband operation, and polarization independence.

3.1. Closed Matryoshka FSSs

In [17,18], the closed square Matryoshka geometry with two rings, shown in Figure 10,
was introduced. A 0.97 mm thick FR4 substrate with ¢, = 4.4 and tand = 0.02 was used. The
dimensions (in mm) of two configurations are indicated in Table 5, and Wx = Wy = 24.0 mm.

Figure 10. Closed Matryoshka FSS. (a) Unit-cell geometry. (b) Photo of the prototype with
10 x 10 unit-cells and measurement setup.

Table 5. Dimensions of the closed square Matryoshka geometry with two rings.

Configuration L; L, | w g P, (mm)
Configl 12.0 3.5 129.0
Config? 220 7.0 6.0 15 10 114.0

Using Equations (1), (4), and (5) and the procedure proposed in [17,18] to estimate Le¢
and e, the initial dimensions of the Matryoshka unit-cell, fulfilling the specifications, can
be obtained. Lq¢ depends on the polarization considered. Usually the two orthogonal linear
polarization (vertical-V and horizontal-H) are employed. The use of a numerical simulator
can then provide the necessary optimization.

The simulation and experimental transmission coefficient results, obtained for con-
figuration 1, are shown in Figure 11. The simulation results correspond to an infinite
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FSS (Floquet boundary conditions [51,52]). The horn antennas, available at the time, only
allowed measurements above 4.5 GHz.

A general good agreement was obtained between the simulation and experimental
results. The ripple in the experimental results was caused by the reflections on the objects
present in the non-anechoic environment of the laboratory. The transmission coefficient re-
sults depended on the polarization (horizontal-H or vertical-V) of the incident electric field.
However, the first resonance frequency was the same for both polarizations (1.75 GHz), but
the —10 dB bandwidth was larger for the vertical polarization (19.8% and 10.0%).
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Figure 11. Simulated and experimental |S21 | results for configuration 1.

The simulation results obtained for the two configurations are compared in Figure 12.
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Figure 12. Comparison of the simulated |S211 results for configurations 1 and 2.

Although both configurations had the same external ring dimensions, configuration
1 had a larger L, and consequently its resonance frequencies were lower. For instance,
fres11 = 1.75 GHz and {412 = 2.06 GHz. Configuration 2 had a much larger bandwidth for
both polarizations. For the vertical polarization, BW; = 19.8%, whereas BW; =26.7%.

The dimensions of the internal ring can be used to fine tune the FSS and to control
the bandwidth.

69



Micromachines 2024, 15, 469

3.2. Open Matryoshka FSSs

In [19,32], the open Matryoshka geometry was introduced, reducing the first resonance
frequency to approximately half, when compared to the closed Matryoshka geometry FSS,
previously analyzed. It is interesting to compare, now for application in FSSs, the simple
rings, with closed and open Matryoshka geometries, as shown in Figure 13. Again, a
0.97 mm thick FR4 substrate with ¢, = 4.4 and tand = 0.02 was used. A unit-cell with
size Wx = Wy = 24.0 mm, L; = 22.0 mm, L, = 12 mm, L. = 3.5 mm, w = 1.5 mm, and
g =s = 1.0 mm was chosen.

—d
Rl
(a) (b) (c)

Figure 13. FSS square unit-cells with two square rings. (a) Simple rings. (b) Closed Matryoshka
geometry. (c) Open Matryoshka geometry.

The simulated 15211 results are shown in Figure 14 for horizontal polarization, and in
Figure 15 for vertical polarization.
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Figure 14. Simulated |S211 results of the simple rings (SR), closed Matryoshka (CM) and open
Matryoshka (OM), for horizontal polarization (HPol).
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Figure 15. Simulated |S211 results of the simple rings (SR), closed Matryoshka (CM) and open
Matryoshka (OM), for vertical polarization (VPol).
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The simple rings configuration was physically symmetric and therefore its response
was the same for the horizontal and vertical polarizations. This was also the case for the
closed Matryoshka configuration, but only for the first resonance. However, the open
Matryoshka configuration had completely different responses for the two polarizations.
Although the three configurations occupied the same area, the two unit-cell with Ma-
tryoshka geometry provided much lower first resonance frequencies, especially for vertical
polarization. The results associated with the first resonance are summarized in Table 6.

Table 6. Summary of the first resonance results for the square ring (SR) unit-cell FSSs with simple
rings and closed (CM) and open (OM) Matryoshka geometries.

First Resonance Frequency (GHz) Bandwidth * (%)
Unit-Cell Geometry
HPol VPol HPol VPol
SR 2.56 2.56 354 35.4
CM 1.78 1.78 13.6 15.3
OM 1.78 1.01 10.9 8.1

* Defined for a —10 dB reference level.

The FSS with open Matryoshka geometry provided a remarkable reduction of the first
resonance frequency, especially for vertical polarization, when compared with the closed
configuration (43%) and with the simple rings (61%). However, there was a substantial
reduction of the bandwidth.

The simulation results for the open Matryoshka configuration were validated with
experimental results, as shown in Figure 16.
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Figure 16. Comparison of simulated and experimental 15211 results of the open Matryoshka for
horizontal and vertical polarizations.

More rings can be used to increase the effective length and therefore further reduce
the first resonance frequency, increase the number of resonances, and provide a fine-tuned
control of the resonances and of the bandwidth [19,32]. To confirm these conclusions, an
FSS with an open Matryoshka unit-cell with three rings was designed, fabricated, and
tested. Again, a 0.97 mm thick FR4 substrate with ¢, = 4.4 and tand = 0.02 was used. A
unit-cell with size Wx = Wy =24.0mm, L; =22.0 mm, L,y =L =225 mm, L, = 14.5 mm,
L3 =7.0 mm, w = 1.5 mm, and g = s = 1.0 mm was chosen. Photos of the prototype and of
the experimental setup are shown in Figure 17.

The simulation and experimental results of the three rings of open Matryoshka geom-
etry for vertical and horizontal polarizations are shown in Figure 18. The experimental
results were only able to be measured starting at 1 GHz. There was a general good agree-
ment between the simulation and experimental results. As mentioned before, and as can be
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verified in Figure 17b, the ripple in the experimental results was caused by the reflections
on the objects present in the non-anechoic environment of the laboratory.

The simulation results of the FSS with open Matryoshka unit-cells with two and three
rings are summarized in Table 7.

It was confirmed that, for the same dimension of the external ring, the increase in the
number of rings (two to three) provided a reduction of the first resonance frequency, an
increase in the number of resonances, and fine tune control of the resonances. However, a
reduction of the bandwidth was verified.
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Figure 18. Comparison of simulated and experimental |S21| results of the open Matryoshka with
3 rings for horizontal and vertical polarizations.

Table 7. Summary of the simulation results of the FSS with open Matryoshka unit-cells with 2 and

3 rings.
Area f.1 (GHz) Bandwidth * (%) f» (GHz) f.3 (GHz)
N
(mm?) HPol VPol HPol VPol HPol VPol HPol VPol
2 2 % 22 1.78 1.01 10.9 8.1 4.36 241 7.66 3.96
3 . 1.56 0.86 5.9 2.9 3.01 1.91 4.36 3.11

* Defined for a —10 dB reference level.

3.3. Polarization of Independent FSSs

To overcome the inconvenient polarization dependence, analyzed in the previous
section, a new configuration of the Matryoshka geometry was proposed in [21,36]. As
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shown in Figure 19, this new type of configuration has been conceived as an evolution
from the simple circular ring keeping the main Matryoshka characteristics, that is, the
area occupied is defined by the external ring only, and more rings can be added internally,
maintaining electrical continuity. The physical characterization of the circular Matryoshka
geometry is defined in Figure 20.

(a) (b) (©)

Figure 19. Evolution from a simple circular ring to a circular multiring Matryoshka geometry.
(a) Simple circular ring. (b) Circular Matryoshka geometry with three rings. (c) Circular Matryoshka
geometry with five rings.

Figure 20. Definition of the physical parameters of an FSS unit-cell with circular multiring Ma-
tryoshka geometry.

The FSS unit-cells with the three geometries shown in Figure 19 were designed,
fabricated, and tested [21,36]. A 0.762 mm thick FR4 substrate with ¢, = 4.4 and tand = 0.02
was used. An FSS with 10 x 10 unit-cells with size Wx = Wy =20.0 mm and w = g = 0.8 mm
was chosen. The radius of the unit-cells’ rings are indicated in Table 8. The radius reduction
rate was maintained from ring to ring.

Table 8. Radius of the circular Matryoshka unit-cells.

Configuration Number of Rings r; (mm) 1, (mm) r3 (mm) 1z (mm) r5 (mm)
FSS1 1 NA
FSS2 3 9.0 NA
FSS3 5 74 58 42 26

As the FSSs were horizontally and vertically symmetric, they were polarization inde-
pendent. Therefore, for these three cases, only results obtained for vertical polarization are
shown. An important characteristic of an FSS is its sensitivity to the angle of the incident
electromagnetic wave. Four angles of incidence were considered, from normal incidence
(0 =0) to 0 =45°, with a 15° interval.

In [21,36], the formulas indicated in Equations (10) to (12) are proposed to estimate
the first resonance frequency of the FSS with one, three, and five rings, respectively. These
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formulas were used to specify the radius of the three configurations at the initial stage of

the design procedure.
3 x 108
frrss1 = Lo (10)
3 x 108
f = - 11
L TN (11)
3 x 108 12)

£ e —
rFSS3 271(r1 + 13 + 15\ /Eref

where ¢ is the effective relative permittivity of the equivalent homogeneous structure [21,36].
The prototypes, shown in Figure 21, were fabricated, and they were measured using
the setup shown in Figure 22.

(a) (b) (c)
Figure 21. Prototypes of the FSSs with circular Matryoshka unit-cells. (a) FSS1; (b) FSS2; (c) FSS3.

EEP———

Figure 22. Setup for the measurement of the FSS prototypes with circular Matryoshka unit-cells.

The simulation and experimental results obtained for the transmission coefficient
of the three prototypes are shown in Figures 23-25. The simulation results for the four
different incident angles were very similar and, therefore, for the sake of clarity, only one
curve is represented.
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Figure 25. Comparison of the simulated and experimental |S21 | results of the FSS3 prototype.

There was a good agreement between the numerical simulations and experimental
results for the three prototypes. In general, the measured results were below the simulation
ones. This difference was about 5 dB, on average, and tended to increase as the oblique
angle of incidence increased. This effect may have been caused by the finite size of the

window used in the measurement setup (Figure 22).
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As the perimeter of the FSS unit-cell increased with the number of rings, more reso-
nances appeared. The results, for the first resonance frequency, are compared in Table 9.

Table 9. Comparison of first resonance frequencies of the FSSs prototypes.

First Resonance Frequency (GHz)

Configuration Nfun.lber Experimental
of Rings Estimation Simulation
0=0 0 =15° 0 =30° O =45°
FSS1 1 4451 4.10 4.224 4211 4.133 4.120
FSS2 3 2.712 2.70 2.846 2.833 2.833 2.768
FSS3 5 2303 2.20 2.378 2.352 2.404 2417

! Equation (10); 2 Equation (11); 3 Equation (12).

There was a good agreement between the numerical simulation and experimental
results. Moreover, also the estimation provided by Equations (10)—(12) was accurate
enough for the initial stage of the design (relative error below 5%). It is clear that the three
prototypes had low sensitivity from the inclination angle and that there was a remarkable
reduction in the first resonance frequency as the number of rings increased (44% from FSS1
to FSS3).

Recently a polarization-insensitive miniaturized multiband FSS with Matryoshka
geometry elements was proposed [42]. From an initial polarization-sensitive unit-cell with
a single element, there was an evolution to a combination of four orthogonals of such
unit-cells (Figure 26).

[
= §
(a) (b)

Figure 26. Matryoshka unit-cells proposed in [42]. (a) Single element. (b) Combination of four
orthogonal elements.

The simulation results for the transmission coefficient of the two Matryoshka unit-cells,
for normal incidence (8 = 0), are shown in Figures 27 and 28.
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Figure 27. 1S21| simulation results of the FSS with the single-element Matryoshka unit-cell.
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Figure 28. 15211 simulation results of the FSS with the four orthogonal Matryoshka elements unit-

cell.

The single-element unit-cell had a strong polarization dependence, but the four or-
thogonal elements unit-cell was almost perfectly polarization independent. Moreover, from
the results presented in Figures 29 and 30, it can be concluded that the new four elements
arrangement also provided low sensitivity to the angle of incidence. For horizontal polar-
ization, the curves for 8 =0, 8 = 20°, and 6 = 40° were almost coincident; only the curve for
0 = 60° was slightly different. For vertical polarization, the situation was almost the same,
but both the curves for 6 = 40° and for 6 = 60° were slightly different from the other two.
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Figure 29. 15211 simulation results of the FSS with the four orthogonal Matryoshka elements unit-cell

for horizontal polarization.
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Figure 30. 1521 | simulation results of the FSS with the four orthogonal Matryoshka elements unit-cell
for vertical polarization.

3.4. Combination of an FSS with Dipoles

One of the advantages of the Matryoshka geometry is that it can be combined with
other geometries in order to obtain an FSS with low coupling between the fields of each
geometry, allowing for the control of the respective frequency responses. This is particularly
interesting for the design of multiband FSS. In [23,27], cross-dipoles and Matryoshka
geometries were combined to achieve a polarization-independent, triple-band FSS. The
combined geometries are shown in Figure 31. The prototype, shown in Figure 32, was
fabricated and characterized.
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Figure 31. Combination of a Matryoshka geometry with cross-dipoles to form an FSS. (a) Matryoshka
geometry. (b) Combination of Matryoshka with cross-dipoles. (c) FSS unit-cell.
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(b)

Figure 32. Photos of the FSS with the combination of a Matryoshka geometry with cross-dipoles.
(a) Prototype. (b) Experimental setup.

In [23], a 1.6 mm thick FR4 substrate with ¢, = 4.4 and tand = 0.02 was used. The
simulation results shown in Figure 33 correspond to an FSS with 5 x 5 unit-cells with
size Wx = Wy = 40.0 mm, w = 1.5 mm, and g = 1.0 mm. Moreover, L; = Ly1 =24.0 mm,
LX2 = LyZ = 19.0 mm, Lx3 = Ly3 = 14.0 mm, Xm = dy1 = 15.0 mm, de =dy2 = 8.5 mm,
dys = dy3 = 6.0 mm, and Lgjp = 39.0 mm. Three resonances can be observed (f;; = 1.81 GHz,
fip = 2.43 GHz, and f;3 = 3.19 GHz). They corresponded to the superposition of the first
and second resonances of the Matryoshka geometry (f;; = 1.82 GHz and f,, = 3.18 GHz)
with the first resonance of the cross-dipoles (f;; = 2.46 GHz). The three resonances can be
controlled separately, which is a very interesting feature that adds flexibility in the design
for different potential applications. For instance, it is possible to design the dipole so that
its first resonance frequency is close to one of the resonance frequencies of the Matryoshka
geometry (first or second). By doing this, an increase in the bandwidth of the combined
resonances can be obtained. Numerical simulation results are compared with experimental
results, obtained for different angles of incidence, in Figure 34.

The simulation results for the four different incident angles were very similar and,
therefore, for the sake of clarity, only one curve is represented. There was a general good
agreement between the simulation and experimental results, which validates the design
procedure. Moreover, the angular stability was confirmed. The discrepancies observed
may have been caused by the finite size of the window used in the measurement setup
(Figure 32b).
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Figure 33. [S211| response of an FSS for the Matryoshka geometry, the cross-dipoles, and the
combination of the two.
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Figure 34. Comparison of the |S21| simulation and experimental results for the FSS combination of
the Matryoshka geometry with the cross-dipoles.

3.5. Complimentary FSSs

The Matryoshka geometry, described in the previous section, is also used in its com-
plementary form [24,39]. The FSS unit-cell is obtained as described in Figure 35.

0 Metal Dielectric
(a) (b) (0

Figure 35. Complementary form of FSS Matryoshka geometry unit-cell. (a) Metal patch. (b) Metal
Matryoshka geometry. (¢) Complementary Matryoshka geometry.

It was shown, in the previous section, that the Matryoshka geometry with metal strips
had a stopband response associated with its resonances. The complimentary Matryoshka
geometry had a passband behavior. Two prototypes of these complimentary Matryoshka
configurations with 9 x 9 unit-cells, each cell with 22.4 x 22.4 mm?, were designed, fab-
ricated, and tested [24,39]. A 1.6 mm thick FR4 substrate with ¢; = 4.4 and tand = 0.02
and w = g = 1.0 mm was used. The simulation results shown in Figure 36 correspond
to FSS1 (Lx1 =Ly1 =204 mm, Lyp =Lyp =164 mm, L3 =Ly3 =124 mm, dy; = dyy = 11.4 mm,
dx2 = dyz =7.4 mm, dy3 =dy3 =5.5mm) and FSS2 (Ly; = Ly; =154 mm, Ly, = Ly, =114 mm,
Lxs =Ly3 =74 mm, dy; =dy; = 9.0 mm, dyp = dyp = 5.0 mm, dy3 = dy3 = 3.0 mm). These
dimensions were calculated using the design formulas proposed in [24] to provide pass-
bands centered at 1.5 GHz and 3.5 GHz for FSS1 and 2.5 GHz and 5.1 GHz for FSS2, as
well as a stopband centered at 2.45 GHz for FSS1 and 3.5 GHz for FSS2. Photos of these
complimentary FSS prototype are shown in Figure 37.
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Figure 36. 5211 simulation results of the complimentary Matryoshka configurations FSS1 and FSS2

Figure 37. Photos of the prototypes of the complimentary Matryoshka configurations FSS1 and FSS2.

(a) FSS1. (b) FSS2.
The results shown in Figure 36 demonstrate that it is possible to adjust the range of

the stopbands and passbands according to the specifications.
As shown in the previous section, this Matryoshka configuration has very good

angular stability. From the results presented in Figures 38 and 39, it can also be concluded
that the complimentary Matryoshka configuration presents the same good angular stability.
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Figure 38. Comparison of the 15211 simulation and experimental results for the FSS1.
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Figure 39. Comparison of the 1521 | simulation and experimental results for the FSS2.

The simulation results for the four different incident angles were very similar and,
therefore, for the sake of clarity, only one curve is represented. Taking into account that
the experimental results were obtained in a simple non-anechoic room, there was a good
agreement between the numerical simulation and experimental results. The resonance and
antiresonance frequencies were confirmed experimentally with relative error differences
below 4.5% [24].

3.6. Reconfigurable FSSs

For some applications, reconfigurability is a very attractive feature for an FSS. In this
case, combined geometries can be useful. Adding a PIN diode between the vertical dipoles
of the FSS presented in [23], and analyzed in Section 3.4, a reconfigurable FSS (RFSS) was
obtained, as described in [27]. Additionally, as shown in Figure 40, a RF inductor was
added between the horizontal dipoles to act as an RF choke [49]. The RFSS prototype,
shown in Figure 40c, was fabricated and characterized [27].
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Figure 40. RFSS with Matryoshka geometry. (a) Unit-cell. (b) 7 x 7 configuration. (c) Prototype.

A 1.6 mm thick FR4 substrate with ¢, = 4.4 and tand = 0.02 was used. The prototype
shown in Figure 40c corresponds to an FSS with 7 x 7 unit-cells with size Wy = Wy = 30.0 mm,
w = 1.5 mm, and g = 1.0 mm. Moreover, Ly; = Ly; = 24.0 mm, Ly, = Ly = 19.0 mm,
Lx3 = Ly3 =14.0 mm, dxl = dyl =15.0 mm, dXZ = dy2 = 8.5 mm, dX3 = dy3 = 6.0 mm, and
Lgip = 29.0 mm. The numerical simulation and measured results are presented in
Figures 41-45. Figure 41 corresponds to unit-cells without PIN diodes and without in-
ductors. These results serve as a reference. Figure 42 corresponds to unit-cells with PIN
diodes but without inductors. Figures 4345 correspond to unit-cells with both PIN diodes
and inductors.
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Figure 41. 15211 response of the FSS without PIN diodes and without inductors.

0
)
\
-10 g‘-
W
— \
% -15 Vv T “
d (] '
= l’.' '
@ 20 : il _
" I -=Sim-HPol
-25 4 i !
| : Y —Exp-HPol
30 Wi ==Sim-VPol||
wn
" —Exp-VPol
-35 ﬂ: I
1 1.5 2 25 3 3.5 4 4.5 5

Frequency [GHz]

Figure 42. |S211| response of the FSS with PIN diodes but without inductors.
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Figure 43. 1S211 response of the FSS with PIN diodes and inductors for horizontal polarization.

In Figure 41, the simulation results for the horizontal and vertical polarization are
identical; for the sake of clarity, only one curve is represented. There was a reasonable
agreement between simulation and experimental results. The experimental second and
third resonances were substantially deviated from the simulations. The difference was able
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to reach 6.6% and was mainly caused by the non-anechoic environment of the laboratory
and eventual fabrication inaccuracies.
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Figure 44. 15211 response of the FSS with PIN diodes and inductors for vertical polarization.
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Figure 45. 15211 response of the FSS with PIN diodes and inductors for ON and OFF PIN states.

As shown in Figure 42, the agreement between numerical simulation and experimen-
tal results was good, except for the second resonance and horizontal polarization (7%
relative error). In addition to the already mentioned general error causes (non-anechoic
environment and fabrication inaccuracies), there must be some other problem not detected.
However, as this configuration is just an intermediate step, and new prototypes would be
fabricated for the next steps, the work was continued.

The results shown in Figure 43 indicate that, as expected, the state of the diode did
not affect the horizontal polarization. Moreover, the problem associated with the second
resonance frequency, detected in Figure 42, disappeared. The relative error for the second
resonance frequency was then only about 4%. It was, therefore, verified that there is the
need to use the inductors. As shown in Figure 44, a good agreement between the simulation
and experimental results was verified for both OFF and ON states.

As can be concluded from the results presented in Figure 45, for vertical polarization,
the reconfiguration of the FSS was effective, with a reconfigurable bandwidth of 0.37 GHz
(17%), from 2.03 GHz to 2.40 GHz, with at least 10 dB of difference between OFF and ON

bias states of the diodes.
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4. Examples of Application as Filter

Providing access to telecommunication networks in the most diverse locations, with
quality of service and without losing mobility, poses major challenges for manufacturers
of mobile equipment and infrastructures. In both cases, filters play a fundamental role,
separating the desired signals from the unwanted ones. Telecommunication systems,
namely, 5G wireless communications, require filters with operating conditions that are
increasingly challenging in terms of frequency response, in addition to low cost, weight,
and volume (miniaturization). In this sense, new microwave filter configurations have
been developed [54,55]. To meet these requirements, planar filters are widely used. Planar
filters can be viewed as resonators, lumped or quasi-lumped, for which the resonance
frequency is determined by the geometry [49,56]. There are other important applications of
filters, such as Wi-Fi, global satellite navigation systems, test, and measurement equipment
(spectrum and network analyzers) [53]. Aiming to take advantage of the characteristics
observed for the Matryoshka geometry when used in FSSs (miniaturization and multiband
operation), filters based on Matryoshka geometries were introduced in [20,26].

4.1. Filters with a Square Matryoshka Geometry

Printed planar microstrip filters based on open Matryoshka square geometries were
presented in [20,37]. Filters with two and three rings are shown (Figure 46).

(a) (b)

Figure 46. Open Matryoshka square geometry filters. (a) With two rings. (b) With three rings.

The physical characteristics of the five configurations chosen are described in Table 10.
The definition of these physical characteristics is provided in Figure 4. A 1.5 mm thick FR4
substrate with ¢, = 4.4 and tand = 0.02 was used. The input and output microstrip lines
were 2.8 mm wide (50 Ohm characteristic impedance); W = 2.0 mm and g = s = 1.0 mm
were used. For the three ring configurations, Lo = Loy = Leo.

Table 10. Physical characterization of open Matryoshka geometries with two, three, and four rings.

Configuration N L; (mm) L, (mm) L; (mm) L. (mm)
Configl 20.0 2.0
Config?2 2 28.0 12.0 NA 6.0
Config3 8.0 8.0
Config4 3 36.0 28.0 20.0 2.0
Configh 28.0 20.0 12.0 2.0

Photos of the fabricated prototypes are shown in Figure 47.

As explained in Section 2, a design procedure was developed to estimate the initial
dimensions of the filter that fulfill the specifications. Comparisons of the numerical simula-
tion and experimental results are shown in Figure 48 (for configl, config?, and config3) and
Figure 49 (for config4 and configb).

Figure 48 shows a very good agreement between the simulation and experimental results.
Table 11 summarizes the experimental characteristics of the three initial configurations.
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(b)

(d) (e)

Figure 47. Photos of the prototypes of Matryoshka filters with square rings. (a) Configl. (b) Config2.
(c) Config3. (d) Config4. (e) Configb.
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Figure 48. Comparison of the 1521 | simulation and experimental results for square Matryoshka
filters configl, config2, and config3.
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Figure 49. Comparison of the 15211 simulation and experimental results for square Matryoshka
filters config4 and config5.
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Table 11. Main experimental characteristics of the five square filter configurations.

Configuration fr; (GHz) fr, (GHz) fo (GHz) BW * (%)
Configl 0.700 0.805 0.769 454
Config?2 0.770 0.980 0.876 49.0
Config3 0.840 1.120 0.964 514
Config4 0.375 0.420 0.421 43.8
Configh 0.540 0.660 0.626 46.4

* Defined for a —10 dB reference level.

As shown in Figure 49, a very good agreement between the simulation and experimen-
tal results was also obtained. Table 11 also summarizes the experimental characteristics of
the two remaining configurations.

It can be concluded that the first two resonance frequencies (f;; and f») depended on
the perimeter of the rings. For the same external dimensions (L), the inner rings can be
used to have a fine control of the stopband frequency range and of the bandwidth.

4.2. Filters with a Circular Matryoshka Geometry

Filters based on open Matryoshka circular ring configurations were studied in [26,57].
The physical characteristics of a one-ring configuration are defined in Figure 50.

Figure 50. Stopband filter based on an open Matryoshka circular ring geometry.

Five configurations of this type of stopband filter were studied in [26] (Table 12). A
1.52 mm thick Rogers RO3003 substrate with ¢, = 3.0 and tand = 0.001 was used. The
input and output microstrip lines (P1 and P2) were 3.8 mm wide (50 Ohm characteristic
impedance). W = 1.0 mm and g = s = 1.0 mm were used.

Table 12. Physical characterization of open Matryoshka circular geometries with two and three rings.

Configuration N R1 (mm) R2 (mm) R3 (mm)
Configl 12.0
Config?2 10.0
Config3 2 14.0 8.0 NA
Config4 6.0
Configh 3 12 10.0

Photos of the fabricated prototypes are shown in Figure 51.

Similarly to the square Matryoshka configurations, a design procedure was developed
to estimate the initial dimensions of the filter that fulfill the specifications. A comparison
of the numerical simulation and experimental results is shown in Figure 52 (for configl,
config?, config3, and config4) and Figure 53 (for configl and config5).

There was a very good agreement between the numerical simulation and the experi-
mental results, as shown in Figure 52. Table 13 summarizes the experimental characteristics
of the five configurations. The first resonance frequency was almost independent of the
second ring, but the second resonance frequency and the bandwidth increased substantially
as the radius of the second ring decreased.
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(d)

(b)

Figure 51. Photos of the prototypes of Matryoshka filters with circular rings. (a) Configl. (b) Config2.
(c) Config3. (d) Config4. (e) Configb.
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Figure 52. Comparison of the |S21| simulation and experimental results for circular Matryoshka

filters configl, config2, config3, and config4.
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Figure 53. Comparison of the 1521 simulation and experimental results for circular Matryoshka

filters configl and config5.
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Table 13. Main experimental characteristics of the five circular filter configurations.

Configuration fr; (GHz) fr, (GHz) fo (GHz) BW * (%)
Configl 0.961 1.091 1.039 35.7
Config?2 0.941 1.101 1.047 43.1
Config3 0.981 1.181 1.099 45.2
Config4 1.031 1.311 1.172 48.0
Config5 0.701 0.811 0.790 36.7

* Defined for a —10 dB reference level.

As shown in Figure 53, a very good agreement between the simulation and experimen-
tal results was also obtained. A general conclusion, in line with the analysis carried out on
the filters (and also the FSSs) with square Matryoshka geometry, is that, keeping the exter-
nal dimension of the structure, the resonance frequency decreased (higher miniaturization)
when more rings were used (higher meandering), but the bandwidth decreased.

4.3. Filters with a DGS

A DGS was formed by removing a small part from the metallic ground plane in planar
printed circuit boards, most frequently in microstrip lines, as shown in Figure 54.

port 1
microstrip line substrate
f ) = thickness
microstrip w = DGS
width w dielectric substrate  *p,

; I

ground plang_, dielectric substrate
‘port 2

Figure 54. Example of DGS with Matryoshka geometry.

Due to ease of integration, design flexibility, and compactness, DGSs have found sev-
eral applications such as in planar antennas [58,59], filters [60,61], power dividers [62,63],
sensors [64,65], and wireless power transfer [66,67]. A DGS based on a Matryoshka geome-
try, as shown in Figure 54, was introduced in [30,43,68]. In [30], a method to design this
type of DGS based on simple formulas is proposed. Four configurations were designed,
fabricated, and tested [30]. A 1.6 mm thick FR4 substrate (¢, = 4.4 and tand =0.02) was used.
The corresponding dimensions are indicated in Table 14. The definition of the dimensions
is provided in Figure 4.

Table 14. Physical characterization of open Matryoshka geometry DGS configurations.

Configuration Ly (mm) L; (mm) L. (mm) w (mm) g =s (mm)
Configl 17.0 11.0
Config?2 15.5 9.5
Config3 14.0 8.0 15 1.5 1.0
Config4 12,5 6.5

Photos of the front and back sides of the prototypes are shown in Figure 55. Figure 56
provides the comparison of simulation and experimental |521 | results of these prototypes.

Good agreement is shown in Figure 56 between the numerical simulation and ex-
perimental results. The tendency of the resonance frequency was the same as the metal
Matryoshka configuration, that is, as the area of the structure decreased, the resonance
frequency increased.
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Figure 55. Photographs of the microstrip line with square Matryoshka geometry DGS configurations.
(a) Configl. (b) Config?2. (c) Config3. (d) Config4.
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Figure 56. Comparison of the 1521 | simulation and experimental responses of a microstrip line with
a square Matryoshka geometry DGS.

To assess the capabilities of the Matryoshka geometry to perform as a DGS, a compar-
ison with a DGS of the common dumbbell geometry is presented in [30]. To have a fair
comparison, the square dumbbell geometry had the same area as the Matryoshka geometry.
The simulation results for the four configurations indicated in Table 14 are presented in
Figure 57.

A summary of the results shown in Figure 57 is provided in Table 15. The resonance
frequency of the Matryoshka geometry was much lower than the resonance frequency of
the dumbbell geometry (larger miniaturization), but the bandwidth was much narrower.
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Figure 57. Comparison of the 1S21| simulation results of a microstrip line with dumbbell and
Matryoshka square geometry DGS.

Table 15. Comparison of first resonance characteristics of open Matryoshka and dumbbell DGS
configurations.

Matryoshka Dumbbell
Configuration
fr1 * (GHz) BW (%) frama/tpp (%) BWma/BWpy, (%)
Configl 2.07 28.8 52.8 19.0
Config?2 2.39 29.3 55.1 20.0
Config3 2.88 29.8 59.1 20.0
Config4 3.72 29.6 67.9 22.3

* Defined for a —10 dB reference level.

4.4. Filters with a DGS and a Dielectric Resonator

Very recently, a compact filter combining a Matryoshka geometry DGS with a high-
permittivity dielectric resonator was proposed [43]. The purpose was to improve the
frequency response characteristics, mainly selectivity, and miniaturization. A proto-
type was designed, fabricated, and tested. A 1.6 mm thick FR4 substrate (¢, = 4.4 and
tand = 0.02) was used. As shown in Figure 58, a calcium cobaltite disk (e, = 90) with a diam-
eter of 10.0 mm and a thickness of 1.9 mm was inserted into config3 of the previous section,
below the ground plane, in contact with the DGS. A photograph, with a bottom view of
the prototype, is shown in Figure 59. The filter transmission coefficient was simulated and
measured for different positions of the dielectric disk. The corresponding results, for the
disk centered on the DGS Matryoshka square geometry center, and on the DGS Matryoshka
square geometry corner, are shown in Figure 60. The results obtained for the filter without
a dielectric disk are also shown, for reference.

Figure 58. Filter configuration with Matryoshka square geometry DGS and dielectric resonator.
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Figure 59. Photo of the prototype of the filter with Matryoshka square geometry DGS and dielectric
resonator; bottom view.
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Figure 60. Comparison of the |S21| simulation and experimental results for the square Matryoshka
geometry DGS with a dielectric resonator.

A very good agreement between the numerical simulation and experimental results
was obtained. The use of a dielectric resonator can provide further miniaturization of
the structure. The experimental resonance frequency moved from 2.939 GHz (no disk) to
1.849 GHz (center) and to 1.322 GHz (corner), which corresponded to 36.8% and 55.0%
reductions, respectively. Again, the price to pay was the reduction of bandwidth, which

was 58.5% (center) and 86.2% (corner). The position of the dielectric disk can be used to
fine-tune the central frequency of the filter’s response.

5. Examples of Application as Antenna

Due to their inherent multiresonant characteristics, Matryoshka geometries are suit-
able for multiband and/or wideband antenna configurations [25,28]. Moreover, because of
the meandering of the nested rings, they have also been used to provide antenna minia-
turization [25,28]. These features can be advantageously combined with printed antennas
in general and microstrip patch antennas in particular [25,28] to be used in small mobile
communication terminals and mass production electronic gadgets. Microstrip is one of
the most successful antenna technologies. Such success stems from well-known advan-
tageous and unique properties, such as a low profile, light weight, planar structure (but
also conformal to non-planar geometries), mechanical strength, easy and low-cost fab-
rication, easy integration of passive and active components, easy combination to form
arrays, and outstanding versatility in terms of electromagnetic characteristics (resonance

frequency, input impedance, radiation pattern, gain, polarization). Microstrip patch an-
tennas can be used in a very wide frequency range, extending roughly from about 1 GHz
to 100 GHz [69]. So far, the Matryoshka geometries have been used in microstrip patch
antennas to modify the ground plane and implement it as a DGS [25,28]. DGSs have
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been used in microstrip antenna implementations to provide multiband and/or wideband
behavior, improve gain and cross-polarization, and suppress higher order modes and mu-
tual coupling (in arrays) [70-74]. Many different shapes of the DGS slots have been used,
ranging from canonical geometries (rectangular, triangular, circular) to non-canonical (H-
shaped, dog bone-shaped) [75]. Recently, such variety was enhanced with the Matryoshka
geometry [25,28].

In [25], a comparison of the performance of a microstrip patch antenna with a DGS
ground plane with circular SRRs [76] and Matryoshka geometries is presented. The em-
phasis was on the open Matryoshka configuration. In [28], a detailed comparative analysis
of the performance of open and closed Matryoshka DGS geometries was carried out. In
all the cases, a cheap FR4 substrate with relative electric permittivity of 4.4, thickness of
1.6 mm, and loss tangent of 0.02 was used.

5.1. Reference Microstrip Patches

In [25], as an application example, the dimensions of a rectangular patch were chosen
to provide the first resonance at 2.5 GHz. The initial dimensions obtained with the trans-
mission line method [77] were optimized using the ANSYS Electronics Desktop 2018.1.0,
release 19.1.0 [78]. A patch width (W) of 37.0 mm, length of (L) 27.8 mm, and a square
ground plane with a 53.0 mm side were chosen. The patch was fed with a 2.8 mm wide
microstrip transmission line (50 Ohm characteristic impedance) and inset that is 1 mm

wide and 8 mm long. The corresponding simulated input reflection coefficient is shown in
Figure 61, for reference.
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Figure 61. Simulation and experimental input reflection coefficient of the simple rectangular patch.

The first resonance (2.52 GHz), the second resonance (3.86 GHz), and the third reso-
nance (4.74 GHz) were well matched to the 50 Ohm feed microstrip transmission line. To
validate the design procedure used, a protype of the microstrip patch antenna was fabri-
cated using a conventional photolithography technique. The amplitude of the experimental
input reflection coefficient (1511 |), also shown in Figure 61, was measured with an Agilent
E5071C (Agilent, Santa Clara, CA, USA) vector network analyzer. Taking into account
that the FR4 substrate used is low cost, and its characteristics are only generically known,
there was a good agreement between the numerical simulations and experimental results.
For the frequency of interest (first resonance), the difference in the frequency was only
3.4% (88 MHz), and the |S1; | level was almost the same (—33 dB). This antenna presented
the usual almost hemispherical broadside radiation pattern [77] with a gain of 6.18 dBi at
2.52 GHz.

Another microstrip patch was designed so that using a DGS ground plane, the same
first resonance (2.5 GHz) of the simple patch, described above, could be obtained [25]. In
this case, the patch was designed to have alone the first resonance frequency at 3.5 GHz.
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The patch and ground plane sizes were 28.0 mm (W), 20.0 mm (L), and 38.0 mm, 45.0 mm,
respectively. The corresponding simulation and experimental input reflection coefficient
are shown in Figure 62.
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Figure 62. Simulation and experimental amplitude of the input reflection coefficient of the simple
rectangular patch.

The difference in the simulation and experimental resonance frequencies was only
2.0% (69 MHz), and the |1S;7 | level was below —26 dB, for both curves.

5.2. DGS Uni-Cell

From initial exploratory simulations [25], it is concluded that the patch with a DGS
would present the first resonance frequency at 2.5 GHz when the DGS unit-cell alone had
the first resonance at about 2.6 GHz. Therefore, both the complementary open Matryoshka
and circular SRR configurations were designed to provide such a 2.6 GHz first-resonance
frequency. To take into account the intrinsic characteristics of the unit-cells, their analysis
was performed by considering an infinite FSS with 20 x 20 mm? unit-cells. The two
configurations are shown in Figure 63. Ansys HFSS [78] was used for the simulations.

(@) (b)

Figure 63. FSS unit-cells. (a) Complementary open Matryoshka geometry. (b) Complementary
circular SRR geometry.

The complementary open square Matryoshka configuration had dimensions of
L; = 6.8 mm and L, = 4.8 mm. For the circular complementary SRR, r; = 5.4 mm and
1, = 3.5 mm was used. In both cases, the trace and slot widths were 0.50 mm and 0.25 mm,
respectively. The simulated 1521 | results are shown in Figure 64.
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Figure 64. Simulated 1S21 1 results of the open square Matryoshka and SRR FSS configurations.

It can be concluded that, as required, both unit-cells provided the first resonance
frequency at about 2.6 GHz.

5.3. Patch with DGS
The patch’s ground plane was changed by the introduction of a DGS with an open
square Matryoshka and a circular SRR [25], as shown in Figure 65.

(a)

(b)

Figure 65. Microstrip patch with DGS. (a) Square Matryoshka geometry. (b) Circular SRR geometry.

The simulation and experimental results for the amplitude of the input reflection
coefficient, for both DGS unit-cell geometries, are shown in Figure 66.
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Figure 66. Simulation and experimental |5y | results of the patch with DGS ground plane.
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There were some differences between the simulation and experimental results. For
the first resonance frequency, the experimental result for the SRR geometry was 8.8%
(218 MHz) below the simulation one, whereas for the Matryoshka geometry, the experimen-
tal result was 6.7% (165 MHz) above the simulation. These differences were mainly caused
by the inaccuracy of the fabrication process, mostly related with the narrow (0.25 mm) slots.
However, these unwanted differences did not jeopardize the envisage proof of concept,
that is, both the DGS configurations provided a remarkable miniaturization of about 46%
(in the area of the microstrip patch).

The farfield radiation patterns of the patch with the two DGS configurations are shown
in Figures 67-69.
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Figure 67. Simulation 3D radiation pattern (gain scale) of the patch with DGS at the first resonance
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Figure 68. Simulation H-plane radiation pattern (gain scale) of the patch with DGS at the first

resonance frequency. (a) Matryoshka geometry. (b) SRR geometry.

When compared with the radiation pattern of the common patch, the main differ-
ence was the high radiation level below the ground plane. In contrast with the typical
hemispherical type of radiation pattern observed for the common microstrip patch [77],
a bi-hemispherical type of radiation pattern was caused by the DGS. This was expected,
first due to the introduction of slots in the ground plane and second because the slots were
near resonance and therefore with enhanced radiation. This type of radiation pattern may
be interesting for application where a more uniform spatial radiation power distribution
is required. For the DGS with Matryoshka geometry, the maximum gain (4.9 dBi) was
obtained in the back hemisphere (6 ~ 180°). For the DGS with SRR geometry, the direction
of maximum radiation was kept on the front hemisphere (6 ~ 0), with 4.6 dBi gain, but the
front-to-back (FBR) ratio was low (2.8 dB). The drop of about 1.4 dB in the gain was related
to the more uniform distribution of radiated power in space.
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(a) (b)

Figure 69. Simulation E-plane radiation pattern (gain scale) of the patch with DGS at the first

resonance frequency. (a) Matryoshka geometry. (b) SRR geometry.

The main radiation characteristics, obtained by simulation, are summarized in Table 16.

Table 16. Summary of the simulated radiation pattern results at the first resonance frequency.

Parameter Matryoshka SRR

Direction of maximum radiation (8) (Degree) ~180 ~0
Maximum gain (dBi) 49 4.6

Half-power beamwidth H-Plane 140 137
(Degree) E-Plane 87 86

FBR (dB) —3.2 2.8

A fair comparison of the miniaturization capability of the two DGS geometries under
analysis (open Matryoshka and circular SRR) must consider unit-cells with the same
dimension. The first resonance frequency of the microstrip patch with a DGS ground plane,
as a function of the maximal dimension (the side of the square open Matryoshka geometry
and diameter of the circular SRR), is shown in Figure 70.
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Figure 70. Simulation results for the first resonance frequency of the DGS unit-cell.

As can be observed, the open Matryoshka geometry provided much lower simulation
results for the frequency of the first resonance. Moreover, the experimental results obtained
for the two fabricated prototypes had a reasonable agreement with the simulations (a
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difference less than 9%). The average difference, for the resonance frequencies associated
with each DGS geometry, was almost 1 GHz (0.94 GHz), which corresponded to 35.4%. This
proves that the proposed open Matryoshka geometry had a much stronger miniaturization
capability than the conventional circular SRR. As verified in Sections 3 and 4, the same
conclusion was obtained for FSS [32] and filter [20] applications.

In a very recent work [28], a detailed analysis of the effects of a DGS with a Matryoshka
unit-cell in the ground plane of a microstrip patch was carried out. A complete sensitivity
analysis of the influence of the geometric parameters of the unit-cells in the antenna
performance was conducted. The main conclusions obtained in [25] were confirmed and
were supported by an extensive and systematic analysis, with simulations and experimental
validation. The emphasis was on the comparison of the miniaturization capabilities of the
open and closed complementary Matryoshka geometries. As an example, some results
obtained for an optimized configuration are reproduced below.

The two configurations of the microstrip patch with a DGS ground plane, that is, with
open and closed Matryoshka cells, are shown in Figure 71.

(@) (c)

Figure 71. Microstrip patch antenna prototypes with DGS complementary Matryoshka cells.
(a) Patch side. (b) Ground-plane side with an open Matryoshka geometry cell. (c) Ground-plane side
with a closed Matryoshka geometry cell.

The 15211 of a 50 Ohm microstrip line with a DGS with open and closed Matryoshka
square geometries (Figure 72) (L1 =7.5mm, L, =4.5 mm, w = 0.5 mm, and s = g = 0.5 mm),
as a function of frequency, is shown in Figure 73. The measurement setups used are shown
in Figure 74.

e

(a) (b)

Figure 72. Microstrip line prototypes with DGS complementary Matryoshka cells. (a) Microstrip line
side. (b) Ground-plane side with an open Matryoshka geometry cell. (¢) Ground-plane side with a
closed Matryoshka geometry cell.
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Figure 73. 15211 results for the microstrip line with a DGS with open and closed square Ma-
tryoshka cells.

Figure 74. Setups used for the experimental characterization of the microstrip patch and microstrip
line with a DGS with open and closed square Matryoshka cells.

There was a good agreement between simulation and experimental 15211 results.
Although the open and closed Matryoshka unit-cells had the same dimensions, the first
resonance of the open structure (2.40 GHz) was 47.4% below the first resonance of the closed
structure (4.57 GHz). However, the closed structure had a much wider —10 dB bandwidth
(560 MHz compared with 150 MHz). As shown in Figure 75, this reduction led also to a
reduction of the first resonance frequency of the patch with the open Matryoshka DGS.

0 S Ty
e .- vz, t = --.._‘,-.-'.:”.:-\
5 H N\ “,ﬁ' D ’ P =3
\ v \
1o ; B34/A
— 3 .l
P 15
=2 i
:‘20 ?
= ¢
D 25
-30
= Ref-Sim —Ref - Exp
-35 H +---Patch + Open Mat - Sim —Patch + Open Mat - Exp
==Patch + Closed Mat - Sim =——Patch + Closed Mat - Exp
-40 I I I T
1.0 2.0 3.0 4.0 5.0 6.0
Frequency [GHz]

Figure 75. Amplitude of the input reflection coefficient of the patch without and with the DGS
ground plane.
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The input reflection coefficient of the common patch (without DGS) is also shown for
reference in Figure 75. In this case, the microstrip patch antenna with open Matryoshka
DGS presented the first resonance frequency at 2.35 GHz, which was 28.5% below the first
resonance of the microstrip patch antenna with closed Matryoshka DGS (3.29 GHz) and
33.2% below the first resonance of the microstrip patch antenna with a solid ground plane
(3.52 GHz).

The surface current distribution, shown in Figure 76, provided physical insight into the
antenna’s radiation mechanisms. The current distribution on the common patch (without
DGS) is also shown, for reference.

Figure 76. Current distribution on the microstrip patch and ground plane at the first resonance
frequency. (a) Common patch. (b) Patch with closed Matryoshka DGS. (c) Patch with open Ma-
tryoshka DGS.

As expected, the presence of the DGS enormously changed the current distribution,
not only on the ground plane but also on the patch. This change was more effective for the
open Matryoshka geometry. The almost constant current distribution along the common
patch width was strongly perturbed by the DGS.

The 3D radiation patterns of the patch with a DGS, with closed and open Matryoshka
geometries, are shown in Figure 77. Again, the radiation pattern of the common patch
(without DGS) is also shown, for reference.
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(b) 25

Figure 77. Three-dimensional radiation pattern (gain scale) of the microstrip patch at the first
resonance frequency. (a) Common patch. (b) Patch with closed Matryoshka DGS. (c) Patch with open
Matryoshka DGS.

The maximum gains for the common patch, the patch with closed Matryoshka DGS,
and the patch with open Matryoshka DGS were 4.24 dBi, 3.55 dBi, and 2.40 dBi, respectively.
Naturally, the increase in the back radiation caused by the DGS implied a decrease in the
maximum gain, especially for the open Matryoshka DGS.

A summary of the main results obtained for the patch antenna without DGS and with
DGS with open and closed Matryoshka geometries is presented in Table 17.

Table 17. Summary of the main patch antenna characteristics.

With Open With Closed
Parameter Without DGS Matryoshka Matryoshka
DGS DGS
First resonance frequency (GHz) 3.52 2.35 3.29
—-10dB (MHz) 92 53 108
bandwidth (%) 2.6 2.3 33
Gain (dBi) 4.24 2.40 3.55

It can be concluded that both Matryoshka DGS geometries provided miniaturization,
but the open structure was much more effective. However, both Matryoshka DGS geome-
tries caused a decrease in the gain, being more pronounced for the open structure. The
open structure also provided a narrower impedance bandwidth.
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6. Examples of Application as a Sensor

If a material under test (MUT) is incorporated in a filter and the filter changes its
frequency response according to the characteristics of the MUT, this filter can be used as a
sensor [79]. Based on this idea, three practical sensors were proposed.

6.1. Alcohol Concentration Sensor

A new and simple sensor, based on a microstrip filter with an open Matryoshka
configuration, was proposed in [34]. The proposed sensor was designed, fabricated, and
successfully applied to detect the alcohol content of a liquid. Photos of the prototype
and of the measurement setup are shown in Figure 78. A small acrylic container with
internal dimensions 43.7 x 43.7 x 30.0 mm? (57.29 mL capacity) and 3.0 mm and 1.0 mm
thick side and bottom walls, respectively, was placed over the filter, centered on the
Matryoshka geometry.

Figure 78. Prototype of the alcohol concentration sensor and of the measurement setup.

The experimental results obtained for the first resonance frequency, as a function of
the alcohol concentration, for three different volumes of liquid, are shown in Figure 79.
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Figure 79. Resonance frequency for different alcohol concentrations and volumes.

For a 16 mL volume of the MUT (about 8.4 mm of liquid in the container), the response
was almost linear. It was clear that the larger the MUT volume, the better the sensitivity
(slope of the curve). Based on the design procedure described in Section 4.1, other proto-
types can be fabricated to develop sensors to be used on other frequency bands. Moreover,
other liquids can be characterized, based on calibration curves previously validated.

6.2. Sucrose Level and Water Content Sensors

In [80], a sensor based on a microstrip filter with a closed Matryoshka geometry
DGS was used to obtain the sucrose level of an aqueous solution. Based on the analysis
and design procedure described in Section 4.3, the prototype, shown in Figure 80, was
developed. It is based on configuration 1 described in Table 14.
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(b)

Figure 80. Prototype of the closed Matryoshka geometry DGS sensor. (a) Bottom view. (b) Top view
with container.

A small acrylic container with internal dimensions of 30 x 30 x 15 mm3 (13.5 mL
capacity) was placed over the filter, centered on the Matryoshka geometry. The filter is
used upside down, that is, with the DGS on the top side.

The calibration curve obtained for the determination of the sucrose level in an aqueous
solution is shown in Figure 81.
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Figure 81. Calibration curve for a sucrose level content sensor.

A similar sensor is proposed in [41] to determine the distilled water content in a
solution of isopropyl alcohol and distilled water. It is based on configuration 2 described in
Table 14. The corresponding calibration curve is reproduced in Figure 82.
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Figure 82. Calibration curve for distilled water content sensor.
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6.3. Soil Moisture Sensor

In [31,44], a new soil moisture sensor based on a filter with a Matryoshka geometry
DGS is described. The filter configuration is represented in Figure 83.
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Figure 83. Structure of the filter configuration used as a soil moisture sensor.

A closed Matryoshka geometry DGS with L = 20.0 mm, L, = 14.0 mm, w = 2.0 mm,
and g = 1.0 mm was used. Photos of the prototype and of the measurement setup are

shown in Figure 84.

(a)

(b)

Figure 84. Photos of the experimental validation process. (a) Microstrip line side view. (b) DGS side
view. (c) Measurement setup.

Two types of soil were measured: a sandy soil usually used in civil construction,
with about 98% sand, and a garden soil rich in organic substances. The corresponding
experimental results are shown in Figure 85. So far, the resonance frequency has been
used, but in this case, the frequency points where 15211 reaches the —6 dB level was used
because it is more stable [31,44].

1.00 o
0y e
o 090 \ ~
[
£ o080 \ >~
o \
> L\
> 0.70
c
3 \ \
T 0.60 A
[
2 I\ \\
% 0.50  -®-Sandy Soil \ <
© --Garden Soil MEEREREERS
0-40 T 1 T I 1
0 10 20 30 40

Water Content [%)]

50

Figure 85. Experimental resonance frequency results for sandy and garden soils.
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As the water content increased, the sandy soil absorbed less water and the sample
saturated more quickly, starting from approximately 24%. On the other hand, garden soil
absorbs more water, and the saturation point occurred at about 40%.

7. Conclusions and Perspectives of Future Developments

This paper reviewed the research activities developed on the topic of printed planar
resonator structures nested inside each other, called Matryoshka geometries. These research
activities started about 10 years ago, and most of the work has been performed at the Group
of Telecommunications and Applied Electromagnetism (GTEMA) from the Instituto Federal
da Paraiba in Joao Pessoa, Brazil. Although it is still a recent topic, much varied work has
been done to describe the different types of structures, discover and explain their properties,
obtain physical insight on the working principles, and explore potential applications.

The main characteristics of Matryoshka geometries stem from their meandered nature
and the fact that the area occupied is defined by the external ring where the other intercon-
nected rings are nested inside. These characteristics render them strong miniaturization
capability and selective multi-resonances that are highly attractive to be used in many mi-
crowave devices. The initial application as FSS was quickly extended to other applications,
such as filters, antennas, and different types of sensors.

The Matryoshka geometry was described initially, and the closed and open configura-
tion were introduced. The physical parameters that describe the geometry were defined.
The main common characteristics were analyzed, and the working principles were studied
to provide physical insight on their behavior.

The initial application of Matryoshka geometries, as FSS unit-cells, was fully examined.
Closed and open configurations were analyzed in detail, and comparison with simple rings
was provided. The sensitivity of the transmission coefficient to each of the physical parame-
ters was evaluated. To overcome the polarization dependence of simple FSS configurations,
polarization-independent Matryoshka geometry configurations were introduced and an-
alyzed. The combination of an FSS with a crossed dipole was proposed to enhance the
multi-frequency response. Complimentary configurations, where the Matryoshka geome-
tries were implemented with slots, were also analyzed. FSS unit-cells that use PIN diodes
to provide reconfigurability were proposed and studied. It was effectively verified that in
all the configurations studied, the Matryoshka-geometry-based configurations exhibited
the expected multi-resonance behavior, and a remarkable miniaturization was provided.

Microstrip filters that use both square and circular rings with the open Matryoshka
geometry were thoroughly examined. Configurations with different dimensions and
number of rings were studied. The use of open Matryoshka geometries to implement DGS
(in the ground plane) in microstrip filters was also proposed and analyzed. A combination
of an open Matryoshka DGS configuration with a dielectric disk resonator was proposed to
further enhance the miniaturization capability.

The use of DGS configurations with Matryoshka geometry in the ground plane of
microstrip patch antennas was proposed and examined in detail. It was concluded that
there was a remarkable miniaturization capability, but a decrease in gain and impedance
bandwidth was inevitably observed.

Some applications of the devices based on configurations with Matryoshka geometries
have already been envisaged and reported. Microstrip filters with open Matryoshka
geometry were used to determine the alcohol concentration present in a liquid solution.
The quality of the estimation increased as the volume of the sample increased. A microstrip
filter with closed Matryoshka geometry DGS was used in a sensor conceived to obtain
the sucrose content level and the distilled water content level of aqueous solutions. The
corresponding calibration curves were proposed. Another microstrip filter with close
Matryoshka geometry was used to obtain the percentage of moisture in soil samples. These
applications of Matryoshka-based geometry configurations in sensors are very promising
because they are simple, low cost, and potentially accurate.
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Although many configurations based on Matryoshka geometries have been proposed
and some potential applications of them as FSSs, filters, antennas, and sensors have been
explored, it is clear that much more remains to be investigated. This is natural, since it is
just a ten-year-old activity, and, therefore, many possibilities can be envisaged. Possible
topics of future work are better compression of higher order resonances; the effect of the
strip (stopband), or slot (passband) width; and, in the case of open rings, the positioning of
the gap. Some work is already being carried out, including passband filters in multilayer
structures, for which the first results should be published soon. Similarly, double-sided
FSSs are being implemented. The miniaturization and multi-resonance capabilities of the
Matryoshka geometries can be even more effective in 3D configurations, taking advantage
of the now affordable 3D printing technology. Moreover, the use of new materials, as well
as metamaterials, can offer specific characteristics that need to be explored. With adequate
supporting materials, as well as fabrication and measurement facilities, the designs and
applications, now limited to the microwave region, can be extended to the millimeter wave
and Terahertz frequency bands. Optimized Matryoshka-geometry-based DGS sensors for
many specific applications are also something that can be developed in the short term.

We would also like to highlight that the applications developed so far are conceptual
and limited to manufacturing processes available on a laboratory scale. Much more can be
done from the concepts presented. Moreover, the exploration of the mechanical and electri-
cal properties of new flexible mesh composite materials can enhance the reconfigurability
of these structures [81].

To conclude, we highlight that the investigation of the applications of Matryoshka
geometries is an open field, whose results obtained so far encourage other groups to get
involved in this research effort.
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Abstract: A 2.45 GHz high-efficiency rectifying circuit for a wireless radiofrequency (RF) energy
collection system is proposed. The RF energy collection system is composed of a transmitting antenna,
a receiving antenna, a rectifying circuit and a load. The designed receiving antenna is a kind of
dual-polarised cross-dipole antenna; its bandwidth is 2.3-2.5 GHz and gain is 7.97 dBi. The proposed
rectifying circuit adopts the technology of an output matching network, which can suppress the
high-harmonic components. When the input power at 2.45 GHz is 13 dBm and the load is 2 k), the
highest conversion efficiency of RF-DC is 74.8%, and the corresponding maximum DC output voltage
is 4.92 V. The experiment results are in good agreement with the simulation results, which shows a
good application prospect.

Keywords: energy collection; rectifying circuit; receiving antenna; high efficiency

1. Introduction

With the rapid development of wireless communication technology, Wireless-Fidelity
(WiFi), Bluetooth, the Internet of Things (IoT) and other communication technologies have
entered into most areas of people’s lives, and these mature technologies have brought a
lot of convenience to people’s lives. Currently, 5G mobile communication is being rapidly
developed and promoted, and the era of the Internet of Things is coming; and the future
6G communication is also in full swing in academic research. This means that in the 5G
and 6G era, the electromagnetic environment of people’s living space will become more
and more complex, and electromagnetic waves will be more densely distributed in all
corners. Electromagnetic waves are both carriers of information transmissions and energy
at the same time. How to effectively collect and utilize the electromagnetic waves in the
environment are effective considerations for alleviating the problem of energy shortage,
and it is also the development trend of the new institutional communication technology
for the future. Microwave energy transmission and collection technology has been a
research hotspot in recent years; short-distance wireless energy transmission technology
has been commercially applied in the fields of new energy vehicles, cell phones, laptops, etc.,
while medium- and long-distance wireless energy transmission technology has not been
popularized due to the existence of a number of unresolved technical problems. Wireless
energy transmission technology is mainly composed of four components: a microwave
transmitter, microwave transmitter antenna, microwave receiver antenna and microwave
rectifier circuit, which involve key technologies including high-efficiency DC-RF conversion
technology, a high-power transmitter antenna, a high-efficiency receiver antenna and a
high-efficiency receiver rectifier circuit.

With the rapid development of information technology, consumer electronic products
are widely used in daily life. In order to maintain the continuous and uninterrupted
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operation of these devices, a continuous energy supply must be provided. The conventional
battery power supply method has the problems of a short service life and the high cost of
battery replacement. Based on this, wireless RF energy collection technology is considered
to be a better alternative method for the energy supply [1].

A wireless RF energy collection system is the form of collecting RF energy at different
frequencies in the natural environment through a receiving antenna first, and then convert-
ing into DC energy through a rectifying circuit. As a new energy collection technology;, it
has great application value in the fields of low-power wireless sensor networks [2], biomed-
ical sensors [3,4], Internet of Things mobile terminal devices [5-7], intelligent wearable
devices [8-12], and so on. The traditional wireless RF energy collection system mainly
includes an RF signal source, transmitting antenna, receiving antenna and rectifying circuit.
The basic composition of the rectifying circuit mainly includes an input filter, a rectifying
diode, a pass-through filter and a DC load. The ratio of the DC power output of the
rectifying circuit to the received RF signal power is called the rectification efficiency or the
conversion efficiency, which is the most important index in evaluating the performance of
a wireless RF energy collection system.

In the rectifying circuit of the RF energy collection system, due to the nonlinear
characteristics of the rectifying diode, high-harmonic components are generated, which
will flow back to the antenna for radiation again, resulting in energy loss. In the traditional
rectifying circuit, the low-pass filter is used to suppress the high-harmonic components
generated by the nonlinear rectifying diode to improve the conversion efficiency of the
rectifying circuit. A broadband matching network is used in some wide input power
rectifying circuits to increase the conversion efficiency [13-15].

According to existing research results, with an input power greater than 15 dBm, a
rectification efficiency of more than 50% can be obtained only in a relatively narrow band-
width range. Once the optimal maximum input power value is exceeded, the rectification
efficiency will decrease sharply [16,17]. In the actual electromagnetic environment, the
wireless microwave signal is dynamic change. Therefore, when the power of the RF signal
is received by the receiving antenna changes, the rectification circuit should also be required
to maintain a stable conversion efficiency. In [18], a miniaturized RF energy collector for
an Internet of Things (IoT) application was proposed. Considering the insensitivity to the
ambient RF energy and the low-profile design, the proposed RF energy collector uses a
two-layer printed circuit board (PCB) substrate consisting of an orthogonally deployed
antenna with an LC balancer, impedance matching and a Dickson charge pump circuit. The
double-polarized antenna adopts the bow-typed dipole antenna. The conversion efficiency
of the rectifying circuit is up to 71.4% from any incident ambient RF signal. In [19], in
order to solve the problem of a low and non-uniform electromagnetic energy density in the
environment, a triband monopole rectifying antenna was designed. A single diode rectifier
was selected to operate efficiently over a wide range of input power levels from —10 dBm
to 5 dBm and provide a minimum conversion efficiency of 60%. In [20], a broadband
circularly polarized rectifying antenna was proposed, and a wideband rectifier with branch
coupler was designed, with a bandwidth of 1.7 to 2.6 GHz in a wide operating power and
a wide output load range. The RF-DC conversion efficiency at the ambient wireless power
level was effectively improved. In this rectifier, the peak efficiency was 69% at 12 dBm (at
1.85GHz) and 64% at 10 dBm (at 2.45 GHz).

There have been many related reports in the field of broadband high-efficiency rectifier
circuit technology; however, the difficulty between the operating bandwidth and conversion
efficiency has still not been completely solved. In [21], a single-layer coplanar waveguide
wideband rectifier circuit was described, which uses a voltage multiplier tube connected
in series with a wideband matching network, and in order to realize miniaturization,
the wideband matching consists of a series dual-inductor lumped element that finally
achieves a conversion efficiency of more than 45% in the frequency range of 0.1-2.5 GHz;
although the method obtains a wide operating bandwidth, the in-band conversion efficiency
is not high. In [22], a novel three-stage impedance matching technique was used to
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realize a compact broadband high-efficiency rectifier circuit. The technique first utilizes
a linearly tapered transmission line to achieve impedance modulation for different input
power levels, and then further uses a second-order circular impedance matching branch
to achieve the final broadband impedance matching. Ultimately, the technique achieves
a conversion efficiency higher than 50% at an input power of 10 dBm and a frequency
range of 0.97-2.55 GHz. A compact broadband high-efficiency energy harvesting rectifier
has been proposed in the literature [23]. In this structure, a high conversion efficiency
over a wide frequency range was achieved by designing a compact broadband low-loss
matching network and a direct current filter with a wide stopband. For the broadband low-
loss matching network, low loss and compact dimensions were achieved by strategically
selecting and designing three transmission line segments. The final rectifier bandwidth
obtained was 41.5% (2.0-3.05 GHz), and the RF-DC power conversion efficiency was higher
than 70% at an input power of 10 dBm; when the input power decreases to 0 dBm, the
measured efficiency stays above 45% in the range of 1.9-3.05 GHz, and at an input power
of 14 dBm, the maximum measured efficiency is 75.8%. In [24], a circularly polarized
rectifier antenna that has the advantage of high efficiency over a wide range of input
power and frequency was presented. The antenna consists of an efficient rectifier and a
broadband circularly polarized antenna. In this rectifier, the matching performance of
the circuit over a wide input power range and frequency range was greatly improved
by introducing a new broadband impedance compression technique. Simulation and
measurement results showed that the conversion efficiency reached more than 60% (up to
76%) in the input power range of 5-17 dBm and the frequency band of 1.7-2.9 GHz (mobile,
Wi-Fi, and ISM bands), which is a significant improvement in the performance of this
rectifier circuit in the two metrics of bandwidth and efficiency. In summary, although there
have been scholars trying to overcome the bottleneck between the operating bandwidth
and conversion efficiency of rectifier circuits, the existing techniques and methods have not
been able to completely solve the problem.

In order to improve the receiving efficiency and obtain a relatively high conversion
efficiency in the wide input power, a wireless RF energy collection system working at
2.45 GHz was studied and designed in this study. The receiving antenna is a kind of a
dual-polarized cross-dipole antenna. In order to facilitate the integration with the receiving
antenna and obtain a higher conversion efficiency, the proposed rectifying circuit uses the
form of diode voltage doubling and lumped elements to build the matching filter network,
so as to suppress the harmonic energy and improve the rectification efficiency. Finally, the
whole system was processed and tested. The test results show that the rectification circuit
has a good harmonic suppression effect. At the input power of 13 dBm, the maximum
conversion efficiency of the rectifier antenna reaches 74.8%, and the conversion efficiency is
larger than 40% in the input range of 0-18 dBm.

2. Rectifying Circuit Simulation and Design

Figure 1 is a schematic of the proposed wireless RF energy collection system; it mainly
includes a receiving antenna and rectifying circuit. The basic composition of the rectifying
circuit mainly includes an input matching network, rectifying diode (rectifier), output
matching network and load. The two series microstrip branches, T1 and T2, and one
parallel shorter branch, T3, constitute the H-typed input matching network. As seen, T1
is a 50 () microstrip line connected to the receiving antenna, and T2 is connected to the
ground. The input impedance can be optimized by changing the sizes of the branches.
A block capacitance C; is used to isolate the DC signal between the rectifying diode and
the input port. Meanwhile, only the high-frequency signals are allowed to pass through
the rectifying diode. Rectifying diode HSMS-286C is used in this circuit. HSMS-286C
is composed of two HSMS-2860 diodes inside the same package, which are electrically
connected in parallel. This kind of rectifying diode can achieve twice the rectification effect
compared to a single diode.
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Output Matching Network

DC Rectifier
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Figure 1. A schematic of the proposed wireless RF energy collection system.

An output matching network is used at the end of the circuit, which consists of
an output matching circuit and a bypass capacitance C,. The output matching network
consists of two series microstrip lines, T4 and T6, a parallel short-circuited microstrip line,
T5, which is connected in series with capacitor C,, and two parallelly connected open-
circuited microstrip lines, T7 and T8, at the end. By reasonably adjusting the sizes of these
microstrip lines, a better matching can be obtained at a frequency of 2.45 GHz. The optimal
value of C; is 33 pF, Cp is 22 pF, and the load R is 2000 Q).

Figure 2 shows the layout of the proposed rectifying circuit. Simulation software
ADS2021 was used to simulate the circuit model. The printed circuit board selected for the
rectifier circuit was Rogers 4350b, with a dielectric constant of 3.48, a loss angle of 0.017
and a thickness of 1.524 mm. The optimized parameters of the proposed rectifying circuit
are shown in Table 1.

DC Blocker

Input Matching Network

Output Matching Network |

Figure 2. The layout of the proposed rectifying circuit.
Table 1. Optimized parameters of the proposed rectifying circuit.
Parameter Unit Parameter Unit

L1 3 mm W1 20 mm
L2 20 mm W2 13 mm
L3 4.5 mm W3 16 mm
L4 3.7 mm W4 3.7 mm
L5 14.8 mm W5 0.8 mm
L6 30.1 mm Wé 30.7 mm

As seen in Figure 3, the simulated conversion efficiency is changed significantly with
the load. When the input power P;, is 13 dBm and the load Ry, is 1000 (2, the RF-to-DC
conversion efficiency is 30%; under the same input power of 13 dBm with a load R of
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2000 ), the RF-to-DC conversion efficiency is 74.8%. Therefore, it can be obtained that
the output DC power of the rectifying circuit mainly depends on the output voltage and
the output load, and the output load of the rectifying circuit is one of the key parameters
affecting the overall conversion efficiency. The load can be adjusted to increase and improve
the conversion efficiency within the predefined input power range.
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Figure 3. Rectifier efficiency versus input RF power P;,,.

As can be seen from Figure 4, the simulated output voltage is changed with the input
power. For a different load R, the output DC voltage is different. As can be seen, the output
DC voltage is increasing from 0.5 V to 6.3 V when the input power increases from 0 dB to
20 dB. When the input power P;, is 13 dBm and the load R is 2000 (2, the maximum output
voltage is 4.92 V.
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Figure 4. Output DC voltage versus input RF power P;,,.

In the previous rectification antenna system, the conversion efficiency is closely related
to the load and the input power, and the conversion efficiency is not the same for different
loads. As seen from Figure 5, for a low input power, such as —5 dBm, the conversion
efficiency increases nearly linearly as the input power increases. For an input power
larger than 0 dBm, the conversion efficiency increase first with the input power, and then
the conversion efficiency decreases; each input power corresponds to a load value with
a maximum conversion efficiency. The proposed rectifying circuit can maintain a high
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rectification efficiency of more than 60% over the load resistance range from 1500 Q) to
2000 Q). Figure 6 shows the output voltage under different load resistances and input
powers. As seen from Figure 6, for a low input power, such as —5 dBm, the output voltage
of the circuit changes very slightly, even though the load increases. When the input power
increases, the output voltage of the circuit increases with it. For an input power larger
than 0 dBm, the output voltage increases first with the load, and then the output voltage
decreases; each input power corresponds to a load value with a maximum output voltage.

As can be seen, the maximum output voltage occurs at 2000 (2 when the input power is
15 dBm.
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Figure 5. Conversion efficiency versus load resistance.
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Figure 6. Output DC voltage versus load resistance.

As can be seen from Figure 7, by adding the output matching network, the input
impedance can be adjusted. With the rectifying circuit with an output matching network,
the measured results show an Sq; less than —10 dB when the input power crosses from
—9.6 dBm to —21.5 dBm. With the rectifying circuit without an output matching network,
the measured Sy is less than —10 dB, using only the input power crossing from —14.8 dBm
to —22.4 dBm. It is verified that the output matching network could expand the action
operating range of the input power effectively.
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Figure 7. Measured and simulated Sy; of the rectifiers with/without an output matching network
versus input power.

3. Antenna Simulation and Design

To verify the proposed rectifying circuit, a broadband dual-polarized cross-dipole
antenna with a vertical axial radiation pattern was designed. Figure 8 shows a 3D view of
the proposed antenna. There are four identical square metal rings used as the radiators,
where two square metal rings in the diagonal direction act as a dipole antenna. The
double-linear polarization properties are obtained by orthogonally placing these two dipole
antennas. The dipole antenna is fed by coaxial cable; the inner and external conductors of
the coaxial line are connected to the two square metal rings (soldered via air bridge line),
respectively. The coaxial feeder method guides the electromagnetic energy in the horizontal
axial direction, and the maximum radiation pattern is pointed toward the vertical axial
direction. Furthermore, for the dipole antenna located above the metal reflection ground,
the vertical axial radiation is strengthened. The parameters of the proposed antenna are
as follows: H=32mm, D =80 mm, a =24 mm, b =2 mm, s = 1.4 mm, ¢; =2 mm and
¢y =2 mm.

Air bridge line

Figure 8. Cont.
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Coaxial Cables
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(b)

Figure 8. A 3D view of the proposed dual-polarized antenna. (a) Top view; (b) Side view.

Figure 9 shows the simulated and measured S-parameters of the proposed antenna; the
relative impedance bandwidth (S;; < —10 dB) covers from 2.3 to 2.9 GHz. Figure 10 shows
the 3D simulated radiation patterns of the proposed antenna. As can be seen from Figure 10,
the two polarized antenna patterns are mutually orthogonal; the proposed antenna has a
stable directional pattern, which is suitable for point-to-point wireless power transmission.
Figure 11 shows the simulated and measured 2D radiation patterns at 2.45 GHz, and
the simulation and test results are relatively similar. Figure 12 shows the simulated and
measured 2D radiation patterns of the proposed antenna; both of the polarized antennas
have a gain of about 7.97 dBi.
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Figure 9. Simulated and measured S-parameters of the proposed antenna.

y

(a) (®)

Figure 10. Simulated 3D radiation patterns of the proposed antenna. (a) Port 1 excited; (b) port 2 excited.
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Figure 11. Simulated and measured 2D radiation patterns of the proposed antenna.
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Figure 12. Simulated and measured gain of the proposed antenna.

4. Experiment Results

Figure 13 shows the fabricated rectifying antenna system and the antenna test setup in
an anechoic chamber. The antenna radiation patterns were measured using the far-field
test method The rectifying circuit was fabricated on a PCB Rogers 4350B with a dielectric
constant of 3.48 and loss tangent of 0.017. The whole size of the rectifying circuit is
110 mm x 34 mm X 1.524 mm; the circuit port is connected with an SMA connector.

The dual-polarized cross-dipole antenna was mainly made of aluminium. Two rigid
coaxial cables were used to feed the antenna, each antenna port was wired to connect a
rectifier circuit. Four plastic clips were used to fix the adjacent square metal rings to avoid
shaking. The dual-polarized cross-dipole antenna was connected by two rectifying circuits
through its two antenna ports; the two branches of the rectifying circuit are named RA1
and RA2, respectively.

The wireless RF energy collection system experiment was conducted indoors; a mea-
surement schematic and measurement setup are shown in Figure 14. The transmitting link
consisted of a signal generator and transmitting horn antenna; the receiving link consisted
of a dual-polarized cross-dipole antenna (receiving antenna), rectifying circuit and load.

Rectifying efficiency is one of the most important parameters for a rectifying circuit,
which means the ability to convert the RF energy into DC power. The rectifying efficiency
1 can be calculated using the following equations:

Pout Voutz/RL
- = Zout 7L 100% 1)
=P, b
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A 2
Py, = Pt(m) 1G, Gy )

where P,y is the DC output power, P;, is the input RF power, V,; is the output voltage,
R is the load of the rectifying circuit, u is the polarization loss factor, G; and G, are the
gains of the transmitting and receiving antennas, and A is the free space wavelength of
the operating frequency. In the actual test environment, the GIGOL DSG836A was used
as the microwave source, the transmitting antenna used the standard gain horn, and the
wireless RF energy collection system was placed in the far field of the horn antenna. The
DC voltage output by the rectifying circuit in the wireless collecting system was measured
on both ends of the resistive load (2000 ().

(b) (©

Figure 13. (a) Fabricated rectifying circuit. (b) Fabricated rectifying circuit connected with a dual-
polarized antenna. (c) Antenna measurement setup.
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Figure 14. (a) Test schematic. (b) Measurement setup.
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Figure 15 shows the simulated and measured efficiency of the rectifying circuit. In
the simulation, the maximum efficiency reached 74.8% with the output matching network,
when the input power was 13 dBm; the efficiency reached 74.9% without the output
matching network, when the input power was 14.5 dBm. In the test, the efficiency of
rectifier circuit 1 reached 68.03% with the output matching network, when the power was
13.6 dBm; the efficiency of rectifier circuit 1 reached 67.4% without the output matching
network, when the power was 14.4 dBm. The efficiency of rectifier circuit 2 reached 57.2%
with the output matching network, when the power was 14.5 dBm; the efficiency of rectifier
circuit 2 reached 56% without the output matching network, when the power was 16 dBm.
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Figure 15. Simulated and measured efficiency of the rectifying circuit.

In Table 2, the effect of the rectifier circuit designed in this study is compared with
those of rectifier circuits published in the literature. Compared with reference [9], this work
has the advantages of a higher rectifying efficiency and lower input power. Compared with
reference [10], this work has the advantages of a lower input power and smaller size. Com-
pared with reference [15], this work has the advantage of a lower input power. Compared
with reference [19], this work has the advantage of a higher rectifying efficiency. In brief, it
can be seen that the designed 2.45 GHz rectifier circuit shows a high conversion efficiency.

Table 2. Rectifier performance comparison.

Ref. Freq. (GHz) Sy (dB) I“P(‘ég;‘l’)w °CEff. (%) Rectfr‘lfl‘;‘:rfn o)

[9] 245 10 20 53.56 /

[10] 2.45 24 20 / 160 x 130

[15] 2.45 2 22 757 60 x 60

[19] 1.8/2.1/2.45 24 0 63.1 80.4 x 128.9
This work 2.45 105 13 74.8 120 x 40

5. Conclusions

A 2.45 GHz high-efficiency rectifying circuit for a wireless RF energy collection system
was proposed. The RF energy collection system is composed of a transmitting antenna, a
receiving antenna, a rectifying circuit and a load. The designed receiving antenna is a kind
of dual-polarized cross-dipole antenna; its bandwidth is 2.3-2.5 GHz and gain is 7.97 dBi.
The proposed rectifying circuit adopts the technology of an output matching network,
which can suppress the high-harmonic components. When the input power of 2.45 GHz is
13 dBm, and the load is 2000 €); the highest conversion efficiency of RF-DC is 74.8%, and
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the corresponding maximum DC output voltage is 4.92 V. The experiment results are in
good agreement with the simulation results, which shows a good application prospect.
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Abstract: A novel quasi-twisted miniaturized wideband branch line coupler (BLC) is proposed. The
design is based on bisecting the conventional microstrip line BLC transversely and folding bisected
sections on double-layered substrates with a common ground plane in between. The input and output
terminals, each with a length of Ag/4, and the pair of quarter-wavelength horizontal parallel arms are
converted into a Z-shaped meandered microstrip line in the designed structure. Conversely, the pair
of quarter-wavelength vertical arms are halved into two lines and transformed into a periodically
loaded slow-wave structure. The bisected parts of the BLC are placed on the opposite side of the
doubled-layer substrate and connected through four vias passing through the common ground
plane. This technique enabled a compact BLC size of 6.4 x 18 mm?2, which corresponds to a surface
area miniaturization by ~50% as compared to the classical BLC size of 10 x 23 mm? at 6 GHz.
Moreover, the attained relative bandwidth is 73.9% (4.6-10 GHz) for S11, S33, S21, and the phase
difference between outputs (£S21 — £541). However, if a coupling parameter (S41) of up to —7.5 dB
is considered, then the relative bandwidth reduces to 53.9% (4.6-10 GHz) for port 1 as the input.
Similarly, for port 3 as the input, the obtained bandwidth is 75.8% (4.5-10 GHz) for S33, S11, 543,
and the phase difference between outputs (£543 — £523). Likewise, this bandwidth reduces to 56%
(4.5-8 GHz) when a coupling parameter (S23) of up to —7.5 dB is considered. In contrast, the relative
bandwidth for the ordinary BLC is 41% at the same resonant frequency. The circuit is constructed on
a double-layered low-cost FR4 substrate with a relative permittivity of 4.3 and a loss tangent of 0.025.
An isolation of —13 dB was realized in both S;3 and S3; demonstrating an excellent performance.
The transmission coefficients between input/output ports Sy1, S41, Sp3, and Sy3 are between —3.1 dB
to —3.5 dB at a frequency of 6 GHz. Finally, the proposed BLC provides phase differences between
output ports of 90.5° and 94.8° at a frequency of 6 GHz when the input ports 1 and 3 are excited,
respectively. The presented design offers the potential of being utilized as a unit cell for building a
Butler matrix (BM) for sub-6 GHz 5G beamforming networks.

Keywords: branch line coupler (BLC); microstrip double-layered TL (MDL-TL); phased array antenna;
slow wave structure

1. Introduction

5G technology offers high channel capacity, a high data rate, and channel aggregation
with low latency over MIMO fading environments. On the other hand, 5G components
need to be compact to be incorporated into modern portable devices, such as smartphones
and tablets, which tend to be slim and lightweight, while also requiring high processing
capabilities [1].

Beam scanning antennas play a key role in 5G communication systems to attain the
desired outputs. The use of beamforming feeding networks (BFNs) is an essential technique
to obtain high directivity in a particular direction and improve the connection quality as well
as coverage of 5G systems [2]. The function of BFNs is to adjust the phase and amplitude of
feeding signals for phased array antenna systems [3]. The Butler matrix (BM) is one of the
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most common BFNs of 5G systems owing to distinctive features such as simplicity, lower
cost, and an easy fabrication process. In addition, the BM does not need external biasing
in its operation. Further, the BM operates as a reciprocal feeding system for transmitting
and receiving signals in phased array antenna systems. The building block of the BM is
the BLC, which can be utilized as a modulator, mixer, and phase shifter as well as its basic
function as part of a feeding network for phased array antenna systems [2]. Therefore, this
work focuses on the design of a compact BLC with an enhanced bandwidth. As illustrated
in Figure 1, a BLC consists of four transmission lines grouped into two pairs, with each
pair consisting of parallel horizontal and vertical lines. The characteristic impedance of the
horizontal lines is Z,/+/2, while for the vertical counterparts, it is Z,, where Z,, represents
the characteristic impedance of the microstrip transmission line (MSTL). Each of the four
transmission lines (TL) has a length of Ag /4, where Ag is the guided wavelength. Thereby,
the dimensions of the BLC are primarily based on the operating frequency, and thus in low
frequencies, the BLC extends over a large area of the host device board and hence leads
to an increased size [4]. Another inherent issue with a conventional BLC is the limited
bandwidth characteristics of no more than 50% that restrict their applications and require
a large multi-sections circuit to gain wideband characteristics, which in turn increase the
circuit’s area [5].

Horizontal parallel arms

Z,N2 l

Z Zy
(Input) (1) : (2)(Output)

A
4

Zy

£ | >

Vertical parallel arms

(Isolated) (3) (4) (Coupled)
Z — Z
! Zy\2 0

Figure 1. Geometry of a branch-line coupler.

On the other hand, in high-speed systems, microstrip lines find applications in trans-
mitting signal pulses rather than analog microwave signals. These systems encompass
various domains, including very high-speed computer logic (operating at GHz clock rates),
high bit-rate digital communications, high-speed samplers for oscilloscopes or time-domain
reflectometers, and radars [6]. One crucial characteristic of microstrip lines in these scenar-
ios is propagation delay, which depends on the effective dielectric constant. However, there
are situations where it becomes necessary to extend this delay. One approach to achieve
this extension in effective propagation delay is by constructing a slow-wave transmission
line. This can be accomplished, for instance, by introducing capacitive loading at intervals
along the microstrip. In such cases, the delay is influenced by these capacitances, leading
to a reduction in vp (velocity of propagation) and effectively slowing down the pulse when
the capacitance (C) is increased [6].

Many efforts have been reported that address the above limitations. For example,
the concept of coupled line unit cells was introduced in [4] to create a dual composite
right/left-handed (D-CR/LH) unit cell, which results in a design that has a miniaturized
area of ~52% of that of a conventional BLC at 1.8 GHz with a relative bandwidth of 18%.
T-shaped slots and open stubs were employed in the horizontal and vertical arms of the
BLC, resulting in a 30% bandwidth improvement and a 12.3% size reduction [5].

In another study, a double-layer board with slow-wave microstrip transmission lines
and blind vias was used to achieve a 43% size reduction compared to a conventional design

125



Micromachines 2024, 15, 142

at the same resonant frequency. However, the increased number of vias led to higher
insertion losses and design complexity [7]. A Koch fractal-shape BLC of various iterations
was suggested in [8], where the sample was designed to operate at 2.4 GHz and offered a
size reduction of ~81% in combination with a relative bandwidth of 33%.

In [9], a compact artificial transmission line was proposed for compact microwave
components. The transmission line combines resonant-type composite right/left-handed
transmission lines (CRLH TLs) with fractal geometry. Two sets of planar CRLH cell struc-
tures were provided: one based on a cascaded complementary single split ring resonator
(CCSSRR), and the other based on complementary split ring resonators (CSRRs). A dual-
band bandpass filter (BPF) and a monoband branch line coupler were designed based on
the suggested artificial line.

The effectiveness of integrating CRLH TL and fractal geometry for designing compact
broadband microwave devices was confirmed in [10]. In this study, a proposal was made
for a compact balun with improved bandwidth, utilizing a completely artificial fractal-
shaped composite right/left-handed transmission line (CRLHTL). Chip components were
employed for the left-handed contribution, and fractal microstrip lines were utilized for
the right-handed part, focusing on miniaturization. This innovative technology provided
an extra degree of flexibility in crafting compact devices and demonstrates superiority over
alternative methods.

In [11], open-ended stubs and transmission line meandering with a stepped impedance
approach was proposed with a size reduction of ~61% and 50% compared to a conventional
BLC, respectively. However, the narrow bandwidth of ~130 MHz represents a key limita-
tion. A flexible coupler using a Teslin paper substrate was reported [12]. It replaced the
conventional quarter-wavelength transmission lines with a collective of shunt open-stubs,
series transmission lines, and meandered lines, resulting in a compact design with a surface
area of 0.04 )Lé and a 68% fractional bandwidth. Using a dual microstrip transmission line,
the BLC size was reduced by 32% with a fractional bandwidth of 60% [13]. However, this
approach had poor return losses over the operating bandwidth. To improve matching,
T-shaped transmission lines were used, reducing fractional bandwidth and size to 50% and
44%, respectively. A compact BLC class introduced a prototype using open-circuited stubs
to replace traditional quarter-wavelength transmission lines [14], resulting in a ~55.6%
size reduction and achieving 11% and 50% fractional bandwidths for narrowband and
wideband modes of operation, respectively.

In [15], a new configuration, BLC, is presented. The design applies two types of
trapezoid-shaped resonators on the arms of the BLC to configure a wideband branch-line
coupler. The proposed design achieved a size reduction of 79% compared to conventional
couplers. In addition, it offers a fractional bandwidth of 22.2%. Ref. [16] used artificial
transmission lines (ATL) for miniaturization. They replaced conventional transmission
lines with right-handed transmission lines (RHTL) and constructed the branch-line coupler
sides using cascaded T-Net RHTLs instead of quarter-wavelength transmission lines. This
design achieved a 50% size reduction compared to the conventional BLC and a 33.3%
fractional bandwidth (2.0-2.8 GHz). A simple method was used to improve bandwidth
in [17]. By adding a single transmission line element to a conventional coupler, they
increased bandwidth by approximately 25%. However, the proposed structure is larger at
25.7 x 22.8 mm? compared to the conventional coupler’s 21.5 x 20.7 mm?.

Triangular and trapezoidal resonators were added to the coupler for miniaturization
and harmonic suppression [18]. The design achieved an 84% size reduction and wide
harmonic suppression. However, it has a complex structure with a low-frequency band
around 200 MHz, representing a 26% fractional bandwidth (FBW). A bandpass filter
operating in three frequency bands utilized a dual-layer structure with distinct dielectric
constants, as described in [19]. The dual-layer design was employed to diminish the
overall size and enhance the isolation between the passbands. Consequently, the suggested
configuration offers benefits such as a nearly 50% reduction in physical size and the
alleviation of design constraints by utilizing the two substrates within a unified structure.
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The majority of the aforementioned prototypes were based on composite right/left-
handed structures to create branch lines, which might result in unfavorable characteristics
that are associated with miniaturization such as shallow return losses for input ports, poorly
isolated ports, and narrow bandwidths in some cases [3,4,6,8]. In addition, the structures
of right/left-handed transmission lines probably increase the structure’s complexity, which
results in a challenging practical realization despite the overall size reduction.

In this study, a quasi-twisted shape branch line coupler is proposed, which is the
longitudinal bisection of a conventional BLC into two sections and twisting each over the
other. The structure is designed based on the microstrip double-layered TL (MDL-TL).
The input/output transmission lines and horizontal arms of the BLC are built based on a
Z-shape meandered section with round blend edges, while the Ag/4 vertical arms of the
BLC are adopted for the slow wave structure. The MDL-TLs are placed on two layers
and connected using four conductive vias. A common ground plane is placed between
the layers of the MDL-TLs, which incorporate circular slots around the vias to avoid
shorting them to the common ground plane. The described configuration reduced the size
of the conventional BLC by 49.9% and improved the relative bandwidth to 75.8%. The
novel design is modelled and simulated using a computer simulation technology (CST)
microwave studio and then fabricated and tested on a low-cost FR-4 substrate material
demonstrating promising S-parameter results.

This paper is organized as follows: Section 2 explains the theoretical analysis and
design procedures of developing a wideband MDL-TL and compares the achieved per-
formance with that of a conventional microstrip line; Section 3 presents the analysis and
design of a branch line coupler based on MDL-TL; finally, Section 4 presents the simulated
and measured results demonstrating the novel BLC performance.

2. Theory
2.1. Selection of the Classical Microstrip Line Dimensions

The microstrip transmission line (MSTL) represents the building block of any passive
and active microwave device due to a number of advantages, such as the easy fabrication
process as well as the availability of numerous miniaturization approaches [20].

The width (W) of a microstrip line, situated on a thin grounded dielectric substrate
with a height (/) and a dielectric constant (e/), can be calculated for a specific characteristic
impedance (Zg) as described in [20].

The microstrip physical length, I, that is required to generate a phase shift (delay) of 0
can be determined as [20]:

0 = Bl = Vo kol )

where f and c are the frequency and speed of light, respectively, and k, = @, ge is the

effective dielectric constant, which is in the range of 1 < &, < &,.

2.2. The Impact of Right-Angled Bend on the Performance of the Microstrip Line

Complex microwave circuits usually comprise bend microstrip transmission lines,
and quite often the width of the line does not change across the bend. Figure 2 illustrates a
right-angled bend MSTL with its equivalent circuit. The bend MSTL generates capacitance,
Cpend, and inductance, Ly, which result in the gathering of additional charge at the line
corner in particular at the outer edge of the bend area, whereas inductance arises due to
the disruption of current flow [6]. Closed formulas for the capacitance and inductance of
the bend are determined in [6].
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(a)

(b) (o)

Figure 2. (a) Part of bend microstrip line, (b) Equivalent circuit, (c) Chamfered right-angled bend
microstrip line.

Generally, performance and bandwidth enhancement of a microstrip line-based circuit
is realized by compensating bend discontinuities. This is usually implemented by chamfer-
ing or rounding the corners, which leads to the minimizing of reactance. The percentage
chamfer, M, is given by (x/d) x 100%, where x/d is chamfered to bend at a diagonal ratio at
the bending corner as in Figure 2c and can be determined using [6]:

M = 52 + 65¢(~135W/1) )

which is valid for W/k > 0.25 and ¢, < 25.

In this work, the MDL-TL is used as a unit cell to build the BLC. This line is bent over a
horizontal xy plane and vertical xz or yz planes when folded around double-layer substrates.
The normal even-and odd-mode theory can be used to analyze the port parameters of a
pair of quasi-twisted MDL-TLs.

The schematics of the meandered Z-shaped MSTL in even and odd modes are demon-
strated in Figure 3a,b. The Cyx and Cyy are the coupling capacitances in the x and y
directions, respectively, factor 2 arises due to double-layered structure around the common
ground plane, and Gy, is much stronger than Cyy. Therefore, it can be neglected [21].
The difference in the characteristic impedance between the even and odd modes can be
negligible since the coupling between top and bottom MSTL is very small, and they are
given as in [21]:

Zoe = 2o %, Zoo = 2o L_r—g ®)
where C is the coupling factor.
Port | Port 2
S S
Port 3 Port 4

Port 2

Port 4

(b)
Figure 3. Double-layered MSTL equivalent model: (a) even mode; (b) odd mode.
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2.3. Study of the Performance of the MDL-TL

This section aims to assess the effectiveness of the MDL-TL structure compared to a
conventional microstrip transmission line by examining its S-parameters and comparing
them with conventional ones. In order to create an MDL-TL structure from a conventional
MSTL, four stages of modification are undertaken and can be observed in Figure 4. These
stages include the one-layered conventional MSTL, the one-layered meandered MSTL
without and with chamfering, and the double-layered with chamfering (MDL-TL). The
effect of meandering of the structure and varying the line length over the xy plane and
x-z plane was conducted on an FR-4 substrate with a dielectric permittivity of 4.4, a loss
tangent of 0.025, and a substrate thickness of 0.8 mm at 6 GHz. This investigation includes
a comparison of the key parameters of the four-line configurations: the reflection coefficient
(511), transmission coefficient (Sp1), and phase of Sp; (or output phase).

13.8 mm

@ [ conventional MSTL

8.76 mm 8.76 mm

Meandered Z-shape MSTL
(b)

Chamfered meandered Z-
shape MSTL

Ground Plane 5. 18 mm

() Via

MDL-TL with Gound
Plane

X

Figure 4. Various MSTL configurations: (a) single-layer straight MSTL; (b) single-layer meandered
MSTL; (c) double-layer meandered MSTL.

In this study, a specific section of a Ag/2 length transmission line at 6 GHz, which
corresponds to a physical length of 13.8 mm, was chosen. The width of the line was set
at 1.52 mm to maintain a characteristic impedance of 50 (). The transmission line was
transformed into a meandered Z-shape and then into an MDL-TL configuration using vias
with diameters equal to the width of the microstrip line. The meandered Z-shape had a
length of 8.76 mm, while the MDL-TL configuration had a length of 5.18 mm, as illustrated
in Figure 4.

Figure 5a demonstrates the reflection coefficient, S11, of the four types of lines, where
it can be noted how meandering the line without applying the chamfering technique
deteriorates the impedance matching at the input ports by increasing S;1 from —30 dB to
—18 dB at a target frequency of 6 GHz. This is attributed to the emergence or occurrence of
bending parameters like C p,,5 and L p,,4, as explained earlier. However, it is also clear from
Figure 5a how chamfering the corners provides discontinuity substitution and improves
the matching again by reducing S;;1 to ~—38 dB. It can also be noticed that the S;; of the
MDL-TL is as well matched as the conventional MSTL at 6 GHz. Moreover, the proposed
MDL-TL structure offers as good matching as a conventional line as it has an almost equal
and lower Sq; than a conventional line, especially at a target frequency of around 6 GHz.
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Figure 5. Performance of different MSTL configurations: (a) S11 (b) S12; (c) phase of S12 (out-
put phase).

Figure 5b demonstrates the transmission coefficients of all line configurations, where
it can be noted that adjusting the MSTL with the meandering, chamfering, etc. of a one-
layered MSTL does not have much of an effect on the transmission coefficient since Sy; is
within —0.45 dB to —0.55 dB at 6 GHz. Furthermore, the Sy; of the double-layered MSTL
is higher by about 0.075 dB in the frequency range of 6 GHz to 7 GHz, which confirms
a good performance compared to a conventional MSTL. On the other hand, the output
phases of all configurations have approximately the same phase delay of 180° since the
MSTL is modeled with an electrical length of A;/2 at 6 GHz, as presented in Figure 5c.
It should be noted that the same results were obtained when port 2 is considered as the
input port, and they have been omitted for brevity. The achieved results confirm that
the proposed configuration can be utilized as a unit cell for compact-size structures with
improved performance.

3. Design of Branch Line Coupler
3.1. Conventional Branch Line Coupler

Figure 6 shows a 10 mm x 23 mm conventional BLC designed at 6 GHz on an FR4
substrate with a thickness of 0.8 mm and dielectric constant (e,) of 4.4 with a loss tangent
of 0.025, which are the same substrate specifications as the proposed BLC for an effective
comparison. The 50 Q) microstrip line sections for ports 1, 2, 3, and 4 are designed with
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a width of 1.52 mm, and the )\g/ 4 sections of the coupler with an impedance of Z/ V2
(35.35 1) are of a microstrip line with a width of 2.62 mm, as shown in Figure 6.

Figure 6. Structure of the conventional branch coupler operating at 6 GHz.

Figure 7 shows the simulated scattering parameters for the conventional branch
line coupler operating at 6 GHz. The input reflection coefficient (S11) and the isolation
coefficient between input ports, S31, are presented in Figure 7a, demonstrating a —30 dB
excellent match for the conventional BLC at the frequency of interest, 6 GHz, alongside a
relative impedance bandwidth of 42.2% (5.214-8 GHz), in addition to a perfect isolation
of —50 dB. On the other hand, Figure 7b illustrates the transmission coefficient (Sy1) and
coupling coefficient (S41), where it can be seen that the power is divided equally between
the output ports (2 and 4) at 6.18 GHz with a value of —3.8 dB. However, the delivered
power declines in both output ports (2, and 4) as the frequency increases, reaching —5.6 dB
at the transmission port (port 2) and —6.38 dB at the coupled port (port 4), as shown
in Figure 7b.

| | e
T===xN\_ [ === "
| N \ |
N | |
[ R Wy A S .
\ /) | | & )
‘ / | | 3 E_
|
[T |
____L___*___L___L——— 40
\ \ | |
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J J' | - - S31(dB) o
4 5 6 7 8 9
Frequency (GHz) Frequency (GHz)
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Figure 7. Scattering parameters of conventional BLC: (a) reflection coefficient (S11) and isolation
coefficient (S31); (b) transmission coefficient (Sy1) and coupling coefficient (Sy1).

3.2. Proposed Quasi-Twisted Branch Line Coupler Structure

A branch line coupler incorporating an MDL-TL topology was designed on a double-
layered 0.8-mm FR-4 substrate, as shown in Figure 8. The horizontal Ag/4 dimensions
and input/output ports” ends of the conventional branch line coupler of Figure 1 were
transformed to an MDL-TL-based Z-shape, while the vertical A;/4 dimensions were con-
verted to a periodically loaded open-stub configuration (slow wave structure) to achieve a
compactness in the structure. Figure 8a presents a perspective of the proposed design. The
preliminary dimensions of the suggested BLC were selected based on design equations
of [20] for the conventional MSTL's width and length, respectively. These dimensions
were then slightly optimized using CST. The bending of the meandered Z-shape of the
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MDL-TL generates a certain reactive component that negatively affects the transmission
line performance, such as reflection and transmission coefficients. Therefore, to compensate
for this reactance, a 1.5 mm radius round-chamfering was implemented at the bending of
the MDL-TL. A summary of the designed BLC specifications is presented in Table 1. The
proposed branch line coupler configuration has a quasi-twisted structure as illustrated
in Figure 8b.
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Figure 8. Proposed quasi-twisted branch line coupler: (a) perspective view; (b) frame mode view;
(c) LC equivalent circuit.
Table 1. The design specifications of the suggested BLC.
. . Dimension .. . Dimension
Description Notation Description Notation

(Ag at 6 GHz) (Ag at 6 GHz)

Lengths of input arm (P;)

and Isolated arm (P3) Ly 0.33 Coupled arm (P4) length Lc 0.359
All ports” width Wi 0.054 Via radius V& 0.027
Horizontal arm (port) length Ly 0.311 Substrates’ thickness H,&H» 0.0286
Horizontal arm (port) Width Wy 0.086 Substrates” Length Ls 0.645
Output arm (P;) length Lo 0.305 Substrates” Width Ws 0.304
Horizontal arm (port) Width Wy 0.086 Open-circuited stub length Lst 0.022
Open-circuited stub width Wsr 0.0134 Actual circuit area Le x W, 0.359 x 0.23

The approximate equivalent LC circuit of the proposed coupler is drawn as shown
in Figure 8c. The circle was drawn for the proposed design based on mapping several
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equivalent circles to various components. These include the equivalent circle for the radial
bend, representing the meandered transmission part [6,19], the equivalent circuit for the
upper and lower slow-wave structures [6] as well as the equivalent circuit for four vias [22].
The complete equivalent circuit connects all the equivalent circuits together for the two
layers of the proposed model.

In the Figure 8c circuit, Ly, Cj, L1y, Crn, Lio, Cio, and L¢, Cc represent the inductances
and capacitances of the equivalent circuit of the input through isolated and coupled ends,
respectively. Meanwhile, Lgw to Lsws and Csy; to Csyys represent the equivalent circuit
inductances and capacitances of the five sections of the slow wave structures on both the
upper and lower substrates, respectively. Finally, Ly1, Cv1, Lvz, Cya2, Lys, Cys, Lys, and
Cya represent the equivalent circuit inductances and capacitances of the four vias of the
proposed design.

The proposed design concept is inspired by twisted cable shapes, aiming to substan-
tially reduce the blank space occupied by traditional BLC circuitry. This was accomplished
by dividing the conventional BLC horizontally and interweaving the upper and lower
segments in a twisted fashion, utilizing a Z-shaped meandering technique with traditional
MSTL components. The design procedure of the suggested BLC in Figure 8 involves two
key steps as follows.

Step 1: As shown in Figure 8, the characteristic impedance of the input, output,
coupled, and isolated ports was selected to be Zy = 50 Q). Also, using the equation in [20]
the relevant lines’” Ag /4 MSTL (the four input/output ports), shown in Figure 8, are designed
with a width of 1.53 mm. On the other hand, the width of the horizontal characteristic’s
impedance of Z1 = Zy/+/2, is calculated as 2.63 mm and further optimized to 2.42 mm
to realize the optimal s-parameter’s performance. The vertical Ag/4 length arms with an
impedance of Z; = Z are designed to occupy an optimal small area. The internal and
external corners of all the Z-shaped sections are round-chamfered with a radius of 1.5 mm
to improve the reflection and transmission coefficients, as described in Section 2. All inputs
and outputs ending with a length of Ag/4 are converted to a meandered Z-shape. This
is undertaken to eliminate the blank space occupied by these ends and achieve the most
compact BLC possible. The length, L,, of the output port (P,) is less than Ag /4, which in
turn is shorter than the L length of the coupled port (P,), as shown in Figure 8b. These
modifications in the lengths are necessary to tune the differences between the output ports’
phases to ~90°. The proposed structure, demonstrated in Figure 8, provides a novel BLC
configuration, which is significantly miniaturized by ~50% as compared to a conventional
BLC operating in the same frequency of 6 GHz.

Step 2: The idea behind a slow wave structure involves the incorporation of shunt
capacitors at regular intervals along the length of the transmission line, as illustrated in
Figure 9a,b [23]. This technique results in decreasing both the characteristic impedance and
phase velocity, as can also be modelled from Equations (7) and (8) below [23].

L
ZO_Loaded = C 4)
c+%
1
foLoaded = 7(: 5)
L(c+%)

where C, represents the periodically added capacitor at a distance, d, along the transmission
line. Zy joadeq and Zy denote the characteristic impedance of the loaded and unloaded lines,
respectively. On the other hand, reducing the phase velocity facilitates the achievement of
an effectively longer electrical length by utilizing a physically shorter length.

133



Micromachines 2024, 15, 142

a2 df2

(a) (b)
Wy
\ Lt /’/
yln
./
(o)

Figure 9. (a) A single periodic section circuit diagram of periodically loaded transmission line;
(b) schematic diagram of periodically loaded line with open stub used as loaded capacitance; and
(c) the proposed slow wave structure.

In the proposed design, a periodically loaded slow wave structure, as shown in
Figure 9¢, is adopted to design a compact Ag/4 line with an enhanced bandwidth to accom-
modate the space limitation introduced due to the folding of the BLC halves and the use of
a double-layered Z-shaped meandering technique to realize compactness. Additionally, to
obtain a line with a specific characteristic impedance, the loading section (W) should pos-
sess a higher characteristic impedance, such that its characteristic impedance is decreased
to the desired characteristic impedance, usually of 50 () impedance, after loading.

The relation between the physical length, I, and the electric length, I, of the periodi-
cally loaded stub TL is given as [23]:

wo
le=1| —— 6
‘ i (Vp—Load6d> ©

The added capacitance Cp, in terms of the known parameters of the loaded and
unloaded TL, is given as [24]:

_ ¢ Zg_ B Zleoadeal
= Ny \ 222 @
0 04o0_loaded
where wy is the angular frequency, and N is an integer that refers to the stub section’s number.

On the other hand, open stubs with a length of multiples of a quarter wavelength
were added in parallel to one pair of branch-line coupler sides, operating as a parallel stub
transformer as reported in [25]. Therefore, the characteristic impedance of the added stubs
attenuates the maxima in return loss characteristics (511) when the frequency deviates,
which, in turn, broadens the bandwidth.

In the proposed configuration, shown in Figure 8, the slow wave structure is ac-
complished by inserting alternate slots around the conventionally straight MSTL with
respective length and width of 2.62 mm and 1.52 mm, which creates rectangular stubs
around both sides of the line as shown in Figure 9c. To create rectangular stubs around
the MSTL, slots were placed in an alternate configuration, resulting in stub dimensions of
Wet X Lgt = 0.234 mm?2 on both sides of the line as depicted in Figure 9c. The addition of
these slots transforms the 50 () MSTL to a narrow MSTL with a width of W, = 0.271 mm
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that provides a characteristic impedance of 105.9 ), which compensates for the shunt
impedances of the periodic stubs and results in an overall characteristic impedance that is
close to 50 Q).

4. Fabrication and Measurements

The proposed novel miniaturized BLC, shown in Figure 10, was fabricated on an FR4
substrate with a dielectric constant of 4.4 and a thickness of 0.8 mm, where a thin ground
plane of 70 um thickness was inserted between the two FR4 substrates, forming a sandwich-
like structure. Both substrates were truncated at their corners using cross-sectional areas
of 2 x 5 mm? each to expose the ground plane and enable the SMA connector to be easily
connected, as illustrated in Figure 10b.

(d)

Figure 10. (a) BLC prototype, (b) BLC prototype with SMA connectors, (c) measurement setup

system, and (d) termination of un-fed ports.

The fabricated novel BLC was measured using an HP 8720B vector network analyzer
(VNA) from Test Equipment Center, Inc., Gainesville, FL, USA, as shown in Figure 10c. The
reflection coefficient and isolation coefficient between input ports 1 and 3 as well as the
transmission and coupling coefficients were measured by connecting the relevant ports to
the VNA, while the remaining ports were terminated by a 50 (2 load to prevent additional
mismatching and increase the measurements’ reliability, as illustrated in Figure 10d.

As per the design specifications of the proposed BLC, the required phase difference
between the output signals is 90°. This phase difference can be verified by measuring the
phases of the transmission coefficients, Sy; and S43, and coupling coefficients, S41 and Sy3,
at the output ports 2 and 4. Once these measurements are carried out, the phase difference
can be determined as follows:

B {4521 — /Sy for input from port 1

£S43 — £Sp3  for input from port 3 ®
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The performance of the proposed BLC is evaluated by observing the four-port S-
parameters’ magnitudes and phase differences as shown in Figure 11. The four principal
scattering parameters considered in the analysis are as follows: the reflection coefficient
(RC) Sq1, transmission coefficient (TC) Sy, isolation coefficient (IC) S3;, and coupling
coefficient (CC) S41, when port 1 is excited as the input port. On the other hand, when port
3 is excited, the required scattering parameters, S13, Sp3, S33, and Sy3, are considered. Ports
1 and 3 were chosen as they are located on opposite sides of the coupler and are designated
as input ports. In addition, from Figure 11a, it is evident that a good agreement was
accomplished between the simulated and measured reflection coefficients. For example, the
measured —10 dB S1; bandwidth extends from 4.6 GHz to 10 GHz, which corresponds to a
relative bandwidth of 73.9% compared to a typical bandwidth of ~40% from an identical
traditional branch line coupler. As a result, the proposed configuration offers a substantial
bandwidth enhancement.
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— — — S11:Mea5ured

$11 (dB)
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=20 == 521_Measured
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Figure 11. Four-port S-parameters for the proposed BLC when port 1 is excited: (a) S11, (b) S21 and
541 (c) S31, and (d) phase of S21 and S41.

The transmission and coupling coefficients, Sy; and S41, respectively, are presented
in Figure 11b with good agreement between measurements and simulations. From these
results, it can be observed that both the transmission and coupling coefficients are —3.9 dB
at the desired frequency of 6 GHz, which is close to the ideal value of —3 dB. Notably,
S;1 remains higher than —3.5 dB for the entire operating band ranging from 5.8 GHz
to 10 GHz. However, the coupling coefficient, Sy, gradually degrades with increasing
frequency, possibly due to vias and substrate losses since the input port and coupled ports
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are located on opposite sides of different substrates. Despite this degradation, the power
delivered to port 4 remains greater than —7.5 dB up to a frequency of 8 GHz.

Furthermore, the isolation coefficient between the input ports, S3;, as shown in
Figure 11c demonstrates a magnitude of less than —13 dB throughout the operating band,
signifying a good isolation between the input ports. This ensures that the proposed BLC
meets the necessary design specifications for optimal performance.

Finally, Figure 11d presents the difference between the phases at the output ports 2
and 4 for input excitations from port 1. A 90° phase difference is required between the
output signals. At a design frequency of 6 GHz, the phase difference between the output
ports for inputs from port 1 is (£Sy; — £S41 = 90.50°), which satisfies the required phase
difference for typical BLC design specifications. In addition, the phase difference error
(PDE) is 0.5° for the designed frequency of 6 GHz, which is marginal.

Figure 12 presents the proposed BLC performance when port 3 is excited. From
Figure 12a, it is evident that the —10 dB S33 bandwidth extends from 4.5 GHz to 10 GHz,
which corresponds to a relative bandwidth of 75.8% compared to ~40% for the traditional
branch line coupler based on the same design specifications and operating frequency of
6 GHz. It should be noted that a marginal difference of 1.9% occurs between the reflection
coefficients’ bandwidths of 511 and S33. The transmission coefficient, Sy3, and the coupling
coefficient, S43, for port 3 excitations are illustrated in Figure 12b. At the target band, i.e.,
at 6 GHz, the transmission and the coupling coefficients of the proposed BLC design are
—3.9 dB, which is close to the ideal value of —3 dB. Notably, the transmission coefficient,
S43, remain higher than —3.5 dB for the entire operating band ranging from 5.8 GHz to
10 GHz, and this behavior is consistent throughout this wide operating frequency range.
However, the coupling coefficient, S>3, gradually degrades with increasing frequency, and
this is due to the use of vias as well as losses inherited from the lossy FR4 substrates,
as the input port and coupled ports are located on opposite sides of different substrates.
Despite this degradation, the power delivered to port 4 remains greater than —7.5 dB up to
a frequency of 8 GHz. In Figure 12¢, the isolation coefficient between input ports, Sy3, is
depicted. It is evident that S;3 remains less than —14 dB throughout the operating band. It
can be concluded that the proposed miniaturized BLC has excellent performance in terms
of scattering parameters (S-parameters) compared to a traditional BLC design. Additionally,
based on the obtained results, it can also be confirmed that the ports are reciprocal and
have the same S-parameters characteristics for all ports. This consolidates the principle that
the proposed miniaturized BLC can be used as a unit cell for constructing a Butler matrix,
which in turn has potential use in the development of phased array antenna systems.

Figure 12d illustrates the phase difference between output ports 2 and 4 for input
excitations from port 3. At a frequency of 6 GHz, the phase difference between output ports
for input from port 3 (£S43 — £Sp3 = 94.8°) meets the requirements of a BLC coupler for
good performance. However, a slight discrepancy between the simulated and measured
phases is observed for input port 3. This difference may be attributed to fabrication
tolerance and the lump solder for SMA feeders. Nevertheless, the phase difference error
(PDE) at a design frequency of 6 GHz is 4.8° for input port 3 excitation.

Table 2 provides a comparison between the performance of the proposed BLC and
those of previously published BLC designs. Most of the designs presented in Table 2 were
focused on either improving the bandwidth or reducing the size of the BLC. The proposed
work, however, achieves both bandwidth enhancement and size reduction, which is crucial
for the design of a 5G system. Furthermore, when compared to the literature, the proposed
miniaturized wide band BLC offers other advantages such as design simplicity, ease of
fabrication, smaller phase difference errors, and equal power distribution among output
ports at a design frequency of 6 GHz.
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Figure 12. Performance of the proposed BLC when port 3 is excited: (a) S33, (b) 543 and S23 (c) 513,
and (d) phase of 523 and 543.
Table 2. Comparison of proposed BLC performance with respect to published designs available in
the literature.
Operating .
Relative . 2 PDE Error
Ref. Frequency Bandwidth (%) Size (Ag) S11 (dB) S»1 (dB) S41 (dB) S31 (dB) (Deg)
(GHz)
[4] 35 30.22 0.27 x 0.16 —27.47 —4.4 -3.1 —26.2 3.54
[5] 2.36 31.77 0.25 x 0.29 —255 -29 —-3.2 —27.5 1
[7] 1.77 7.2 0.62 x 0.62 —-35.9 -3.1 -3 -379 -
[8] 0.9 67.7 0.2 x 0.2 —19.89 —3.69 —3.67 —-17.5 -
[9] 3 50.4 0.45 x 0.25 -21 —0.95 —10.5 -29 +10
[1] 3.5 40.2 0.55 x 0.65 —12 -3.19 —2.8 —15.2 -2
[11] 0.95 222 0.17 x 0.08 -30 2.3 —-3.2 29 -
[12] 24 33.3 0.2 x 0.35 -20 12.5 —2.5 -20 +13
[13] 2 13 (511 < —20) 0.3 x 0.3 -30 —-3.5 -3.5 -27 +5
This Work 6 75.8 0.3 x 0.74 —14 -3.17 -3.17 —18.9 0.5
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5. Conclusions

A novel quasi-twisted miniaturized wideband branch line coupler was introduced,
which employs a Z-shaped meandered microstrip line with a slow wave structure on a
double-layer substrate. The performance of the proposed design was evaluated, demon-
strating agreement between the simulation and measurements and showing advantages
over conventional microstrip branch line couplers in terms of size reduction and
band improvement.

The novel quasi-twisted miniaturized wideband branch line coupler operates within
the frequency band of 4.5 GHz to 10 GHz, offering a high relative bandwidth of up to 75.8%
and reducing the size by 49.9% compared to conventional branch line couplers with a
general bandwidth of 42.2%. A comparison between the proposed branch line coupler and
the conventional design indicates that the former exhibits favorable scattering parameter
specifications. Furthermore, the obtained results suggest that the ports of the branch line
coupler demonstrate reciprocity, benefiting from consistent S-parameter characteristics
across all ports. As a result, the proposed branch line coupler holds the potential to be
integrated into a compact and wideband Butler matrix for future deployment in phased
antenna array systems for potential use in 5G applications.
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Abstract: The increasing prevalence of the Internet of Things (IoT) as the primary networking
infrastructure in a future society, driven by a strong focus on sustainability and data, is noteworthy.
A significant concern associated with the widespread use of Internet of Things (IoT) devices is the
insufficient availability of viable strategies for effectively sustaining their power supply and ensuring
their uninterrupted functionality. The ability of RF energy-harvesting systems to externally replenish
batteries serves as a primary driver for the development of these technologies. To effectively mitigate
concerns related to wireless technology, it is imperative to adhere strictly to the mandated limitations
on electromagnetic field emissions. A TA broadband polarization-reconfigurable Y-shaped monopole
antenna that is improved with a SADEA-tuned smart metasurface is one technique that has been
proposed in order to accomplish this goal. A Y-shaped printed monopole antenna is first taken into
consideration. To comprehend the process of polarization reconfigurability transitioning from linear
to circular polarization (CP), a BAR 50-02 V RF PIN Diode is employed to shorten one of the parasitic
conducting strips to the ground plane. A SADEA-driven metasurface, which utilizes the artificial
intelligence-driven surrogate model-assisted differential evolution for antenna synthesis, is devised
and positioned beneath the radiator to optimize performance trade-offs while increasing the antenna’s
gain and bandwidth. The ultimate prototype achieves the following: an impedance bandwidth of
2.58 GHz (3.27-5.85 GHz, 48.45%); an axial bandwidth of 1.25 GHz (4.19-5.44 GHz, 25.96%); a peak
gain exceeding 8.45 dBic; and when a highly efficient rectifier is integrated, the maximum RF-DC
conversion efficiency of 73.82% and DC output of 5.44 V are obtained. Based on the results mentioned
earlier, it is considered appropriate to supply power to intelligent sensors and reduce reliance on
batteries via RF energy-harvesting mechanisms implemented in hybrid wireless applications.

Keywords: monopole antenna;polarization; artificial intelligence (Al); SADEA; intelligent metasurfaces;
IoT applications; RF energy harvesting; smart sensors

1. Introduction

Recent years have seen a surge in the popularity of low-power embedded devices and
sensors for consumer and industrial needs based on the Internet of Things (IoT), prompting
researchers to focus on developing alternatives to the battery-based power supplies [1].
It unleashed the potential of ambient RF energy harvesting [2], which makes use of the
electromagnetic spectrum, an interesting prospect from the perspective of the device, since
it has the ability to reduce the cost with a limited need for routine maintenance. It concerns
how RF energies are used in real-time scenarios. Since RF energy harvesting requires a
connection to and interaction with ambient electromagnetic waves [2], RF front-ends are
considered a necessary part of the process. Evaluating the performance of the components
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based on their circular polarization (CP) characteristics allows for improved signal matching
to be accomplished [3,4]. First and foremost, it must be ensured that incoming signals from
LTE, ISM, WLAN, Wi-MAX, and 5G, are correctly received regardless of the antenna’s
direction. Thus, the front-end you choose is quite crucial [5,6]. Hence, we settled on the
printed monopole antenna (PMAs) due to its small size, ease of analysis, good radiation
efficiency, satisfactory radiation pattern, and sensitivity in the time domain.

Antenna technology has undergone rapid development in recent years. When design-
ing effective antennas, the phenomenon of metamaterials was proposed [7], by taking into
account the viewpoints of contemporary applications. It refers to something that is beyond
the unusual electromagnetic (EM) properties that can be modified to take on new forms,
i.e., an artificially driven engineered metasurface. In general, no material on this earth is
thought to exhibit negative permeability. Every natural substance on the earth has positive
permittivity, permeability, refractive index, etc. However, there is evidence of unusual
negative qualities that manipulate waves and enhance the performance of antennas [8]. The
evolution of the communication system has been facilitated by the emergence of several ap-
plication areas due to such materials, particularly in the case of antennas [8]. As evidenced
in the literature of more recent times, high-gain antennas [9] are frequently regarded as
critical parts of wireless communication networks. Its importance comes from the fact
that they increase signal strength, which they accomplish by minimizing interference and
free space path loss (FSPL). So, the antenna performance evaluations often focus heavily
on CP antenna gain. The gain has been enhanced in this article using MS approaches
[9]. However, improving impedance bandwidth and CP characteristics (CP bandwidth,
CP gain, and antenna efficiency) has not been investigated w.r.t. performance trade-offs
[10-31]. That is why prospective applications call for a single antenna element with certain
features, most notably the ability to provide enhanced CP. Vias [10], non-metasurfaces
[11-15], and electromagnetic metasurfaces [16-31] are a few methods that have been used
previously for the implementation of enhancing the antenna’s performance. So, acquiring a
broadband CP is one of the requirements for a successful polarization system, targeting IoT.
The works reported in [10-29] are needed to pursue a surrogate model-assisted differential
evolution for antenna synthesis, that is, a SADEA-driven smart metasurface, for attaining
better outcomes.

In this paper, we look at whether it is possible to design a reconfigurable, broadband,
printed monopole antenna by using the surrogate model-assisted differential evolution
for antenna synthesis, that is, a SADEA-driven metasurface. Here, a BAR 50-02 V RF PIN
Diode is used to short partial ground to one of the parasitic conducting strips (i.e., PCSy)
and create a broadside directional pattern while also incorporating the metasurface of
evenly and symmetrically spaced unit cells. Thus, the antenna’s gain was increased over its
operating frequency range, and its impedance and axial bandwidths were also enhanced,
contributing to stable antenna performance [32]. In a concurrent way, all three aspects of CP
analysis [33] were addressed; (a) electric field distribution, (b) surface current distribution,
and (c) far-field radiation are modelled and interpreted in a comprehensive analogy. Ahead
of it, (d) amplitude-phase responses are also examined over the desired operating frequency
band. So, the fact that CP is provided in the form of distinctive gain-bandwidth product
(GBR) connections aids in persuading the reader that they exist. Towards these ends, the
authors followed the DAVI principle: Designing, Analyzing, Validating, and Implementing.
A flowchart showing the boarding process involved during this present work is shown in
Figure 1.
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Figure 1. Flowchart explaining the workflow of the proposed work reported for the IoT application.

2. Antenna Design

The proposed antenna is fabricated on an FR-4 substrate by incorporating the twin
parasitic conducting strips (PCSs) 1.16 mm from the upper edges of the partial ground
plane, 21.6 mm in length and 1.84 mm in width, where the authors extended the ground
plane following the performance trade-offs [33]. The communication in between the partial
ground plane and one of the parasitic conducting strips (PCSy) is crucial for CP features,
achieved by shorting the partial ground and PCSy, using a BAR 50-02 V PIN Diode. A 50-(
microstrip feedline is used for the input excitation. The proposed antenna is presented in
Figure 2, with state-of-the-art results in Figures 3-12. During the OFF-state, it attains an
impedance bandwidth (IBW) of 620 MHz with no CP bandwidth, whereas, in the ON-state,
it attains an impedance bandwidth (IBW) of 2.11 GHz with a CP bandwidth (ARBW) of
460 MHz. The average antenna gain in both states of operation is around 3.2 dBi. With the
implementation of a SADEA-driven metasurface reflector, it is possible to obtain broadband
CP, CP gain of >8.2 dBic, antenna efficiency of >75%, and directional pattern.
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3. CP Mechanism: CEM Approach

Figures 3A-D and 4 show the different responses to CP analysis [33] persuaded at the
5 GHz band. Here, the surface current distribution is the CP analysis’s initial and most
fundamental aspect. Thus, in the OFF-state, parasitic conducting strips (PCSs) play no role
in the non-active device without a connection to the partial ground plane. It correlates to the
fact that the surface currents caused by the horizontal margins of the partial ground plane
flow in the opposite direction. Due to mutual cancellation, only vertical surface currents
on the printed monopole arm remain. This results in a wave with linear polarization (LP).
When one of the parasitic conducting strips (PCSp) is connected to the partial ground plane
by the BAR50-02 V RF PIN Diode, the surface currents on the PCS;, and the partial ground
plane are rearranged so that the resultant currents on the upper edge of the PCSy, and the
lower edge of the partial ground plane do appear in the same direction. So, this accounts
for horizontal surface currents while the ON-state is active. As a result of it, the viability
of CP features depends on the presence of horizontal and vertical components, which can
also be referred to as horizontal and vertical currents, making for the viability of CP.

Analysis of the CP can also be performed by looking out at the electric field distribution
as the second primitive method. Therefore, the CP reconfigurable antenna realizes LHCP
in the +z direction (i.e., outward in nature) when PCSy, is coupled to the partial ground
plane with the BAR50-02 V RF PIN Diode. At 5 GHz, the rotation of electric field vectors
goes from anti-clockwise to clockwise, which causes the phase to shift from 0° to 90°. Thus,
the formation of LHCP (left-handed circular polarization) is verified through the presence
of an orthogonal change in the electric field pattern.

The normalized radiation pattern constitutes the third and final primitive method for
CP analysis. Here, a correlation is found w.r.t. the relative power at 5 GHz. The proposed
antenna possesses exceptional LHCP properties. Techniques like the first, second, and third
have been used to investigate the CP’s explanation reported here. The amplitude and phase
responses are presented in a much better manner so that the CP features can be understood.

4. AI-Tuned Design and Implementation of Metasurface (RMS)

Antenna Toolbox™ in MATLAB provides users access to the various functions and
applications that may be used to design, analyze, and visualize antenna elements. These
elements include the metasurface unit cells, which are an essential component of artifi-
cially engineered metasurfaces [32]. The question is whether it can be generated utilizing
parametrically defined elements, arbitrary planar structures, or isolated three-dimensional
forms. Because it uses an EM solver, it is just as competent as the methods of moments of
computing all of the desired characteristics to carry out the final verification. The toolbox
allows manually optimizing the antenna designs [34] so that they can be optimized in the
most effective way possible. An approach for designing an antenna that is powered by arti-
ficial intelligence (Al) is known as SADEA, which stands for the surrogate model-assisted
differential evolution for antenna synthesis. SADEA is an acronym for this method. It is
based on the theories of machine learning [34] and evolutionary computation.
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The global optimization is performed with the help of SADEA, and statistical learning
techniques are used to build a surrogate model. Thus, it is of the utmost importance, in
the context of the surrogate model-assisted optimization approach, that the process by
which the surrogate modeling and optimization are made to cooperate successfully is
the surrogate modeling and the optimization [35]. In addition to that, some ideas taken
from an evolutionary search framework that takes into account surrogate models have
been incorporated into SADEA [36,37]. Both the search engine that SADEA uses, called
differential evolution (DE), and the machine learning technique that is used for surrogate
modeling, known as a Gaussian process (GP), are described in [38,39]. So, in the case of
metasurface-inspired antenna design, SADEA optimization appears to be utilized only in
extremely unusual circumstances and is reported as very rare in the literature to design
artificially engineered metasurfaces. The MATLAB R2022b platform initiates the process of
designing an RMS layer to improve the antenna with consideration of the IoT application
perspective, which can be seen in Figure 5.

By using the Al-driven SADEA method, the optimization goal is to achieve improve-
ment in the outcomes: (a) maximizing operating bandwidth with center frequency at 5 GHz
and (b) minimizing the area of occupation for the case of the designed metasurface layer
(RMS). Thus, a critical observation is made during this analysis, as RMS plays a vital role
in maintaining the antenna’s performance, considering the trade-offs from an application
perspective. Figure 9 shows the SADEA-optimized outcomes (simulation), along with its
interpretation of the measured outcomes. So, in continuation with the motive of attaining
improved outcomes, the execution is performed for the RMS reflector (with the optimized
dimensions for the size of grid-slotted sub-patch cells, intermediate gap, and overall size
of the RMS layer) at the height of 0.33A, below the Y-shaped monopole antenna to obtain
good operating bandwidth, a high CP antenna gain, and enhanced directional features.

Here, the reflector layer is made in the form of RMS, which has a surface area of
1.78A, x 1.48A,, shown in Figure 2. It consists of grid-slotted sub-patches of the 12 x 12 cells,
as each cell is 0.1A, x 0.06A, and has an intermediate gap of 0.016A,. Further, the sub-
patches are well positioned on a rectangular-shaped PEC body having the dimensions of
2Ao % 1.65A, x 0.02A, (Ao =5 GHz). They are merged to form a rectangular-shaped meta-
surface reflector, which is loaded with a polarization-reconfigurable monopole antenna.

Carrying out the analysis further, in Equation (1), other parameters, like the thickness
of the substrate (hg,p), the relative permittivity of the substrate (e;), and A,, each have a role
in determining the effective gap (hair.gap) in between the radiator and Al-tuned RMS. The
theoretical hyjr-gap is 21.85 mm, but the simulated hy;rgap, measures 20 mm. This study also
shows the final mathematical formula, which is then used to look at how to place reflectors
in relation to the radiator, taking into account how often it works and not its structure. Its
building blocks are a gridlike pattern of tiny elements printed on a grounded slab, with
or without shorting vias. Through this analytical approach, one can easily approximate
the hair—gap5

hair—gup = 0427, — hsuh\/a (1)

The average CP gain increases by a factor of 3.65 times, from 2.35 dBic to 8.58 dBic.
More importantly, the antenna’s IBW increases by a factor of 1.08 times, from 2.11 GHz to
2.28 GHz, and its ARBW increases by a factor of 2.7 times, from 460 MHz to 1.25 GHz. This is
motivated by geometric understanding, as the development of such antenna performances
aims to realize the performance trade-offs. So, the proposed RMS unit cells are shown to
concentrate radiation fields for the occurrence of quasi-TM3y modes (i.e., the transformation
of TMyg to TM3p modes) using the finite integral technique (FIT), resulting in a more
uniform E-field distribution and ultimately, better impedance performance over a wide
frequency range. Higher modes [40] are shown to be caused by RMS unit cells in the form
of grid-slotted sub-patches in Figure 6. Here, the impedance matching is improved in the
antenna design by minding the gaps between sub-patches where radiation can behave
differently [41-45], which holds the capacity of manipulating these EM waves towards
constructive interference.
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The coupling phenomena and circuit model of the proposed antenna are depicted in
Figures 7 and 8. The RMS layer is made up of a series of inductive and capacitive layers that
are stacked one on top of the other. Layer L serves as the RMS external radiating border
and is connected to the inductive unit cells that are located on layer Ly, which capacitive
layer C; then separates. Following it, the inductance L3 layer establishes connections
with the ground and the RMS layers, because the overall inductances, which include the
dielectric substrate of the proposed antenna as well as the air substrate that is located
in between the dielectric substrate of the antenna and the metallic RMS component, are
theoretically represented by L. To simplify the analysis, a generalized equivalent circuit will
be stated as parallel impedances (Z, | | Z},). The equivalent surface impedance is calculated,
and its frequency dependency w.r.t. RLC is shown in Equations (2) and (3):

jwLs(1 — w?LiCy — w?LyCy)

pr— 2
Ted = 177 21,C; — w?L,Cy — w?LsCy @
1
= 3)
I 2/ (L1 + Ly + L3)Gy

5. CP Mechanism: GBR Approach
To further evaluate the CP, the gain-bandwidth product relationship, Equation (4) states:

Ceriteria = F(BW3_4p, G3_4B) 4)
Then,
Ccriteria = BW?th X G37dB (5)
Further,
BW;_45 X G3_
Ccriteria = 3 d?OO 3—dB (6)

Equation (6) can be re-written as follows:

BWs_ap x G3_4p
Ccriteriafl = 100 (ag) (7)

BW3_4p X G3_g4p
Ccriteriufz = 100 (max) (8)

BWs5_4p X G3_gB(mi
Ccriteria—B = 100 (min) (9)

BWs5_ip % G3_4B(peak
Ccriteria74 = 100 (peak) (10)

The limitations of traditional comparison methods that were discovered earlier are ad-
dressed in a major way by Ceriteria-1-Ceriteria-4- In traditional comparison methods, these CP
antennas are practically compared to only one feature. Equation (6) is the generalized equa-
tion, often known as the gain-bandwidth product (GBR), for evaluating the CP antennas.
So, this particular study was presented in the literature for the very first time as a research
evaluation. Comparative research with work already published in [10-29] is included in
Table 1 to bolster the study by providing further evidence in this context. By including
major evaluative components such as the CP bandwidth and CP gain, this article offers
a novel perspective on the investigation of CP that is both informative and eye-opening.
Further, the examination of CP features that were covered before is implemented in every
case, even though the antenna shape/frequency at which it works differ from one another.
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Table 1. Comparison of the performances of the proposed antenna with the ones reported in [10-29].

Ref. IBW ARBW CP Gain Peak Gain Criteria-1 Clriteria-4
[10] 7.29% 5.5% 6.5 dBic 7.1 dBic 0.35 0.39
[11] 28.6% 14.2% 4.4 dBic 4.4 dBic 0.62 0.62
[12] 31.6% 20.8% 6.9 dBic 6.9 dBic 1.43 1.43
[13] 35.6% 16.3% 5.5 dBic 5.5 dBic 0.89 0.89
[14] 29.6% 20.7% 7.44 dBic 7.44 dBic 1.54 1.54
[15] 12.68% 12.68% 6.8 dBic 6.8 dBic 0.86 0.86
[16] 20.89% 11.4% 5.2 dBic 7.5 dBic 0.59 0.85
[17] 19.6% 15.8% 4.25 dBic 6.5 dBic 0.67 1.02
[18] 33.7% 16.5% 5.8 dBic 5.9 dBic 0.95 0.97
[19] 17.8% 3.6% 7.8 dBic 8.2 dBic 0.28 0.29
[20] 27.5% 7.8% 6.1 dBic 5.8 dBic 0.47 0.45
[21] 20% 20% 6.1 dBic 6.6 dBic 1.22 1.32
[22] 8.4% 4% 6.1 dBic 6.95 dBic 0.24 0.27
[23] 31.8% 20.4% 7.47 dBic 8.05 dBic 1.52 1.64
[24] 15.1% 12.4% 6.15 dBic 6.5 dBic 0.76 0.81
[25] 27% 2.5% 3.02 dBic 3.02 dBic 0.07 0.07
[26] 1.55% 1.05% 7.8 dBic 8.2 dBic 0.07 0.08
[27] 25.6% 25.6% 7.3 dBic 6.25 dBic 1.6 1.86
[28] 23% 14% E— S
[29] 7% 8.3% R — R —
Work 48.45% 25.96% 8.45 dBic 9.15 dBic 2.19 2.37

6. Measurement

In Figure 2C, the fabricated prototype of the proposed polarization-reconfigurable
monopole antenna inspired by RMS is shown. Figures 9A and B shows that the simulated
antenna measured impedance bandwidths (IBWs) as follows: 3.59-5.78 GHz, 2.19 GHz,
46.71% and 3.57-5.84 GHz, 2.27 GHz, 48.45%. The simulated and measured axial band-
widths (ARBWs) are as follows: 4.22-5.28 GHz, 1.06 GHz, 23.31% and 4.19-5.44 GHz,
1.25 GHz, 25.96%, respectively. Similarly, the average simulated and measured CP antenna
gain lies between 7.5 and 9.35 dBic, with the average antenna efficiency of >75% in their
operating bands, shown in Figures 9C and D. Furthermore, the radiation patterns at 4.5
and 5 GHz are presented in Figures 10A-D.

5G [2] is widely regarded as an advanced wireless technology that offers significant
economic potential for facilitating the translation of ideas into practical solutions, thereby
overcoming obstacles and fostering the creation of diverse strategies. However, the path
loss associated can be detrimental to the overall system performance. So, a plausible
solution to mitigate this will be to use a highly directive, efficient antenna with enhanced
performance capabilities. Thus, to operate in the 5G band, these antennas must also have
wide operating bandwidth (>1 GHz) covering the entire allotted band along with other
performance trade-offs [32], reported here as a widespread solution [46-51].

7. RF Energy Harvesting: Simulation Perspective from IoT Application

The design and implementation of a front-end that operates with enhanced perfor-
mances, due to the incorporation of RMS, and embedded with the multi-stage rectifier
circuit system (GVDs) are said to be important to satisfy these types of trade-offs [2].

The overall results that are displayed in Figures 11 and 12 are appropriate for powering
these sensors that can be found in low-power devices (such as wearables, medical, and
healthcare plug-based kits), which need a consistent DC output voltage of 2.4-5.5 V to func-
tion properly. In a nutshell, the application of this particular technology will progressively
become an essential component in the process of developing effective systems. Despite
the various challenges it faces, once these obstacles are overcome, it will usher in an age of
clean, green, and sustainable energy suitable for 5G and 6G applications [52,53].

To briefly summarize and assess the RF energy-harvesting capabilities, it is combined
with the GVD rectifier circuit. Within this circuit, the theoretical analogies are supplied
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for the RF-DC power conversion efficiency (7., %) and DC output voltage (Vout, V). The
three-stage Greinacher Voltage Doubler, complete with a CRLH- and LC-matching rectifier
circuit, has been designed and incorporated into the proposed antenna. It is tested for
input power levels (Pj,) between 0 and +20 dBm, where 1, > 60% and Vot > 2.1 V at
5 dBm, when it is simulated at the ADS platform with a load resistance (R}y,q4) of 2.2 k).
Table 2 contains an in-depth performance study, compared with some of the reported
works in [46-51]. Finally, the . is calculated by using Equation (11), and multi-stage GVD
configuration is explained based on Equations (12) and (13).

P v?
170(%) — load _ 5 out (11)

p incident

Theoretical insights into the proposed rectifier model are also studied prior to the
simulation in the ADS environment with the LSSP scenario. So, in this case, each stage
with its own GVD configuration is regarded as a single battery with an open circuit output
voltage (Vo ), internal resistance (Rint), and load resistance (Rjy,4). The DC output voltage
is given by:

Vo
Vot = =———— X R 12
out Rint T Rload load ( )

For n number of stages in series and connected to Rjy,4, then Vot is represented as:

nVoc.
Vot = ——— X R 13
out nRint + Rload load ( )

So, it is observed in our analysis that the total number of stages in the system has a
substantial impact on the output voltage. The utilization of a partial ground plane in the
proposed antenna was what resulted in the maximization of the captured energy, which
can energize the sensors used in IoT applications. This realization of a higher amount of
DC output voltage can be attributed to utilizing a partial ground plane concept. In the
continuation of our inquiry, we have found that the application of RMS improved the gain
of the RF front-end. When evaluating the effectiveness of a rectenna model in an RF energy
harvesting system, one of the most important metrics to look at is the amount of power that
is received by the antenna. This is because the power received by the antenna is directly
proportional to the model’s performance. Given the particular parameters of operating
frequency and the availability of RF signals, the only feasible option to maximize the results
of RF energy-harvesting is to increase the 3 dB gain of the CP-printed monopole antenna.

Table 2. Comparison of RF energy-harvesting features with the reported ones in [46-51].

Ref. Gain P;, o Vout
[46] 5.85 dBic (CP) 5dBm 50% e
[47] 6.9 dBi (LP) 5 dBm 01V
[48] 7.3 dBi (LP) 5dBm 14% 1.1V
[49] 5.01 dBic (CP) 5dBm 43% 116V
[50] 5.5 dBi (LP) 5 dBm 5% 02V
[51] 2.6 dBi (LP) 5dBm 55% —_—
Present Work >8.45 dBic (CP) 5dBm 43% (I) 1.7V (1)
>8.45 dBic (CP) 5 dBm 61% (II) 21V @)

8. Implementation Perspective: A Quick Overview

¢  This simple antenna employs the monopole and parasitic conducting strip configura-
tions. Because the polarization pattern is meant to look like a CP, there is no need for
electromagnetic circuits for it to work well.

¢ The incorporation of an RF PIN Diode (BAR 50-02V from Infineon Technologies) in a
unique manner avoids using additional lumped parts due to planar configuration and
less complex antenna design to attain polarization reconfigurability (i.e., LP to CP).
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* (P is examined using a novel gain-bandwidth product. Also, four methodologies are
shown to highlight the significance of CP feature analysis at the operating bandwidth.

¢ With the addition of a SADEA-driven metasurface (RMS) reflector in a single layer,
there is a significant improvement in impedance and axial ratio bandwidth responses
(broadband characteristics). An enhanced CP antenna accompanies this improvement
gain > 8.45 dBic, which provides a superior performance in comparison to [10-29],
from the perspective of IoT-inspired RF energy harvesting, aiming towards energy-
efficient communication and computing technologies.

*  Here, the #, and Vot are computed by ADS. The proposed SADEA-driven meta-
surface antenna is tested with the CRLH- and LC-based Grienacher voltage doubler
circuits (GVD). The antenna system has CRLH- and LC-based Grienacher voltage
doubler circuits (GVD) built into it so that the potential utility of the system can be
tested out in relation to an application that uses RF energy harvesting, which presents
a more effective method towards implementing rectifiers than those stated in [46-51].
Also, in this case, the maximum V; that can be attained is 5.39 V (for I) and 5.44 V
(for II), and the maximum 7, that can be attained is 56.28% (for I) and 73.82% (for II),
respectively. A comparative study in this regard is already given in Table 2.

9. Al-Enabled IoT Applications towards Smart Living: A Future Research Direction

Self-sustainable smart sensors through the RF energy-harvesting mechanisms can
be a path-breaking innovation for elderly people, as they require less maintenance and
supervision. One of the major concerns in the utilization of these sensors by elderly people
is the way they are powered; there is always an increasing demand for these devices to be
automated, especially for those who have memory problems. So, there exists significant
research need for automating the battery charging process in these wearables, and on
the other hand, the continuous availability of alternate energy sources from the open
space, rendering a viable option for harnessing RF energy. In recent years the concept of
energy harvesting has emerged as a promising solution, which, if incorporated into these
low-powered smart devices, has a promising scope [52-54].

10. Conclusions

This work examines a SADEA-driven metasurface-inspired printed monopole an-
tenna. It offers a broadened IBW and ARBW with a measured CP gain of >8.45 dBic and
antenna efficiency of >75% in its operating bands. Along with their physical insights,
intuition about the CP is also presented with three different aspects based on computational
electromagnetism. A complete design is given for the wide-scale solution to a problem that
the printed monopole antennas have, mainly when their CP characteristics are analyzed, as
the unique gain-bandwidth product relationship, which is rarely seen in the literature, tar-
geting IoT-inspired applications. As a result, the work that is being reported here combines
electromagnetics with artificial intelligence-driven SADEA to achieve better results from
an application perspective regarding CP characteristics. This is carried out with the goal of
satisfying the primary needs of the human race, which are aimed at powering the sensors
(known as RF energy harvesting).
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Abstract: In this study, we present a novel dual-polarized patch antenna that exhibits high isolation
and two in-band transmission zeros (TZs). The design consists of a suspended metal patch, two
feeding probes connected to an internal neutralization line (I-NL), and a T-shaped decoupling
network (T-DN). The I-NL is responsible for generating the first TZ, and its decoupling principles
are explained through an equivalent circuit model. Rigorous design formulas are also derived to aid
in the construction of the feeding structure. The T-DN realizes the second TZ, resulting in further
improvement of the decoupling bandwidth. Simulation and experimental results show that the
proposed antenna has a wide operating bandwidth (2.5-2.7 GHz), high port isolation (>30 dB), and
excellent efficiency (>85%).

Keywords: high-isolation; transmission zero; dual-polarized; patch antenna; equivalent circuit model

1. Introduction

A dual-polarized antenna array is widely adopted in current wireless communication
systems due to its remarkable potential to increase the channel capacity and combat the
multipath fading effect. Port isolation is a critical factor in evaluating the performance
of dual-polarized antennas, as it determines the degree of independence between the
orthogonal polarizations [1]. To improve port isolation, various techniques [2-11] have been
proposed in recent years. For example, a single-layer, dual-port, and dual-mode antenna
with enhanced port isolation is proposed in [2]. High isolation is realized by reducing
surface waves between antennas. In [3], the port isolation is improved for dual-polarized
stepped-impedance slot antenna by using shorting pins. C-shaped structures and square
rings are designed to enhance the isolation between stacked microstrip patch antenna
arrays [4]. In [5,6], dielectric superstrates and Defected Ground Structure (DGS) are utilized
to improve the E-plane and H-plane isolation. Cross-polarization levels are suppressed by
using decoupling strips and nested structures in [7]. A dual-feed technique is proposed
in [8] to achieve high isolation (over 30 dB) between two antenna ports. In addition,
complementary magneto—electric coupling feeding methods are employed in [9] to achieve
high isolation and low cross-polarization. By introducing an air bridge as an inductor to
compensate for the capacitance load, high isolation between the two polarization ports is
realized [10]. In [11], by adding shorting vias and additional ground, the mutual coupling
and cross-polarization have been significantly suppressed. However, the abovementioned
decoupling methods for dual-polarized antennas have some limitations, such as complex
decoupling structure, narrow bandwidth, and low radiation efficiency.

This paper proposes a novel high-isolation dual-polarized patch antenna with two
in-band transmission zeros. Slots and probes are commonly used to feed patch antennas.
In this design, rectangular probes are used to feed the suspended patch, which results in
extended operating bandwidth (2.5-2.7 GHz). The rectangular probes can also facilitate the
construction of the I-NL. The I-NL and T-DN are simultaneously adopted to enhance the
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isolation (>40 dB). The decoupling structure is simple and compact. Furthermore, an equiv-
alent circuit model is adopted to facilitate the illustration of decoupling principles. Rigorous
design formulas are derived to help the design process. The experimental results show that
the proposed antenna features wide operating bandwidth, high port isolation, and good
radiation efficiency, making it a promising candidate for modern wireless communication
systems.

2. Proposed Design Method
2.1. Structure of the Proposed Antenna

Figure 1 illustrates the 3D structure of the dual-polarized antenna with and without
decoupling structures. In Figure 1a, the initial patch antenna is shown without any decou-
pling structures. It consists of a square metal patch that is suspended above the ground and
fed by two rectangular probes. In Figure 1b, the antenna is shown with a C-shaped I-NL.
The I-NL is also made of metal and connected to the feeding probes. This I-NL is used
to create the first TZ at f. Figure 1c shows the antenna with both I-NL and a decoupling
network (DN). The DN is constructed below the ground to create the second TZ at f,. The
T-DN has an inherent TZ at f1, which enables independent control of two TZs. Impedance
matching is realized by adjusting the length of the patch and the position of the feeding
probes. Figure 2 shows the layout structure of the proposed dual-polarized patch antenna.
The suspended patch is constructed using copper with a thickness of 1 mm. The Rogers4003
substrate with a permittivity of 3.55 and loss tangent of 0.0027 is adopted to construct the
decoupling network. The detailed dimensions of the antenna and decoupling structures
are listed in Table 1.

Figure 1. Structure of the proposed antenna. (a) Original patch; (b) with neutralization line; (c) with
neutralization line and decoupling network.
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Figure 2. Layout of the proposed dual-polarized patch antenna (units: mm). (a) Top view; (b) side

view.

Table 1. Dimensions of the proposed high-isolation dual-polarized patch antenna.

wg w wf wd wt wn hz
150 48.7 0.96 1.01 0.40 1.0 5.5
wm hp hn wX pw hh In
1.13 8.0 0.035 15 1.0 0.508 30.9
Im 1f 1d 1t la
31.13 14.68 3.53 19.07 12.15

2.2. Equivalent Circuit Model and Decoupling Mechanism

For further investigation, the equivalent circuit (EC) model of the high-isolation dual-
polarized patch antenna (without a decoupling network) is proposed in Figure 3. This
model can be subdivided into three parts: original patch antenna, initial coupling circuit
(ICC), and I-NL. The radiating patch is equivalent to paralleled RLC circuits (R, L;, and
Cj). The feeding probe can be modeled by inductor L, and transmission line (el). The
initial coupling is represented by composite circuits Ry, L3 and Cy. e3 is used to adjust
the phase effect of the coupling signal, which is mainly determined by patch dimensions.
The I-NL (introduce additional coupling) is modeled by C3, L4, and e4. Finally, the feeding
lines of the path antenna are represented by e,. The optimal parameters of this equivalent
circuit model (corresponding to patch antenna with I-NL) are shown in Table 2. To validate
the effectiveness of the EC model, we compared the S-parameters of the physical structure
(simulated by SuperEM V2022) and the EC model (simulated by ADS2020), as shown in
Figure 4. Specifically, Figure 4a depicts the S-parameter comparison of antennas without
I-NL, while Figure 4b illustrates their comparison with I-NL. The results show that the
phase and magnitude of the S-parameters are well-matched, indicating that the proposed
EC model is accurate and reliable. As such, it can be utilized to expedite the optimization
process of the proposed patch antenna design. Referring to Figure 3, let [A4, By; Cq, Dy]
and [Aj, By; Cy, D] denote the transmission matrices (TM) of ICC and I-NL, respectively.
The TM of the resonance circuit with L, is denoted by [A3, Bs; C3, D3], and the TM with
respect to the reference plane AA’ is denoted by [A4, By; Cy4, Dy]. By applying network
theory, the following equation can be derived.

A1 By| | coses  jzzsinez| |1 jwlLs/w’Lsc-1|[1 Rp cosez  jzzsinez
C1 Di1] |jyssines coses | |0 1 0 1] |jyssines cose3

} M

Ay Bp| | cosey jzasineg| (1 jwdLy/w?LyCs —1 COSs €4 jzasiney
~ |jyasine;  cosey 0 1 fygsinegs  cosey

} %)
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Figure 3. Equivalent circuit of the proposed patch antenna (without decoupling network).
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Figure 4. Comparison of S-parameters (magnitude and phase) of the EM structure and the equivalent
circuit (EC) model. (a) Without I-NL; (b) with I-NL.
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Table 2. Optimal parameters of the equivalent circuit model.

IN] Ly G Ly val e
52.4 Q) 0.4nH 9.4 pF 1.1 nH 53.1Q 179.40
2 e z3 e3 Ry G
179.8 Q) 10.6° 854 ) 49,80 770 0.8 pF
Ls 2y ey Ly G
2.1nH 15.3 Q) 10.6° 404.1 nH 0.5 pF

Subsequently, the mutual admittance with reference to the plane BB’ can be calculated
as follows. , .

Yo ¥ =Yt 4+ ¥ € = "B B ©)

As shown in (5), the I-NL can provide another mutual coupling to cancel out the
original coupling. By adjusting the length/width and height of I-NL (C3, Ly, L4, z4 and ey),
the first transmission zero can be created at f7.

Figure 5 illustrates the schematic diagram of the proposed decoupling network, which
comprises two sections of transmission lines (TLs) and a T-DN. As described in [12], the
inserted TLs and T-DN serve to eliminate the real and imaginary parts of mutual admittance
(by adjusting es and zg), respectively. A shunt quarter wavelength TL, evaluated at f1, is
positioned at the center of the T-DN to maintain the first TZ created by I-NL. This approach
enables the independent control of the position of two TZs, resulting in deep and wideband
decoupling.

T-DN

O O
Port 1 Port 2

Figure 5. Schematic diagram of the proposed decoupling network.

The generation of two TZs using the proposed decoupling method is illustrated
in Figure 6. The original antenna exhibits high mutual coupling (15-20 dB), which is
significantly reduced after applying the I-NL, resulting in high isolation at f1. However, the
decoupling bandwidth is limited. To overcome this problem, a DN is then added, which
generates another TZ and achieves wideband decoupling. The simulated in-band isolation
is below 40 dB with two TZs.

The I-NL and T-DN are responsible for generating the first and second TZ, respectively.
To further investigate this, the height of I-NL (hz) and the width of the microstrip line of
T-DN (wd) are used for examination. Figure 7 illustrates the variation in S-parameters
when these two parameters are changed. Excellent decoupling performance is attained
with hz = 3.5 mm and wd = 1.05 mm. By adjusting hz, the first TZ at a lower frequency can
be generated. By adjusting wd, the second TZ can be generated without affecting the first
TZ. This demonstrates the independent control of the two TZs.
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Figure 7. Key-parameter study. (a) hz; (b) wd.

3. Experimental Validation and Results

For verification, the proposed high-isolation dual-polarized patch antenna is designed,
fabricated, and measured. Figure 8 shows the photographs of the fabricated antennas
and the anechoic chamber. The suspended patch is supported by three plastic posts. The
S-parameters are measured by the Keysight vector network analyzer E5071C, and radiation
patterns are measured in an anechoic chamber. As shown in Figure 9, the measured
reflection coefficient of the proposed antenna is below —10 dB from 2.5 to 2.7 GHz. High
isolation (below 30 dB) is realized in the operating band by using the proposed decoupling
method. Figure 10 shows the simulated and measured radiation patterns (yoz- and xoz-
planes) of the proposed antenna. Good agreement of the simulated and measured results is
observed. Figure 11 gives the measured total efficiency and realized antenna gain of the
proposed antenna. High total efficiency (90%) and measured stable gain (9.6-10.3 dBi) is
observed. Furthermore, the measured front-to-back ratio is about 23 dB.

Table 3 gives the performance comparison with other published works. As demon-
strated, this design performs competitively compared to existing proposals, particularly in
terms of realized gain, efficiency, and isolation performance.
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Figure 8. Photographs of the fabricated antenna and anechoic chamber. (a) The fabricated antenna;
(b) the anechoic chamber.
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Figure 9. Simulated and measured S-parameters of the antenna.
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Figure 11. Measured total efficiency and realized gain of the proposed antenna.

Table 3. Performance comparison with other works.

Frequency Antenna Size . Total Efficiency Average
Ref. Method (GHz) (Ao?) Isolation (dB) %) Gain (dBi)
[8] Dual-feed technique 1.71-1.88 0.55 x 0.55 x 0.11 >30 N.A <8
Complementary
[9] magneto-electric 1.53-2.95 0.62 x 0.62 x 0.26 >31 N.A 4
coupling feeding
[10] Introducing air bridge 1.6-2.3 N.A >33 N.A N.A
Using shorting vias
[11] and additional ground 7-12 0.56 x 0.56 x 0.13 >40 N.A 8.5
This work Using I-NL and T-DN 2.5-27 0.42 x 0.42 x 0.07 >30 >85 10.0

4. Conclusions

In this paper, a novel high-isolation dual-polarized patch antenna with two transmis-

sion zeros has been proposed, designed, and demonstrated. To better reveal the decoupling
principle, the equivalent circuit model of the proposed antenna is analyzed. Moreover, the

decoupling condition of the two-layer decoupling structure is rigorously derived and equiv-

alently represented by the two-port transmission matrix and Y-matrix. Finally, the isolation
is improved by about 15-20 dB between two input ports. The proposed design features
high port isolation, compact size, low cross-polarization, and high radiation performance.
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Abstract: In this study, a millimeter-wave (mmWave) dielectric resonator antenna (DRA) with an
omnidirectional pattern is presented for the first time. A key feature of the proposed design is the
utilization of a planar feed network to achieve omnidirectional radiation from a rectangular DRA,
which has not been reported previously in the open literature. In addition, the proposed antenna
offers multiband operation with different types of radiation patterns. The degenerate TE15; /TE31;
modes were excited at 28.5 GHz with an overall internal electromagnetic field distribution that was
similar to that of the HEMj;s mode of a cylindrical DRA. The achieved omnidirectional bandwidth
and gain were 1.9% and 4.3 dBi, respectively. Moreover, broadside radiation was achieved by
exciting the TE;1; fundamental mode at 17.5 GHz together with the resonance of the feeding ring-
slot at 23 GHz. The triple-band operation offers a highly versatile antenna that can be utilized in
on-body and off-body communications. Furthermore, the proposed design was validated through
measurements, demonstrating good agreement with simulations.

Keywords: omnidirectional antenna; dielectric resonator antenna; multiband;, mmWave
communications

1. Introduction

Over recent years, the evolution of mmWave communication systems has led to more
rigorous requirements for antenna designs such as high gain, wide and multiband operation,
as well as pattern diversity. DRAs have the potential of addressing these requirements due
to well-known advantages such as high radiation efficiency, wide impedance bandwidth,
and design flexibility. Therefore, mmWave DRAs have received increased research interest
with a focus on broadside radiation [1-4]. On the other hand, omnidirectional radiation
is desired for 5G and Beyond 5G (B5G) communication systems to increase the coverage
area in various applications such as on-body communications as well as device-to-device
short-distance communications [5]. Therefore, several studies have been reported on the
design of mmWave omnidirectional antennas [6,7]. However, an omnidirectional mmWave
DRA has not been reported previously, which is in sharp contrast with the numerous
published studies on the design of omnidirectional DRAs at lower frequencies with a focus
on exciting specific transverse magnetic (TM) and transverse electric (TE) modes to achieve
the required pattern.

For example, an omnidirectional cylindrical DRA was proposed by exciting the TEq; s
and TMy;s resonance modes at 3.87 GHz and 4.02 GHz, respectively, using a central
coaxial probe feed in [8]. Moreover, a multiband, multisense, circularly polarized hybrid
patch/DRA omnidirectional antenna was reported by exciting the TMg; and TMq;; res-
onance modes for the patch at 2 GHz and DRA at 2.6 GHz, respectively [9]. In a more
recent study, a wideband filtering omnidirectional cylindrical DRA was presented using
a hybrid feed that consisted of a coaxial probe and metallic disk to excite the TMy;5 and
TMj13 DRA resonance modes at 2.19 GHz and 3.37 GHz, respectively, in [10]. Further, a
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coaxial probe-fed omnidirectional hemispherical DRA was proposed by exciting the TMj¢;
resonance mode at 3.7 GHz in [11]. Another probe-fed omnidirectional hemispherical
DRA was designed for a wireless capsule endoscope system by exciting the TMy;5 and
TEy15 resonance modes for multipolarization at 2.45 GHz in [12]. Moreover, a probe-fed
omnidirectional rectangular DRA with a square cross section was designed by exciting the
quasi-TMy1; mode at 2.4 GHz for linear and circular polarizations in [13]. Furthermore,
innovative rectangular multifunction glass DRAs were reported with the capability of
achieving linearly and circularly polarized omnidirectional radiation patterns by exciting
the quasi-TMy;; mode at 2.4 GHz in [14]. Similarly, the higher-order degenerate TEj,;
and TEg11 modes were excited at 3.6 GHz, with equal amplitude and phase, to achieve
omnidirectional radiation from a rectangular DRA in [15,16]. Subsequently, a multiband
probe-fed omnidirectional rectangular DRA was proposed, where the TE{,; and TE},
resonance modes were excited at 3.5 GHz together with the TEj,; and TEZ11 resonance
modes at 5.8 GHz, in [16].

It should be noted that in all the above-mentioned studies, omnidirectional radia-
tion was attained using a centrally located coaxial feeding probe to excite the required
resonance modes. On the other hand, owing to their capability of supporting various
types of modes when placed above a ground plane, cylindrical DRAs have successfully
been utilized recently with planar feed networks to achieve omnidirectional radiation
patterns. For example, an omnidirectional cylindrical DRA with a planar feed of a shorted
microstrip cross was demonstrated by exciting the TMg;5 and TMy11 5 resonance modes
at ~2.4 GHz to achieve circular polarization diversity [17]. The first attempt to utilize a
ring-slot aperture to feed an omnidirectional cylindrical DRA was proposed by exciting
the TMy; 5 fundamental resonance mode at 2.4 GHz [18]. Furthermore, a pattern diversity
cylindrical DRA was proposed using a meander line-loaded annular slot to excite the TMy; 5
mode in combination with a differential strip to excite the HEMj;5 for omnidirectional and
broadside radiations, respectively, at 2.4 GHz [19]. Moreover, four linear stubs were utilized
to excite the TMg15 and TMy11.+ 5 resonance modes of an omnidirectional cylindrical DRA
to achieve circular polarization at 5.8 GHz [20]. In a more recent study, arched-aperture
feeding was employed in the design of a wideband omnidirectional cylindrical DRA by
merging the bandwidth of the excited TMy;5 and TM,s resonance modes at ~5.8 GHz [21].

A rectangular DRA with a square cross section supports quasi-TM modes [22] that
have been traditionally excited using a coaxial feeding probe to achieve omnidirectional
radiation [13-16]. It is well-known that a coaxial feeding probe requires a hole to be drilled
inside the DRA, which is impractical at mmWave frequencies due to the physically small
DRA size. Furthermore, the probe’s reactance can be large at millimeter-wave frequencies.
Moreover, the power handling capacity of the probe is reduced at higher frequencies,
leading to signal degradation and power dissipation [18,23]. Therefore, aperture-slot
coupling is preferred to excite a DRA at higher operating frequencies as it provides a high
level of isolation between the antenna and the planar feed network. On the other hand,
compared to the cylindrical counterpart, a rectangular DRA offers an additional degree
of design freedom together with simpler fabrication due to the planar sides. Therefore,
an alternative noninvasive feeding approach needs to be utilized to design a mmWave
omnidirectional rectangular DRA. Such a design is proposed in this study, where a ring-
slot aperture is utilized to excite the required modes. In addition to the planar feed,
the proposed antenna offers another advantage of multiband operation with two types
of radiation patterns: broadside and omnidirectional. The first is achieved by exciting
the fundamental TE1; mode at 17.5 GHz as well as a slot resonance at 23 GHz. An
omnidirectional pattern is achieved by exciting the TE{,; and TE},, higher-order degenerate
modes. It should be noted that all the reported dual-band DRA designs radiate either
broadside or omnidirectional patterns in both bands. As a result, the proposed DRA can be
employed simultaneously for off-body and on-body applications, for example, by utilizing
the broadside and omnidirectional patterns, respectively. A common problem with existing
on-body antennas is the reduced radiation efficiency due to the impact of the human body,
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especially at mmWave frequencies. However, the utilization of on-body omnidirectional
DRA can help in achieving more efficient on-body antennas, which necessitates the design
of a planar feeding network.

This article is organized as follows: Section 2 presents the proposed DRA configuration.
Section 3 investigates the excitable DRA modes at a frequency range of 20-30 GHz. Section 4
is focused on the design of the planar feed network. Section 5 presents an analysis of the
performance of the on-body mmWave DRA. Section 6 presents the measured results that
agree closely with the simulations and Section 7 is focused on the conclusions. All the
simulations are implemented using CST microwave studio.

2. Antenna Configuration

The DRA was designed using a square cross section to facilitate the excitation of the
required degenerate modes for omnidirectional radiation. In addition, alumina with a
dielectric constant of ¢; = 9.9 and a loss tangent of tand = 0.0001 was chosen as the DRA’s
material. Figure 1 illustrates the utilized configuration in which the DRA was placed on a
square ground plane with a size of Gs = 12.5 mm. The feed network also involved a square
Rogers substrate, Ro4003, that was located at the lower side of the ground plane. The
substrate had a thickness of s = 0.308 mm, dielectric constant of e, = 3.5, and loss tangent
of 0.0027. Additionally, a 50 () microstrip feedline was printed on the substrate’s lower
surface with a respective length and width of /; = 6.25 mm and w; = 0.3 mm.

yT yT

Substrate
Wy
W[
= X
G\ l\] X '
=
Va ‘ 3|,
. I gl
Ring-slot 2 S
o
a
(a) (b)

Ground plane

\ RDRA h |
| /_' ' Substrate | hy, — >V

f Ring-slot
Microstrip line c)

Figure 1. The proposed omnidirectional DRA: (a) ground plane with an etched ring-slot; (b) bottom
view; (c) side view.

The design was evolved by noting that an electrically small vertical probe and a ring-
slot that is etched in a metal ground plane represent the duals of a planar loop antenna with
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equivalent size. Therefore, the small ring-slot provided the same fields as an electrically
short vertical probe and, hence, could be considered as an option to create the required
planar feeding network that incorporated a rectangular ring-slot as a natural choice to feed
a rectangular DRA, as can be observed from Figure 1. However, the ring-slot size may need
to be increased depending on the field distribution of the required DRA mode. Furthermore,
the utilized ring-slot consisted of x- and y-directed slot arms with side lengths of I5; and
Isp. These slots behave as magnetic currents that excite the required magnetic fields inside
the DRA. Since the ring-slot was positioned at the interface between the alumina DRA and
the Rogers substrate, the circumference needed to be calculated in terms of the effective
wavelength Aqgr = Ag/+/ g, Where A is the free space wavelength and e,y is defined as [24]

eqe,(h + hs)
Eoff = — % 1
eff (Sdh + 8rhs) ( )
In order to design an optimum feed, the supported DRA modes need to be identified
over the frequency range of interest, as illustrated in the next section.

3. Supported Modes of the Proposed DRA

Based on the dielectric waveguide model (DWM) [25], the DRA dimensions were
chosen to support the required degenerate modes for omnidirectional radiation at ~28.5
GHz when the DRA is located above a metal ground plane. Therefore, the DRA’s length,
width, and height were determined as a = b = 3.8 mm and / = 1.7 mm, respectively.
These dimensions offer a compact DRA size that allows easy integration. The resonance
frequencies of the TEY,,;s modes can be determined using the DWM as [25]:

kya = mm — 2tan~! (ky/ (e4ky))

1 )

kyo = [(e4 — 1)k§ — k3] 2
kyb = nm —2tan™! (ky/i{yO) 3)

kyo = |:(£d — l)k% — k§i| :

2k,h = mm — 2tan~! (kz/(edkzo)) (4)

1

kzo = [(eq — 1)k5 — k2] 2
K2+ K2+ K2 = g4k ®)

where k is the free space wave number. Owing to the square cross section of the DRA, the
resonance frequencies of the TEZ,,, and TEj,,,s modes are equal. Therefore, the required
TE},; and TE;11 higher-order modes can be simultaneously excited at the same frequency.
This results in a total magnetic field distribution that is similar to that of the HEMj;5 mode
of a cylindrical DRA that generates an omnidirectional pattern. Table 1 summarizes the
supported resonance modes for the chosen rectangular DRA dimensions over a frequency
range of 15-30 GHz based on the DWM.

Table 1. Resonance frequencies of the supported TE modes by the proposed DRA.

Frequency (GHz) Resonance Mode
17.5 TEin
Y
28.5 TE}y,, TE};,

The excitation of the required modes can be achieved by studying the magnetic field
distributions of the supported resonance modes inside an isolated DRA which are illus-
trated in Figure 2. For example, from the TE},; mode’s magnetic field distribution, it can
be observed that the H-field is null when y = 0.5b, where b is the DRA size. Therefore, the
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utilization of a centrally located x-directed slot aperture will suppress this mode. Hence,
the slot needs to be shifted along the y-axis to a strong H-field point to excite this mode
effectively. Similarly, for the TEg11 mode, in which the H-field is null at x = 0.5b, an off-set
y-directed slot is needed at a strong H-field point for effective mode excitation. However,
for omnidirectional radiation, the degenerate modes need to be excited simultaneously.
Therefore, a ring-slot aperture was utilized, which involved y and x-directed slot arms
that acted as magnetic current components exciting the aforementioned modes. Further-
more, the chosen DRA dimensions also support the fundamental broadside TE;;; mode
at 17.5 GHz and, hence, it would be beneficial if the same ring-slot aperture excites the
fundamental TE;1; mode as well as the TE},; and TE},; modes. As mentioned earlier, the
interaction between these degenerate modes can result in a field distribution that is similar
to the cylindrical HEMy; 5 mode [22]. For a rectangular DRA, such a mode is defined as a
quasi-HEMj;s mode, which offers the required omnidirectional radiation pattern.

alm
113 %107
1x107
9% 10°%
8x10°
7% 107
6 10°
5%10°
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3x10°
2107
1x10°
o

=%

(b) ()

Figure 2. Magnetic field distributions inside the proposed isolated DRA at z =0 whena = b = 3.8 mm
and /1 = 1.7 mm; (a)TE11; mode at 17.5 GHz, (b) TE},; mode at 28.5 GHz, and (c) TEZ11 mode at
28.5 GHz.

Having identified the supported DRA resonance modes and understood the corre-
sponding fields” distribution, the design of the required ring-slot needed to be implemented
as described in the next section together with the achieved DRA performance.

4. Design of the Ring-Slot Feed
4.1. Square Ring-Slot Feed

For simplicity, the special case of a square ring-slot was considered first by setting
Is1 = Ig. It was important to ensure that the first slot’s resonance, which had broadside
radiation, was achieved at a frequency that was different from that of the required TEg11
and TEj,; DRA modes to avoid any interference between the different radiation patterns.
Subsequently, the separated slot resonance could be suppressed or utilized as another
operating frequency band, depending on the design requirements. The return losses are
illustrated in Figure 3, where it can be noted that when Iy = /5, =2.1 mm and ws = 0.5 mm,
the slot resonated at 27.7 GHz when the circumference was ~1.1A.¢ which is too close to
that of the degenerate modes. This was also combined with a broadside radiation pattern
instead of the expected DRA’s omnidirectional pattern, which was not observed initially at
the expected frequency. Hence, the size of the slot was adjusted to avoid the coexistence
of the DRA and ring-slot resonances at the same frequency. As demonstrated in Figure 3,
by increasing the slot size, the DRA modes and slot’s resonance frequencies could be
separated as the latter was achieved at 24 GHz when 5 = I = 2.5 mm. Hence, the required
omnidirectional and fundamental DRA modes were effectively excited at ~27.7 GHz and 16
GHz, respectively, using the same square ring-slot. In addition, the increased slot size meant
the slot arms’ positions could move closer to stronger H-field points of the corresponding
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DRA'’s mode, which resulted in the effective excitation of the required modes. The excited
degenerate modes provided an overall impedance bandwidth of 1.3%. Moreover, the TE114
broadside mode was excited with a bandwidth of 3%. Moreover, the resonance of the
ring-slot was achieved with a bandwidth of 7.4%. It should be noted that the DRA modes
were excited at resonance frequencies that were close to those listed in Table 1. Figure 4
presents the simulated magnetic field distribution inside the loaded DRA at 27.7 GHz,
which was similar to that of the cylindrical HEMj;s mode, and hence, an omnidirectional
radiation pattern was achieved using the rectangular DRA.
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Figure 3. Return losses of the DRA using different sizes of the square-ring feeding slot.
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Figure 4. The xy plane view of the quasi-HEMy; 5 internal magnetic field distribution of a square
ring-slot-fed DRA at 27.7 GHz.

Figure 5 presents the achieved radiation patterns at the three resonance frequencies,
where broadside radiation patterns were achieved at 16 GHz and 24 GHz due to the
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excitation of the fundamental DRA mode, TE;11, and the ring-slot’s resonance, respectively.
As mentioned earlier, the quasi-HEMj;5 mode was excited at 27.7 GHz when the size
of the feeding square ring-slot was increased to 2.5 mm. As demonstrated in Figure 5c,
omnidirectional radiation was attained with a maximum gain of 4.1 dBi at 6 =40°. However,
a slight asymmetry can be noted in the ¢ = 90° plane cut, which can be attributed to the
asymmetrical feed point position compared to the traditionally used central coaxial probe
that naturally enforces the fields” symmetry. Figure 5d presents the azimuthal patten at
the 6 = 40° plane, where it can be noted that an omnidirectional pattern was achieved
with a modest out-of-roundness. Therefore, a triple-band operation was attained with
two different types of radiation patterns using a planar feed network. The variation in the
omnidirectional gain at the © = 40° plane was investigated as illustrated in Figure 6, where
it can be noted that a maximum variation of ~1.5 dB exists, which resulted in a pattern
that was not perfectly omnidirectional. This can be explained in terms of the limitations
imposed by the centrally located square ring-slot, since changing the slot’s size is associated
with a proportional shift in the position of each slot arm. This may result in having slot
arms positioned at points with slightly different H-field strengths. It should be noted that
this variation was slightly higher than that of 1.26 dB for an omnidirectional cylindrical
DRA with a planar feed network [20]. An attempt to minimize the omnidirectional gain’s
variation is introduced in the next section. Figure 7 illustrates the realized gain at the main
beam directions for the three bands. For the two broadside patterns, it can be observed that
the realized gains of 6.5 dBi and 4.8 dBi were achieved at 16 GHz and 24 GHz, respectively.
On the other hand, an omnidirectional gain of 4.1 dBi was achieved at 27.7 GHz at the main
lobe direction of 6 = 40°. The simulated radiation efficiency is also illustrated in Figure 7,
where it is evident that a high radiation efficiency of ~90% wsa achieved at all the operating
frequency bands.

4.2. Rectangular Ring-Slot Feed

To minimize the azimuthal gain variations at 6 = 40°, a rectangular ring-slot aperture
was considered as it offers the flexibility of changing the size of only one pair of the ring-
slot arms at a time. The return losses are illustrated in Figure 8 when the longest slot
arm’s length, Is1, was varied from 2.7 to 3.2 while Is» = 2 mm. It should be noted these
dimensions resulted in a slot circumference of ~1.1A.¢ at 23 GHz. The results demonstrate
that the proposed antenna configuration exhibited three operating frequency bands at
17.5 GHz, 23 GHz, and 28.5 GHz for the TE;;; DRA mode, slot resonance, and quasi-
HEM,;15 mode, respectively, when [;; = 2.7 mm. The achieved respective bandwidths for
the three resonance modes were 17.3 GHz to 17.9 GHz, 22.1 GHz to 24 GHz, and 28.3 GHz
to 28.8 GHz, which correspond to percentage bandwidths of 3.4%, 7.7%, and 1.9%. It can
be noted that these bandwidths were wider than those achieved when a square ring-slot
was utilized to excite the same DRA modes, which demonstrates the effectiveness of the
rectangular ring-slot. It can also be observed from these results that the strongest impact of
varying ls1 was on the slot’s resonance frequency, which was expected owing to the change
in the circumference of the rectangular ring-slot. On the contrary, smaller variations can be
noted in the resonance frequencies of the excited DRA modes as they mainly depend on the
DRA dimensions and permittivity. The combination of the reflection coefficient of square
and rectangular slots is presented in Figure 9, where it is evident that wider matching
bandwidths were achieved when a rectangular ring-slot was utilized.
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Figure 5. The radiation patterns of square ring-slot fed DRA with arm lengths of Iy = Is» =2.5 mm,
(a) 16 GHz, (b) 24 GHz, and (c,d) 27.7 GHz.
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Figure 8. Simulated return losses of the rectangular ring-slot DRA when the longest slot arm’s length,
ls1, was varied while I5, = 2 mm.
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Figure 9. Simulated return losses of the square and rectangular ring-slots fed DRAs.

The simultaneous excitation of the degenerate modes was investigated by using a
y-directed arm slot only with a length of I;; and an offset of 0.5/5, from the x-axis, which
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excited the TE;j; resonance mode at 30 GHz. Similarly, the TE;y; resonance mode was
individually excited at 30 GHz when an x-directed slot was utilized with a length of Is»
and an offset of 0.5/5; from the y-axis. However, when the x- and y-directed linear slots
were combined to create the rectangular ring-slot, resonance was achieved at a slightly
lower frequency of 28.5 GHz with an overall field distribution that was similar to that of
the cylindrical HEMj;s mode, as demonstrated in Figure 10. The 3D radiation patterns for
the three operating frequency bands are illustrated in Figure 11, where it can be noted that
an omnidirectional pattern was achieved at 28.5 GHz with a maximum gain of 4.3 dBi.
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Figure 10. The xy plane view of the internal magnetic field distribution inside the rectangular
ring-slot-fed DRA, which corresponds to the quasi-HEM215 at 28.5 GHz.
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Figure 11. Three-dimensional radiation patterns at the three operating frequency bands: (a) 17.5 GHz,
(b) 23 GHz, and (c) 28.5 GHz.

In addition, the electric and magnetic field distributions on the rectangular ring-slot
are illustrated in Figures 12 and 13 at 17.5 GHz and 28.5 GHz, respectively. Figure 14
presents the variation in the return losses as a function of the ground plane size, where
it can be observed that the slot’s resonance was strongly dependent on the ground plane
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size [26]. As a result, there was also an impact on the excited DRA modes and the achieved
resonance frequencies due to the variation in the performance of the feeding slot.
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Figure 13. The xy plane view of the electric and magnetic field distributions
ring-slot feed at 28.5 GHz.

on the rectangular

Another key parameter that was investigated was the sensitivity of the DRA perfor-
mance to a range of alumina dielectric constants that have been used in the literature. The
results of these investigations are presented in Figure 15, which demonstrates a stable DRA
performance when ¢; was varied from 9.4 to 10.2.

The successful design of the omnidirectional DRA is presented in this section. In the
next section, the performance of the DRA is investigated in proximity to a human body.
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Figure 14. The variation in return losses as a function of the ground plane size.
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Figure 15. The variation in the return losses as a function of the dielectric constant of the DRA.

5. DRA Performance Next to a Human Body

For on-body applications, mmWave omnidirectional antennas are widely used. There-
fore, it is important that the antenna’s performance is assessed when the proposed antenna
is placed next to the human body, as illustrated in Figure 16. In line with the literature, we
assessed the DRA’s performance next to three body areas: arm, chest, and stomach [27],
where a three-layer phantom was utilized. The utilized parameters for the different tissue
layers are illustrated in Table 2. The thicknesses of the three different body parts were
based on those reported in [28]. The return losses when the DRA was placed next to arm,
chest, and stomach are presented in Figure 17, where it can be noted that the presence of
the ground plane minimized the impact of the human body on the resonance frequencies.
In addition, the omnidirectional pattern was preserved in the presence of the chest, as
demonstrated in Figure 18, which can also be attributed to the presence of the ground
plane. However, reflections from the utilized phantom reduced the back lobes considerably
and hence increased the omnidirectional realized gain from 4.33 dBi in free space to 5.8
dBi in the proximity of the human body tissue. On the other hand, the presence of the
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phantom reduced the radiation efficiency from 95% to 84%. However, this did not impact
the gain as the increased directivity compensated for any loss due to the slightly reduced
radiation efficiency.

DRA

D=5mm

ﬂ;rjrn ]

X

Figure 16. The proposed rectangular DRA in the proximity of a human body phantom.

Table 2. Human body tissue parameters at 28 GHz [29].

Tissue Skin Fat Muscle
Relative permittivity 16.55 6.09 25.43
Loss tangent 0.2818 0.1454 0.242
Density (kg/ m?) 1109 911 1090
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Figure 17. The variations in return losses when the antenna was placed on the arm, chest, and
stomach.
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Figure 18. The 3D omnidirectional radiation pattern next to the equivalent tissue at 28.5 GHz when
d =5mm.

The Specific Absorption Rate (SAR) indicates the safety threshold at which radio-
frequency energy can be absorbed by human body tissue [29] The SAR must be assessed
to ensure compliance with safety limits set by the Federal Communications Commission
(FCC) and the International Commission for Non-Ionizing Radiation Protection (ICNIRP)
standards. These standards define SAR thresholds of 1.6 and 2 W/kg for 1 gand 10 g
tissues, respectively [29]. Unfortunately, the above guidelines do not offer dosimetric
information or suggestions for mmWave frequencies [29,30] However, at 28 GHz, a 5 mm
space is recommended between the antenna and the human body with input power levels
of 15 dBm, 18 dBm, or 20 dBm at 28 GHz [30]. Subsequently, the proposed omnidirectional
DRA was simulated next to a layered phantom, as demonstrated in Figure 16. The con-
ducted SAR simulations confirmed that the radiation from the proposed antenna meets the
safety requirements, as illustrated in Figures 19 and 20 for 1 g and 10 g tissues, respectively.
It is worth noting that this SRA example is for the scenario of an antenna placed on the
chest phantom.
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Figure 19. The SAR of the proposed DRA with various input power levels for a 1 g tissue: (a) 15 dBm,
(b) 18 dBm, and (c) 20 dBm.
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Figure 20. The SAR of the proposed DRA with various input power levels for a 10 g tissue:
(a) 15 dBm, (b) 18 dBm, and (c) 20 dBm.

6. Measured Results

The alumina DRA and planar feed network incorporating a rectangular ring-slot
were fabricated by T-ceramics [31] and Wrekin [32], respectively. At the mmWave fre-
quency range, a precise alignment between the DRA and the feeding slot poses significant
challenges. To overcome these challenges, a solution involving mapping out the DRA
position on the ground plane was implemented during the fabrication stage [33]. The re-
sulting fabricated feed network, which includes the outlined DRA position, is presented in
Figure 21a. Following the outlining of the DRA position, ultrathin double-sided adhesive
copper tape with a thickness of 0.08 mm was utilized to bond the antenna to the ground
plane, ensuring secure assembly. The assembled DRA prototype is presented in Figure 21b,
including the utilized ELF50-002 SMA connector that was attached using screws. In addi-
tion, the prototype was measured without experiencing any alignment or bonding issues.
The implementation of this approach is critical in ensuring the mmWave measurements’
accuracy, where even slight deviations can significantly affect the performance [34]. All
measurements were carried out using the UKRI National Millimeter-Wave Facility [35],
where an N5245B vector network analyzer (VNA) was employed to measure the return
losses following a standard calibration procedure. Based on the analyzed data, the return
losses were determined. On the other hand, an NSI-MI Technologies system was utilized
in conducting the far-field measurements. By employing this specialized measurement
system, various parameters, including the radiation pattern as a function of ¢ and 6, were
accurately measured and visualized. To cover the elevation angle range of 8 = —90° to
0 = 90°, the arm of the NSI-MI spherical system was set up to rotate across the upper
hemisphere. Additionally, the gain of the antenna under test was determined with respect
to a reference horn antenna.

As demonstrated in Figure 22, the measured and simulated return losses shared al-
most the same resonance frequencies of 17.5 GHz, 23 GHz, and 28.5 GHz for the TE1y3,
ring-slot, and quasi-HEM,1s modes, respectively. In addition, the measured and simulated
—10 dB impedance matching bandwidth of the lower band was 3.4%. In terms of the
middle band that corresponds to the ring-slot resonance, the —10 dB impedance matching
bandwidth was 1.8 GHz, demonstrating a good agreement between the measured and
simulated percentage impedance bandwidths of 7.7% and 7.5%, respectively. However, a
slight discrepancy can be noted in the omnidirectional mode’s simulated and measured
bandwidths of 1.9% and 3%, respectively. This discrepancy can be attributed to measure-
ment uncertainties, including measurement setup as well as fabrication and calibration
errors. In addition, the utilization of bulky SMA and fittings could have contributed to
the discrepancy between simulated and measured results. It should be noted that the
achieved impedance bandwidth of the omnidirectional mode was narrower than that of a
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probe-fed omnidirectional rectangular DRA. For example, impedance bandwidths of 22%
were reported in [15] by merging the bandwidths of the DRA mode and that due to the
feeding probe’s resonance, which also offers an omnidirectional pattern. However, such a
hybrid operation is not possible in the proposed configuration since the feeding ring-slot
has broadside radiation, i.e., different from that of the excited DRA mode. Therefore,
a feeding ring-slot with an omnidirectional pattern needs to be utilized for bandwidth
enhancement. Alternatively, a dielectric coat layer [10], or concentric rectangular ring-slots,
can be utilized to achieve a wider bandwidth.

Figure 21. Prototype of the proposed antenna. (a) Ground plane with a rectangular ring-slot and
outlined DRA position. (b) Assembled prototype.
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Figure 22. The measured and simulated return losses for the proposed DRA that is fed using a
rectangular-ring-slot.

Figure 23 presents the measured and simulated radiation patterns at 17.5 GHz, where
the TE1; broadside mode was excited. Close agreement can be observed between the
simulated and measured broadside patterns. As mentioned earlier, the feeding slot’s reso-
nance was achieved at 23 GHz and the corresponding far field patterns are demonstrated
in Figure 24, with reasonable agreement between the measurements and simulations. For
example, the respective measured beamwidths were 88° and 108° in the E- and H- planes
compared to 90° and 107° in the simulations. In addition, the simulated and measured
omnidirectional radiation patterns are presented in Figure 25 for both the elevation and az-
imuth planes at 28.5 GHz. The results demonstrate close agreement between the simulated
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and measured radiation patterns, where an omnidirectional radiation pattern was achieved
with a main beam direction at 6 = 40°, as demonstrated in Figure 23a. The measured and
simulated beamwidths of the omnidirectional patterns were 61.2° and 60.6°, respectively.
However, a slight asymmetry can still be noted in the ¢ = 90° plane cut of Figure 25a,
owing to the asymmetrical feed point position. An improved roundness of the azimuthal
plane pattern can be observed in Figure 25b, which suggests that the rectangular ring-slot
arms were placed at equally strong magnetic field points. Furthermore, the copolarized
field component was considerably stronger than the cross-polarized component in all cases.
The azimuthal plane gain variation presented in Figure 26, where it is evident that the
variation was reduced considerably to ~0.85 dB, resulted in a more stable omnidirectional
pattern with close agreement between the measurements and simulations. Additionally,
the gain and radiation efficiency of the rectangular ring-slot-fed DRA are illustrated in Fig-
ure 27, where it can be noted that the maximum achieved gains were 6.56 dBi, 5.2 dBi, and
4.33 dBi for the TE;1; mode, ring-slot resonance, and the quasi-HEMj1s mode, respectively.
Furthermore, a high radiation efficiency of ~90% was attained in the three operating bands.

= Simulated
-eeares Measured

90

240

180 180

(a) (b)

Figure 23. Normalized radiation patterns of the TE11; mode at 17.5 GHz: (a) E-plane; (b) H-plane.
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Figure 24. Normalized radiation patterns of the slot mode at 23 GHz: (a) E-plane; (b) H-plane.
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Figure 25. Normalized radiation patterns of the quasi-HEM;;5 mode at 28.5 GHz: (a) ¢ = 90° plane;
(b) 6 = 40° plane.
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Figure 26. The azimuthal variation in the omnidirectional gain at the 6 = 40° plane.
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Figure 27. Measured and simulated gains at the main beam directions for the three resonance modes.

A comparative analysis of the ring-slot-fed DRA performance with respect to the
reported on-body mmWave antenna designs is presented in Table 3. As mentioned earlier,
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there is no reported study on the on-body mmWave DRA in the open literature; hence,
a comparison was made with respect to different antenna types that are available in the
literature. The comparison was conducted with respect to the size, bandwidth, gain, and
radiation efficiency. It is evident from Table 3 that the electrical size of the proposed
antenna was smaller than most of the reported designs, except that of [36]. In addition,
the utilized simple geometry resulted in simple and low-cost fabrication. On the other
hand, a triple-band operation was achieved, which was also the case in [36]. owever, the
individual bandwidths in the presented design were wider with higher gains compared to
those in [36]. At the same time, the other antennas in Table 3 offer single-band operation,
albeit with wider bandwidths. Furthermore, the proposed DRA outperformed the reported
counterparts in terms of radiation efficiency.

Table 3. Comparison of the proposed on-body antenna’s performance against cutting-edge mmWave

counterparts.
Ref Antenna Type Fregl;;e;cy Size (\3) 1 S11 Ba(i}::l)width On-B(:]%)i’ Gain (31;1332)}7
[36] Slotted patch 28, 38, 61 1.04 x 1.02 x 0.052 3,1,15 8.1,83,7 54, 60, 58
[37] Yagi array 60 3.2 x 1.6 x 0.04 15 9 41
[38] Patch-like 60 2.8 x21x0.23 16.3 12 63
[39] Textile 28 1.89 x 0.87 x 0.147 33 6.6 53.5
[40] Q Slot 60 2.58 x 2.8 x 0.32 12 8 56.68
[41] Patch-like 60 1.6 x 1.02 x 0.23 - 54 62.2
This work RDRA 17.5,23,28.5 1.19 x 1.19 x 0.16 34,77,19 7.3,6.8,5.8 90, 87, 84

! For [36] and this work, A was calculated at the highest mentioned frequency point.

7. Conclusions

A multiband millimeter-wave rectangular DRA with different types of radiation pat-
terns was demonstrated. A key achievement was the utilization of a planar feed network to
excite an omnidirectional rectangular DRA instead of the traditionally used vertical coaxial
probes. The dimensions of the feeding ring-slot were optimized to excite the required
resonance modes, with improved performance in terms of the bandwidth and omnidirec-
tional pattern quality. As a result, the quasi-HEMj;5 mode was excited for omnidirectional
radiation. Moreover, broadside radiation was also achieved by exciting the fundamental
TE11; mode and the ring-slot resonance mode. It should be noted that all the reported
omnidirectional rectangular DRAs operate in the quasi-TMy;; mode. Therefore, neither
a planar feed network nor the excitation of the quasi-HEMj;5 mode were demonstrated
earlier in the design of omnidirectional rectangular DRAs. Furthermore, an omnidirec-
tional mmWave DRA of any shape has not been reported previously. The omnidirectional
mode offers a gain of 4.33 dBi with a notably low azimuthal gain variation of 0.85 dB. The
impact of different parts of the human body on the antenna performance was investigated
and found to be marginal due to the presence of the ground plane. A comprehensive set
of measurements was implemented with close agreement between the simulations and
measurements. Overall, the proposed design offers considerable potential for a wide range
of applications in the millimeter-wave frequency band. A comparison of the proposed
DRA’s performance against those of its earlier-reported counterparts showed that the DRA
offers a smaller size and higher radiation efficiency, triple-band operation, and a low-cost,
simple design.
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Abstract: The use of flexible, built-in, ultra-high-frequency (UHF) antenna sensors is an effective
method to solve the weak high-frequency electromagnetic wave signal sensing of partial discharge
(PD) inside gas-insulated switchgears (GISs), and the compatibility of flexible UHF antenna sensor
substrate materials and SF6/N2 mixtures is the key to the realization of a flexible UHF antenna sensor
inside a GIS. Based on this, this paper builds an experimental platform for the compatibility of a 30%
SF6/70% N2 gas mixture and a PD flexible UHF antenna sensor substrate and conducts compatibility
experiments between the 30% SF6/70% N2 gas mixture and PD flexible UHF antenna sensor substrate
under different temperatures in combination with the actual operating temperature range of the
GIS. In this article, a Fourier transform infrared spectrometer, scanning electron microscope and
X-ray photoelectron spectrometer were used to test and analyze the gas composition, the surface
morphology and the elemental change in the PD flexible UHF antenna sensor substrate, respectively.
PET material will be slightly oxidized under the environment of a 30% SF6/70% N2 gas mixture at
110 °C, PI material will generate metal fluoride under the environment of a 30% SF6/70% N2 gas
mixture and only PDMS material will remain stable under the environment of a 30% SF6/70% N2
gas mixture; therefore, it is appropriate to use PDMS substrate in the development of flexible UHF

antenna sensors.

Keywords: flexible UHF antenna sensor; flexible base; DC gas-insulated switchgear (GIS); compatibility;
SF6/N2 gas mixture

1. Introduction

SF¢ is widely used in insulation systems of electric equipment such as gas-insulated
switchgears (GISs) because of its good insulating ability and arc-extinguishing ability.
However, SF¢ has a large greenhouse effect, its decomposition products are toxic and
corrosive and its cost is high. Therefore, in order to reduce the use of SF4 gas, the most
effective method is to develop the use of SF¢ gas mixtures. Current research shows that SFg
mixed with Ny has a good synergistic effect and its insulation performance is stronger than
N, and more similar to SF4 [1]. In recent years, the State Grid Corporation, in response
to the national call for energy savings and emission reductions, organized work on the
SF¢/Nj gas mixture for GIS busbars and isolation and grounding switches, and they also
determined the use of a 30% SF/70% N gas mixture as an insulation medium for GIS
busbars and isolation and grounding switches [2]. Partial discharge (PD) is the main cause
of GIS insulation failure, and if not dealt with in a timely manner, it will likely lead to serious
equipment accidents and grid accidents [3-5]. The ultra-high-frequency (UHF) method
uses antenna sensors to sense the high-frequency electromagnetic wave signals radiated by
PD, which has the advantages of strong anti-interference capability and high reliability, and
it is widely used for the detection of GIS PD insulation defects [6,7]. At present, all newly
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commissioned GISs of 220 kV and above in China’s power grid companies are installed
with UHF detection systems or reserved with UHF detection interfaces. According to
the installation position, UHF antenna sensors for GIS PD detection can be divided into
two types: built-in and external [8-10]. External UHF antenna sensors will be affected by
the serious attenuation of electromagnetic wave signals caused by outward PD leakage due
to the GISs” own metal shell structure and the influence of the corona interference signal
and mobile communication signal in the external environment, resulting in inadequacies in
its sensitivity to the PD in the GIS, especially in intermittent PD signal sensing. Although
built-in UHF antenna sensors can effectively overcome the shortcomings of external UHF
antenna sensors, most of the current antenna sensors for UHF detection built into GISs are
made of rigid materials such as those with FR-4 epoxy resin as the substrate [11-13], which
cannot conform to the cylindrical metal structure housing of GISs and require the complex
structural modification of the flange of the device itself. In addition, rigid substrates in
built-in UHF antenna sensors also create the risk of problems such as the electric field
distribution inside the device being affected [14].

For the creation of flexible, built-in GIS PD detection UHF antenna sensors, our group
has developed a variety of UHF GIS PD detection antennas based on two PD flexible UHF
antenna sensor substrates, namely thermosetting polyimide (PI) and polydimethylsiloxane
(SU-8/PDMS). These flexible antennas have obvious advantages such as ultra-small sizes
(maximum sizes of less than 60 mm), ultra-thinness (thicknesses of up to 0.2 mm), excellent
radiation performances and stable performances in the bending radius deformation range
of 150-500 mm [15-18].

Because the process of building a flexible UHF antenna sensor into a GIS puts it in
direct contact with a SF4 /N, gas mixture, if the flexible UHF antenna sensor is incompatible
with SFg /N inside the equipment, on the one hand, this may cause the PD flexible UHF
antenna sensor substrate material to be corroded by the gas mixture, which will lead to
problems such as the inaccurate detection of PD signals by the flexible antenna sensor;
on the other hand, the flexible UHF antenna sensor may lead to the decomposition of the
mixed gas, resulting in the degradation of the insulation performance of the mixed gas, and
then causing more serious insulation accidents. At the same time, it is still unclear which
built-in UHF antenna sensor substrate material has better compatibility with the SFs/N»
gas mixture, which is directly related to the safety of the long-term operation of built-in
flexible UHF antenna sensors in GISs and the field implementability of the technology.

Based on this, an experimental study on the compatibility of PD flexible UHF antenna
sensor substrates with SF¢ /Ny is proposed in this paper. Firstly, the experimental platform
used to determine the compatibility of the SFs /N, gas mixture and the flexible UHF antenna
sensor substrate material was built, and thermal acceleration experiments were carried out
with the SF¢ /N, gas mixture and three commonly used PD flexible UHF antenna sensor
substrate materials at different temperatures, according to the actual operating temperature
of a GIS. The results are summarized and analyzed to enable us to select the most suitable
PD flexible UHF antenna sensor substrate materials and provide basic reference data for
the design and engineering application of GIS PD flexible built-in UHF antenna sensors.

2. Compatibility Experimental Platform and Experimental Materials
2.1. Compatibility Experimental Platform

The thermal acceleration experimental platform is shown in Figure 1. The experimental
platform was mainly composed of a temperature control system and a switching system.
The experimental temperature was regulated by the temperature control system at the
beginning of the experiment, and the temperature inside the chamber was set using the
internal detection system. The high-pressure sealed tank shell was made of stainless steel,
and a stainless steel mesh holder was placed in the gas chamber for the PD flexible UHF
antenna sensor substrate material, which was intended to be in full contact with the SF4 /N>
gas mixture and to ensure uniform heating of the sample. The high-pressure sealed tank
was cleaned with SF¢ gas several times before the experiment; the pressure value in the gas
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chamber was checked using a barometer during inflation; and the exhaust-gas-collection
device was used to collect the excess gas and reduce the pollution to the environment.

o0 E
X ol o P

£ M. NS N §

1. High pressure sealed tank, 2.N,gas, 3.SF¢gas, 4.SF¢Gas buffer valve,
5.N, Gas buffer valve, 6.Vacuum pump valves, 7.vacuum pump, 8.Constant
temperature heating box

Figure 1. Experimental platform.

2.2. Experimental Materials

Due to the continuous development of flexible wearable devices, flexible antennas have
become a research hotspot in recent years. Antennas with flexible materials as substrates
have good deformation capabilities and can be co-profiled with complex structures, so the
selection of suitable flexible substrates is the key to the realization of the development of
flexible UHF antenna sensors. Common flexible dielectric substrates mainly include PI,
polyethylene terephthalate (PET) and PDMS as PD flexible UHF antenna sensor substrate
materials. These materials are bendable, have high tensile strength, are non-toxic, have
high temperature resistance, have good insulation properties, have low dielectric constants
and have good dimensional stability. It is these excellent properties that make these
materials ideal for making flexible UHF antenna sensor substrates [19,20]. Therefore, in
this paper, three PD flexible UHF antenna sensor substrate materials, PI, PET, and PDMS,
were selected for the study to investigate their compatibility with SFg/N,. The dimensions
of the experimental samples of the flexible materials used for accelerated thermal aging are
shown in Figure 2.

Imm

%

2 e

AC
Figure 2. Sample of flexible material.

3. Experimental Method

According to GB/T11022-2020 [21], the maximum allowable temperature of the ac-
cessible parts of the equipment is 70 °C, and DL/T 617-2010 states that the maximum
temperature rise inside the cavity is 40 K. Therefore, in order to investigate the compatibil-
ity of the SF¢ /N, gas mixture with the PD flexible UHF antenna sensor substrate material
under the actual operating temperature and the temperature limit of the equipment, the
experimental temperatures were set to 40 °C, 70 °C and 110 °C, respectively. The tempera-
ture was controlled by using a constant temperature heating chamber. The experimental
sample specimens were placed in the SF¢ /N, gas mixture environment, and the thermal
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acceleration experiments were continuously carried out under three different temperatures
for 7 days and 24 h per day.

According to GB/T11021-2014, “Electrical Insulation, Heat Resistance and Repre-
sentation Method” and “Evaluation and Identification of Electrical Insulation System:
‘IEC60505:2011"”, according to the 6-degree rule, the compatibility of the set experimen-
tal temperature range and experimental time can better simulate the service life of gas-
insulated equipment under normal working conditions.

-5
Equivalent formula: t, =276 X # 1

Among them, t; represents the duration of the thermal acceleration experiment, t,
represents the equivalent duration of the GIS operating temperature, T represents the
experimental temperature and T, represents the GIS operating temperature. It is calculated
that when the experimental duration is 7 days and the experimental temperature is 110 °C,
the maximum ambient temperature of GIS operation is 40 °C, and the equivalent duration
is calculated to be 62.34 years [22].

Experimental Steps

The experimental steps are shown in Figure 3. Before the experiment, the surface
of the small experimental sample and the inner wall of the experimental gas tank were
wiped with absolute ethanol, and after the sample and the tank were naturally air-dried,
the experimental sample was put into the bottom bracket of the gas tank. The experimental
gas tank had good air tightness, could withstand a maximum pressure of 0.8 MPa, and had
a capacity of about 400 mL. Before the experiment, SF4 was used to wash and vacuum the
gas chamber, and the above operation was repeated 3 times to avoid impure gas affecting
the results. The Dalton partial pressure law was used to fill the gas tank with 0.5 MPa
30% SF¢/70% N, gas, put the gas tank into a constant temperature heating box for the
heating treatment for 7 days and set up room-temperature (20 °C) experimental control
groups. After the experiment, the composition of the mixed gas was analyzed using a
Fourier transform infrared spectrometer (FTIR), and a scanning electron microscope (SEM)
and X-ray photoelectron spectroscopy (XPS) were used to test and analyze the surface
morphology and elemental changes in the PD flexible UHF antenna sensor.

Sample preparation

‘ A Y

Wipe, wash and fill
with SF¢/N, gas Gas Side (FTIR)
mixture

!

Gas mixture,
experimental sample ‘L

compatibility test
End

!

Collect the post-
experiment gas and
detect the composition

L

Figure 3. Flowchart of experimental steps.

Compatibility
evaluation

Solid side (SEM,
XPS)
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4. Experimental Results and Analysis
4.1. Analysis of the Influence of PD Flexible UHF Antenna Sensor Substrate on SFg Gas Itself

An FTIR is an infrared spectrometer developed based on the principle of the Fourier
transform of infrared light after interference, which is mainly composed of an infrared
light source, diaphragm, interferometer (beam splitter, moving mirror and fixed mirror),
sample chamber, detector and various infrared mirrors, lasers, control circuit boards and
power supplies. Fourier infrared spectroscopy can process a signal via Fourier transform
to obtain an infrared absorption spectrum containing absorbance with a wavenumber. At
the same time, since the chemical vibrations of different functional groups have different
absorption characteristics of infrared light with different wavenumbers, the qualitative and
quantitative analysis of SFs /N, properties can be realized by comparing the FTIR infrared
absorption spectra before and after the experiment.

After the 7-day thermal acceleration experiment of 40 °C, 70 °C and 110 °C, respec-
tively, on the base materials of the three PD flexible UHF antenna sensor substrates of
PI, PET and PDMS, the mixed gas after the gas collection experiment was used for FTIR
detection, and the FTIR detection results of the mixed gas before and after the experiment
of the base material of PI, PET and PDMS for three PD flexible UHF antenna sensors are
shown in Figures 4-6.

4.5 | Before the experiment
I —— After the 40 °C test
4.0 — After the 70 °C test
35 —— After the 110 °C test
3.0
(o]
Q
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2 2.0
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0.0 - —
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Figure 4. Infrared spectra of gas after PI and SF¢/N; tests at different temperatures.
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Figure 5. Infrared spectra of gas after PET and SF¢ /N, tests at different temperatures.
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Figure 6. Infrared spectra of gas after PDMS and SF4 /N tests at different temperatures.

It can be seen from Figures 4-6 that the SFs /N, mixture in the control group peaks
in the infrared spectrum with the SF¢ /N, mixture after the experiment, which indicates
that the composition of the mixed gas does not change after the experiment, and the base
materials of the three PD flexible UHF antenna sensors of PI, PET and PDMS will not affect
the SFg /N, mixture within the GIS operating temperature range.

4.2. Analysis of the Influence of SFs/N, Mixture on PD Flexible UHF Antenna Sensor Substrate

If the SFg /N, mixture reacts with the PD flexible UHF antenna sensor substrate material,
it may not only cause the SFg /N, mixture to decompose but also cause corrosion to the PD
flexible UHF antenna sensor substrate material and introduce new uncertain risk factors.

4.2.1. PD Flexible UHF Antenna Sensor Substrate Topography Detection

In order to explore the changes in the surface morphologies of PD flexible UHF antenna
sensor substrate materials, scanning electron microscopy was used to magnify the surface of
PD flexible UHF antenna sensor substrate materials by 300 times and 2500 times before and
after the experiment [23]. Since PDMS has low adhesion and cannot be stably fixed in the
SEM sample stage, only the surface topographies of the PI and PET PD flexible UHF antenna
sensor substrates were analyzed, and the results are shown in Figures 7 and 8, respectively.

It can be seen from Figures 7 and 8 that in the SF; /N, mixed gas environment, when
the magnification is 300 times, the surfaces of the PI and PET materials are smooth at three
temperatures, and there is no obvious corrosion phenomenon. When the magnification is
2500 times, because the test points of the PI and PET materials are different at different
temperatures, the surface morphologies of the PI and PET materials are different at different
temperatures. The PI and PET materials have relatively few surface impurities in the mixed
gas environment of 40 °C SF¢/Nj, and the PI and PET materials have comparatively many
surface impurities in the mixed gas environment of 70 °C and 110 °C SF¢ /Ny, among which,
the surface impurities of the PI materials and PET materials show the shape of small islands
in the mixed gas environment of 110 °C SFs/Nj. Since the surfaces of the PI and PET
materials show impure morphologies in three different temperature environments of 40 °C,
70 °C and 110 °C, and there is no obvious corrosion phenomenon, it can be concluded that
neither PI nor PET reacts with SFs /N, mixed gas.

4.2.2. PD Flexible UHF Antenna Sensor Substrate Material Surface Element Detection

In order to analyze the possible changes in the substrate material surface of the PD
flexible UHF antenna sensor, XPS analysis of the possible elements (Cls and Fls) on
the sample surface was carried out. The detected absorption peaks were analyzed with
Multipak software, and Shirley-type fitting subtraction was used to fit the peaks with the
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Gauss algorithm, where the charge calibration element was Cls (284.8 eV) [24,25]. The full
spectra of elements on the substrates of three kinds of PD flexible UHF antenna sensors
(PI, PET and PDMS) before the experiment are shown in Figure 9; from the figure, it can
be seen that the substrates of three kinds of PD flexible UHF antenna sensors, PI, PET and
PDMS, mainly contain C, O and S elements and contain trace amounts of F elements.

 Mag=2500X
(a) original appearance

Mag=2500X

Mag=300X

(b) 40 °C

Mag=300X
(c) 70 °C

Mag=300X Mag=2500X
(d) 110 °C

Figure 7. SEM of PI material.
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Figure 8. SEM of PET material.
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Figure 9. Photoelectron spectra of the full spectrum of elements before PI, PET and PDMS
material experiments.

Figure 10 shows the high-resolution photoelectron spectra of C1 and F1 elements
before and after experiments on three kinds of PD flexible UHF antenna sensor substrates:
PI, PET and PDMS. It can be seen from Figure 10a,b that the C1s of the Pl and PET materials
before and after the experiment detected characteristic peaks of C-C, C-H bonds and C=0,
O-C-O bonds at 284.8 eV and 288.5 eV. It can be seen from Figure 10c that the Cls of the
PDMS materials before and after the experiment only detected the characteristic peaks of
C-C and C-H bonds at 284.8 eV. It can also be seen from Figure 10 that the content of C1s
of PI, PET and PDMS did not change significantly with the increase in the experimental
temperature in the SF;/N, mixed gas environment at different temperatures of 40 °C,
70 °C and 110 °C. At the same time, by observing Figure 10b, it is not difficult to see that
the absorption peaks of C=0 and O-C-O bonds of PET materials in the 110 °C SFs/N»
mixed gas environment are higher than those of C=0O and O-C-O bonds in the 40 °C and
70 °C SFg¢/Nj mixed environment. At the same time, the characteristic peaks (C=O and
O-C-O bond) of C1s at the binding energy of 288.5 eV also increased with the increase in
the experimental temperature, indicating that PET surface oxidation occurred under the
action of the SF4 /N, gas mixture.

In addition, it can be seen from Figure 10a that when PI is in the 70 °C and 110 °C
SF¢ /N, mixed gas environments, F1s detects metal-F bonds and C-F bonds at the binding
energy of 684.5 eV and 688.15 eV, respectively, indicating that the PI material reacts with
the SF¢/Nj mixed gas. Metal fluoride is formed, and the newly generated metal fluorine
compounds are adsorbed on the surface of the PI material, resulting in the accumulation of
element F on the surface of the PI material. At the same time, the detection of C-F bonds
on the surface of the PI material indicates that the PI material reacts with components
in the mixed gas, so that the F element replaces the H element in the PI material, and a
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new fluorine-containing compound is generated. At the same time, the newly generated
fluorine-containing compound is adsorbed on the surface of the PI material, resulting in the
accumulation of the F element on the surface of the Pl material. At the same time, it can also
be seen from Figure 10a that the peak intensity of Fls did not change significantly with the
increase in the experimental temperature. As can be seen from Figure 10b, F1s also detected
metal-F and C-F bonds at the binding energy of 684.5 eV and 688.15 eV. However, with
the increase in the experimental temperature, the peak strength of the metal-F bond and
C-F bond gradually increased, indicating that more fluoride accumulated on the surface
of the PET material with the increase in temperature. As can be seen from Figure 10c,
when PDMS was under three different-temperature SFs/N, gas mixtures, F1s did not
detect characteristic peaks, indicating that PDMS would not react with the SFs/N; gas
mixtures. Through the above analysis, it can be concluded that the PDMS material has
good compatibility with SFs/N; gas mixtures.
The results show that PDMS has good compatibility with SF/N» gas mixtures.
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5. UHF Antenna Sensor Based on PDMS

This research group developed a flexible Hilbert antenna and a flexible planar bicone
antenna based on PDMS. In reference [26], the flexible Hilbert antenna designed by our
research group could reach 73.6% coverage at frequencies of 422-800 MHz, 1.23-1.58 GHz,
1.65-1.7 GHz and 1.79-3 GHz without bending, and bending did not affect the antenna
bandwidth. When the curvature of the antenna was low, the cross polarization component
of the antenna was less in the low frequency band, showing a better polarization effect,
while the influence of the curvature was more obvious in the high frequency band, and
some curvature would increase the cross polarization ratio. When the bending radius
of the antenna was 350 mm, the peak gain of the antenna reached 1.34 dB. In the PD
detection band, the radiation efficiency of the antenna with different bending radii was
30~50%. The flexible planar bipyramidal antenna designed by the research group in the
literature [27] was divided into a finite lateral branch plane bipyramidal antenna and an
infinite lateral branch plane bipyramidal antenna. The return loss characteristics of the
two antennas were less than —10 dB in the 0.3-0.5 GHz, 0.64-1.25 GHz and 1.4-3.0 GHz
bands. Meanwhile, the two planar double-cone antennas had good bandwidth and gain
under different bending radii of 0 mm, 150 mm, 350 mm and 500 mm. The infinite lateral
branch plane bipyramidal antenna could achieve a gain of 5.38 at 1.37 GHz. The finite
lateral branch-plane bipyramidal antenna had stable radiation performance at 0.3-3 GHz,
and the infinite lateral branch-plane bipyramidal antenna had stable radiation performance
at 0.5 GHz-3 GHz. Both antennas could effectively detect UHF PD signals.

6. Conclusions

In order to investigate the compatibility of the substrate material of a GIS PD flexible
UHF antenna sensor with SFs /Ny mixed gas, this paper built an experimental platform to
determine the compatibility of SFs/N; gas mixtures with substrates of PD flexible UHF
antenna sensors to study the compatibility of SFs /N, gas mixtures with the flexible antenna
materials at different temperatures; through the analysis of the experimental results, the
following conclusions are drawn:

(1) The composition of the SFs/Nj mixture was almost the same before and after
the compatibility experiment, and the substrate materials of PI, PET and PDMS had no
influence on the composition of the SFs/Nj mixture.

(2) PET slightly oxidized at 110 °C 30% SFs/70% N3, and the metal fluoride formation
of PI was observed at 30% SF¢/70% N».

(3) The PDMS substrate is suitable for the development of flexible UHF antenna sensors.
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G R W N

Abstract: This paper designs a five-bit microelectromechanical system (MEMS) time delay consisting
of a single-pole six-throw (SP6T) RF switch and a coplanar waveguide (CPW) microstrip line. The
focus is on the switch upper electrode design, power divider design, transmission line corner
compensation structure design, CPW loading U-shaped slit structure design, and system simulation.
The switch adopts a triangular upper electrode structure to reduce the cantilever beam equivalent
elastic coefficient and the closed contact area to achieve low drive voltage and high isolation. The
SP6T RF MEMS switch uses a disc-type power divider to achieve consistent RF performance across the
output ports. When designed by loading U-shaped slit on transmission lines and step-compensated
tangents at corners, the system loss is reduced, and the delay amount is improved. In addition, the
overall size of the device is 2.1 mm X 2.4 mm x 0.5 mm, simulation results show that the device has
a delay amount of 0-60 ps in the frequency range of 26.5-40 GHz, the delay accuracy at the center
frequency is better than 0.63 ps, the delay error in the whole frequency band is less than 22.2%, the
maximum insertion loss is 3.69 dB, and the input-output return rejection is better than 21.54 dB.

Keywords: SP6T RF MEMS switch; triangular upper electrode; CPW loading gaps; high delay
accuracy; low insertion loss; high-frequency band

1. Introduction

Currently, the wireless communications market is highly competitive, and tiny, low-
cost, reconfigurable RF modules are a major research hotspot. Delayers are the essential
components of phased array antennas, mainly used in radar systems [1]. Digital delay
techniques require the sampling of signals, normally requiring analog-to-digital converters
(ADC) [2], therefore leading to relatively high power consumption, quantization noise, and
sampling confusion, in addition to the inclusion of ADCs causing problems such as clock
injection, nonlinearity, and bandwidth limitations, which can be avoided by using analog
delay circuits [3]. Conventional analog delayers use PIN diodes as signal conduction and
disconnection elements, but such transistor switching introduces significant losses, up to
8-9 dB at 35 GHz [4]. Instead, it becomes a performance-limiting component of the system.
Compared with the delayers discussed above, delayers based on RF MEMS technology
have the advantages of low power consumption, superior linearity, small size, low cost,
and easy monolithic integration [5]. Therefore, in recent years, RF MEMS delayers have
been extensively studied by both domestic and international scholars.

There are several classifications of MEMS delayers, such as distributed transmission
line delay [6], reflective delay [7], and switched linear delay (TTDL) [8]. However, published
literature and already-released TTDL products typically suffer from low device operating
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bands, low accuracy, and high loss. In 2007, Chu et al. of the University of Southern
California proposed a path-sharing true-delay structure [9], with a design bandwidth of
1-15 GHz, a delay resolution of 15 ps, and a maximum delay of 225 ps. The chip adopts
an 8-layer CMOS process, and its size is 3.1 mm x 3.2 mm. In 2013, Park et al. of Koryo
University designed and fabricated a 15-40 GHz three-dimensional CMOS real-time delay
(TTD) circuit with a maximum group time delay of 40 ps but with insertion loss as steep as
14 dB [10]. In 2019, a novel structure to achieve broadband true delay was proposed and
implemented [11]. There is a maximum delay of 109.3 ps in the 8-18 GHz band and an
average insertion loss of 18.2-22.5 dB in the expected band with an error of less than 4 ps.

This paper proposes an RF MEMS delay device with high delay accuracy and low loss
in the Ka-band. The MEMS delay adopts the structure design of a single-blade multi-throw
switch equipped with a linear time delay unit, which is characterized by a moderate chip
area and an easily machinable structure. In addition, conventional switch delayers often
use a cascade structure [12,13], with a minimum of 2n (n delay bits) switches driven for
delay operation, and only two switches need to be driven to activate a delay state using the
structure of this paper.

The paper is organized as follows. First, the development of a single-blade multi-throw
switch (SPMT) is reviewed, and the designs of the upper electrode of the switch and the
power divider are introduced in detail. Finally, the SP6T switch model designed in this
paper is proposed, which has superior RF performance at DC-40 GHz. Then, a new delayed
microwave line structure is presented, with innovations in transmission line corners and
coplanar waveguide centerline for better delay performance. Finally, the proposed Ka-band
five-bit MEMS delay, obtained by integrating two SP6T RF MEMS switches and a modern
CPW microstrip, achieves elevated delay accuracy and low transmission loss.

2. Model Design
2.1. SP6T RF MEMS Switch Design

The SP6T RF MEMS switch is used as the core device to control the signal transmission
path of the delay, and its RF performance has a great impact on the overall performance of
the delay. The (SPMT) [14-16], developed so far, mainly has PIN diode class, RF coaxial
class, and MEMS class. The listed PIN diode SPMT switches have the problems of narrower
frequency band and larger size; the volume of RF coaxial SPMT switch developed by RF
connector is also large; the MEMS SPMT switches still have the problems of poor isolation
and insertion loss performance on the characteristics of small size and wide frequency
band. To design the SP6T RF MEMS switch with good RF performance in Ka-band, this
paper will optimize the upper electrode structure and power divider structure of the
switch, respectively.

2.1.1. Switch Upper Electrode Design

The proposed SP6T RF MEMS switch uses a series contact RF MEMS switch with a
cantilever beam structure for the upper electrode of the switch, where one end of the upper
electrode is fixed to the signal line by an anchor point and the remaining end is suspended
above the contact. By applying a voltage to the driving electrode below the cantilever beam,
the upper electrode is displaced by the electrostatic force and pulled down to contact with
the contact, and the signal is conducted [17]. From the theory related to RF MEMS, it is
known that the driving voltage for switch conduction [18] is:

— 8k 3
V= 27€0Ag0 (1)

Ewt?
K= @

where k refers to the elastic coefficient of the upper electrode of the switch; E means Young’s
modulus of the material; w is the width of the upper electrode; | indicates the length of
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the upper electrode; t denotes the thickness of the upper electrode; A denotes the positive
actuation region of the upper and lower electrodes of the switch; gg denotes the initial
spacing between the upper and lower electrodes; ¢y denotes the relative dielectric constant
of air. The above equation shows that the driving voltage is proportional to the elastic
coefficient and inversely proportional to the driving area.

Most switches currently use a rectangular, straight-plate upper electrode [19]. Since
it is more effective to reduce the cantilever beam elasticity coefficient than to increase the
local driving area in reducing the driving voltage, a triangular upper electrode structure
is used in this paper. The total length of the triangular upper electrode cantilever beam is
106 pum, consisting of a 40 um rectangle, a 60 um triangle, and a 6 pm rectangular block.
Due to the skinning effect, 2 um is chosen in this paper when designing the thickness of the
upper electrode and CPW, which can ensure that the thickness of the metal is greater than
2 times the skinning depth at frequencies above 10 GHz, and reduce the metal resistance at
low frequencies. The specific structure parameters are shown in Figure 1.

i
§0

100um =|

Figure 1. Triangular upper electrode structure and its specific parameters.

The proposed triangular upper electrode RF MEMS switch reduces the driving voltage
in three main ways. First, by reducing the width of the cantilever beam to obtain a lower
elasticity coefficient; second, by opening several openings in the upper electrode plate to
reduce the air damping of the switch pull-down [20]; third, the hollowed-out triangular
design significantly eliminates most of the switch mass when compared to the rectangular
shape, thus reducing the weight of the switch. In addition, the opening of the hole in the
upper pole plate facilitates the release of the sacrificial layer during process processing.
The contact area between the triangular upper electrode structure and the transmission
line is significantly smaller than the transmission line width compared to the straight
upper electrode. A smaller contact area will reduce metal adhesion and provide better
isolation performance.

To verify that the optimized upper electrode structure is easy to pull down, the COM-
SOL software was used to apply equivalent pressure to both upper electrode structures,
and the simulation results are shown in Figure 2. The displacement of the straight up-
per electrode is 0.8 um, and that of the displacement of the triangular upper electrode is
2.64 pm. The results show that the triangular upper electrode structure is easier to pull
down than the straight one. Using the above equations, the equivalent elastic coefficient of
the cantilever beam was calculated to be 5.32 N/m, and the driving voltage of the triangular
upper electrode was 13 v.

To verify that the triangular upper electrode structure can improve the switching
isolation, ANSOFT HEFSS software was used to simulate and compare the switches of
the two structures, the results of which are shown in Figure 3. It can be seen that the
triangular upper electrode structure effectively improves the switching isolation in the
Ka-band, with an improvement of 11.86 dB at 40 GHz and better isolation of 31.46 dB in
the full frequency band.
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Figure 2. Schematic diagram of displacement of different structures under the same pressure

(a) Schematic diagram of the displacement of a straight-plate structure; (b) Schematic diagram
of the displacement of a triangular structure.
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Figure 3. Isolation performance of different upper electrode structures.

2.1.2. Switch Power Divider Design

The function of the power divider (power splitter) is to proportionally distribute the
input signal into the end branches [21], and its performance has an important impact on
the performance of the SP6T RF MEMS switch in terms of insertion loss and signal splitting.
The design expects to design a power divider structure to make the RF performance of each
port of the SP6T RF MEMS switch consistent, so three power divider design models are
proposed in this paper, as shown in Figure 4. Figure 4a is a general six-out-of-one power
divider, whose structure is designed to divide into six branches of 100 um length directly
at the signal shunt. Figure 4b is a circular power divider, whose structure is designed to
connect a 10 pm wide ring at the signal shunt and set a 75 pm block in the center of the
circle as a ground wire. Figure 4c shows the disc-type power divider, whose structure is
designed to set a 100 um radius disc at the signal shunt.
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Insertion loss/dB

(a)

(b) (c)

Figure 4. (a) General six-out-of-one power divider; (b) Circular power divider; (c) Disc-type
power divider.

Next, the three power dividers and switches are cascaded, and their insertion loss
performance was simulated, and the results are shown in Figure 5. A previous article
verified that the closer the SPMT switch output is to the input, the stronger the electric field
strength at its port, resulting in greater signal loss [22]. A look at the data in the three result
plots shows that the closer the channel is to the input, the worse the insertion loss results
for channel conduction, which is in line with the above theory. Because of the symmetrical
geometry of the power divider, the insertion loss performance of Port 1 is similar to that of
Port 6, Port 2 is similar to that of Port 4, and Port 3 is similar to that of Port 5.
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Frequency/GHz
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Figure 5. Insertion loss simulation results for different power divider structures: (a) General six-out-
of-one power divider; (b) Circular power divider; (c) Disc-type power divider.

From the perspective of signal loss, the insertion loss of the disc-type power splitter
structure is the smallest at 40 GHz, and the maximum loss is only 0.62 dB. From the
perspective of port performance consistency, the difference in insertion loss performance
between the ports of the general six-out-of-one power divider at 40 GHz is 0.28 dB, the
difference in insertion loss performance between the ports of circular-type power splitters
is 0.39 dB, and the difference in insertion loss performance between the ports of disc-type
power splitters is only 0.094 dB. On balance, the disc-type power splitter design best meets
the RF performance requirements of this paper.

The SP6T RF MEMS switch obtained by integrating the single-throw switch and
the disc power divider is shown in Figure 6. The overall size of the switch is less than

0.6 mm X 0.6 mm, and the insertion loss of each port is less than 0.62 dB in Ka-band, with
excellent overall RF performance.

2.2. Delay Structure Design
2.2.1. CPW Transmission Line Corner Design

MEMS delayers are used to select different lengths of transmission lines through
switches to achieve a multi-bit delay function. The formula for calculating the delay
amount of the same microwave transmission line structure is as follows [23]:
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onf feefy
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¢ is the free-space velocity; ¢, is the relative permittivity of the CPW equivalent; f is the
operating frequency of the delay; /; is the delay transmission line length; I, is the reference
line length. Equation (3) shows that the amount of delay is proportional to the length of the
transmission line. To reasonably use the limited area of the substrate at the same time, as
often as possible to achieve a larger delay, here is the use of zigzag microstrip line wiring, as
shown in Figure 7a. Due to the CPW discontinuity at the corner, it is very easy to produce
slot line mode, which is usually suppressed by erecting an air bridge to connect the ground
lines on both sides [24].

Figure 7. (a) Zigzag microstrip line layout; (b) Step compensation design; (c) Step compensation
cut-angle design.

To further reduce the transmission loss, the geometric structure at the corner of
the microstrip line is optimally designed in this paper. As shown in Figure 7b,c, the
step compensation design and step compensation tangent design are carried out at the
corners, respectively.

The simulation results of the transmission characteristics of different designs at the
corner of the curved microstrip line are shown in Figure 8. From the simulation results, it
seems that the RF performance of the design with step-compensated corner-cutting at the
Ka-band is significantly improved, the insertion loss is improved by 0.39 dB at 40 GHz, and
the return loss is improved by 5.16 dB at 40 GHz. Therefore, the design of step-compensated
corner-cutting at the corner of the curved microstrip line is used.
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Figure 8. (a) Insertion loss simulation results for different corner designs; (b) Simulation results of
echo resistance in different corner designs.

For the corner-cutting design, there is an effect of the corner-cutting width d on the
transmission characteristics of the zigzag microstrip line. The simulation results of the RF
performance of the zigzag microstrip line with different cut-angle widths are shown in
Figure 9, where w = 30 um is the corner transmission line width. From Figure 9, it can
be seen that different corner-cutting methods have a considerable impact on the standing
wave and delay of the microstrip line. From the simulation results, with the increase of the
length of the corner-cutting line (d = 0.2-1.4 W), the delay performance of the transmission
line deteriorates progressively, and the amount of the delay decreases by nearly 0.39 ps; at
the same time, the VSWR obtained when the length of the corner-cutting line is d = w is the
best, and it is optimized by 0.12 relative to that of d = 0.2 w. Therefore, as a compromise,
the width of the tangent angle with d = w is chosen.
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Figure 9. (a) Effect of angle of tangency on standing waves; (b) Effect of angle of tangency on the
amount of delay.

2.2.2. Coplanar Waveguide Loading Gap Design

In this paper, a coplanar waveguide structure is used for signal transmission, as shown
in Figure 10a, and its equivalent circuit is shown in Figure 10b [25], where the equations
for the unit capacitance C; and unit inductance L; in the circuit are Equations (4) and (5),
respectively, where c is the velocity in free space, Z is the characteristic impedance of the
unloaded transmission line, and ¢, is the effective dielectric constant of the CPW.
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(b)
Figure 10. (a) Structure of Coplanar Waveguide; (b) CPW equivalent circuit.

The coplanar waveguide structure achieves the delay by controlling the phase velocity
v of the transmission line, as shown in Equation (6), where the magnitude of the phase
velocity depends on the unit capacitance C; and the unit inductance L;.

_ VEeff
C = Zs 4)

Li = CZ3 (5)

1
70

To increase the delay amount without increasing the length of the delay line, this paper
improves the unit inductance of the delay line by replacing the common transmission line
with a coplanar waveguide loading gap, thus increasing the phase speed and increasing
the delay amount. A CPW discontinuous transmission structure was previously proposed
by Tang et al. [26], in which two rectangular slots are hollowed out in the central signal
line of the CPW, which forms another coplanar waveguide in the central guide member.
According to transmission line theory, this structure is equivalent to a short circuit along the
propagation direction and can be equated to a parallel inductor. The results of the article
show that this CPW discontinuous structure design can not only widen the operating band
but also keep the insertion loss low while obtaining a large phase shift. Therefore, this paper
proposes a structure that adds a U-shaped slit to the center guide of the coplanar waveguide
to equivalently form three coplanar waveguides on the center guide, thus achieving the
purpose of introducing a larger equivalent inductance L;. The specific structure of the
coplanar waveguide loading gap is shown in Figure 11a, and the equivalent circuit is shown
in Figure 11b.

The RF performance simulations of the normal CPW structure and the loaded
U-shaped slit CPW structure were performed using ANSOFT HFSS software, and the
comparison results are shown in Figure 12. As shown in Figure 12a, the characteristic
impedance of the CPW center guide is simulated before and after loading the U-shaped slit,
and the result is that the introduction of the surface U-shaped slit has a small impact on the
characteristic impedance of the transmission line, which only changes 0.11 (2 at 40 GHz.
As the characteristic impedance of RF devices is generally 50 (), the final determination of
the model signal input and output port width is 120 um, the center guide and both sides
of the ground spacing is 16 um. As can be seen in Figure 12b,c, the RF performance of
the common CPW structure deteriorates sharply at the high operating frequency band of
39.78 GHz. Comparatively, the CPW-loaded U-shaped slit outperforms the normal CPW
structure in terms of insertion loss performance and delay performance in the full frequency
band 26.5-40 GHz. In terms of insertion loss performance, the CPW-loaded U-shaped

(6)
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Characteristic Impedance(Q2)

slit structure reduces 0.22 dB on average over the full frequency band. In terms of delay
performance, the CPW-loaded U-shaped slit structure not only increases the delay by an
average of 0.78 ps in the whole frequency band but also provides better delay flatness. In
summary, the CPW load gap not only does not have a greater impact on the characteristic
impedance of the transmission structure but also reduces the insertion loss, improves the
delay amount and delay flatness, and is more suitable for the delay transmission structure
in this paper.
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Figure 11. (a) Coplanar waveguide loading gap structure; (b) CPW loads a gap equivalent circuit.
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Figure 12. (a) characteristic Impedance simulation comparison; (b) Insertion loss simulation compari-
son; (c) Simulation comparison of time delay.

2.3. Five-Bit Delay Model Design

Determined by the above structure design, a five-bit MEMS delayer for an integrated model-
ing simulation model is shown in Figure 13, with an overall size of 2.1 mm X 2.4 mm X 0.5 mm.
The model delay center frequency is 30 GHz, and the simulation results of the RF perfor-
mance are shown in Figure 14 and Table 1. The simulation results of the five-bit MEMS
delayers show that the error of the delay amount at the center frequency of 30 GHz is
less than 0.63 ps, and the return loss is better than 28 dB. In the whole operating band
(26.5-40 GHz), the delay error of all states is within 22.2%, the return rejection is better
than 21.54 dB, and the insertion loss is less than 3.69 dB. The results show that the overall
performance of the device is superior, although the delay accuracy and delay error increase
with the increase of delay amount when each delay unit works individually in the five-bit
MEMS delay.
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Figure 14. (a) Device delay simulation results; (b) Simulation results of device insertion loss and
return resistance; (c) Delay error.
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Table 1. Simulation performance of a five-bit delay.

State Target Delay (ps) Return Loss
(bit) (ps) Center Subtraction Accuracy Error (dB)

0 0 21.50 —28.68
1st 10 31.44 9.94 +£2.22 —0.06 —31.74
1st 10 31.44 9.94 +£2.22 —0.06 —31.74

2nd 20 41.33 19.83 £2.21 -0.17 —30.60
3rd 30 51.29 29.79 +2.20 —0.21 —39.19
4th 45 61.07 4457 +2.34 —0.43 —40.71
5th 60 80.9 59.40 +2.54 —0.6 —31.20

3. Comparison and Discussion

Table 2 shows the performance comparison of the five-bit MEMS delay designed in
this paper and the multi-bit delay studied by various institutions in recent years. As shown
in Table 2, the main process used in the current multi-digit delay design is the CMOS
technology. Comparison of this paper with other published results shows that the multi-bit
delay timers fabricated by the pseudomorphic HEMT (PHEMT) process and CMOS process
have the advantages of small device size but suffer from the problems of low bandwidth
and high insertion loss. Compared to the five-bit MEMS delay designed in this paper,
which is close to the multi-delay made by the CMOS technology in terms of device size,
and in terms of RF performance has the advantages of a high-frequency band, low loss,
and high accuracy, and the device has a high potential for application in Ka-band.

Table 2. Comparison of delay in recent years.

Frequenc . Dela Max Error Insertion Loss Size
Ref (gHz) ¥ Bit (ps)y (ps) dB Technology mm
2001 [27] 0-40 3 86 3 43 MEMS 5x6
2007 [9] 1-15 4 255 15 - CMOS 3.1 x3.2
2013 [10] 15-40 3 40 5 14 CMOS 1.1 x 0.9
2018 [28] 6-18 8 255 29 - CMOS 2.0 x 0.6
2019 [11] 8-18 3 109.3 4 22.5 CMOS 09 x 2.1
2021 [29] 8-18 5 120 3.9 20.5 CMOS 1.2 x 2.7
2022 [30] 0-0.8 4 3800 4 - CMOS 1.45 x 1.37
2023 [31] 6-18 3 106 10 15 PHEMT 2.7 x 0.73
This work 26.5-40 5 60 2.54 3.69 MEMS 21 x24

4. Conclusions

A five-bit MEMS delay device integrated by a symmetric SP6T RF MEMS switch and
a CPW microstrip line is proposed. The device is innovatively designed with a triangular
upper electrode structure, disc-type power divider, a step-compensated tangent structure
at the corner, and a coplanar waveguide loaded U-shaped slit structure to achieve 0-60 ps
delay on an area of 2.1 mm x 2.4 mm. Simulation results show this design has high
delay accuracy at the 30 GHz frequency point and superior return loss and insertion
loss performance in the frequency band of 26.5-40 GHz. Compared with other reported
delayers, the optimization method proposed in this paper can provide a new idea for
the design of delayers operating in high-frequency bands. However, this paper’s MEMS
five-bit delay research is only for theoretical modeling, which can be used in practice in
the radio frequency system, but also needs to be modeled through the MEMS process
technology to process the finished product after measurement debugging. Therefore, future
work in this paper will focus on device process research.
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Abstract: A switchable ultra-wideband THz absorber based on vanadium dioxide was proposed,
which consists of a lowermost gold layer, a PMI dielectric layer, and an insulating and surface
vanadium dioxide layer. Based on the phase transition properties of vanadium dioxide, switching
performance between ultra-broadband and narrowband can achieve a near-perfect absorption. The
constructed model was simulated and analyzed using finite element analysis. Simulations show
that the absorption frequency of vanadium dioxide above 90% is between 3.8 THz and 15.6 THz
when the vanadium dioxide is in the metallic state. The broadband absorber has an absorption
bandwidth of 11.8 THz, is insensitive to TE and TM polarization, and has universal incidence angle
insensitivity. When vanadium dioxide is in the insulating state, the narrowband absorber has a Q
value as high as 1111 at a frequency of 13.89 THz when the absorption is more excellent than 99%.
The absorber proposed in this paper has favorable symmetry properties, excellent TE and TM wave
insensitivity, overall incidence angle stability, and the advantages of its small size, ultra-widebands
and narrowbands, and elevated Q values. The designed absorber has promising applications in
multifunctional devices, electromagnetic cloaking, and optoelectronic switches.

Keywords: terahertz; metamaterial; perfect absorber; vanadium dioxide

1. Introduction

Metamaterials are a class of artificially fabricated microstructured materials with
unique electromagnetic properties that cannot be achieved with natural materials. They
are widely used in communication [1], imaging [2], stealth [3], sensing [4], and other
fields. With the development of technology, the science and technology of terahertz have
also led to the rapid growth of metamaterial devices. To facilitate the development of
THz technologies, various metamaterial-based functional devices have been proposed,
such as filters [5,6], polarization converters [7,8], modulators [9,10], antennas [11], and
perfect absorbers [12,13]. Among these devices, metamaterial perfect absorbers have been
a popular research topic due to their wide range of applications in solar energy, cloaking
technology, etc. Most THz absorbers, however, have a single function. They cannot be
dynamically tuned, etc., and actively tunable metamaterial absorbers are more suitable for
complex electromagnetic applications in practical applications.

Metamaterials can be used in perfect absorbers based on metamaterials, which was
first proposed by LANDY [14]. People have gradually introduced some active materi-
als in the devices in order to be able to design tunable absorbers, such as vanadium
dioxide [15,16], graphene [17-21], molybdenum disulphide [22-24], strontium titanate
oxide [25,26], indium antimonide [27-30], etc. Among these phase-changing materials,
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vanadium dioxide can undergo a phase transition from an insulating state at room tem-
perature to a stable high-loss metallic state at higher temperatures, and the optical and
electrical properties can be significantly modified during the phase transition, which is
reversible. As the conductivity of vanadium dioxide increases steadily when heated from
room temperature to higher temperatures, vanadium dioxide can vary in the range of
20 S/m to 200,000 S/m [31-33]. Based on the fact that vanadium dioxide phase transitions
require modest temperatures and can be accomplished at room temperature with few
limitations in experimental testing and practical applications, vanadium dioxide is gradu-
ally being applied with these properties, and the optical properties of vanadium dioxide
films can be altered by heating or cooling the films to temperatures close to the phase
transition temperature. The phase-shift properties of vanadium dioxide are well suited to
the tuning needs of metamaterial absorbers and are gradually being used more and more
by researchers to prepare tunable metamaterial absorbers based on the phase-shift material
vanadium dioxide [34,35]. In the last decade or so, metamaterial absorbers have been used
in the preparation of virtual narrowband absorbers [36-38], broadband absorbers [39-48],
and broadband and narrowband tunable absorbers.

For example, in 2021, Chunyu Zhang et al. proposed a dual-modulated broadband ter-
ahertz absorber based on vanadium dioxide and graphene, which could achieve more than
90% absorption from 1.04 THz to 5.51 THz with a broadband absorption of 4.07 THz [49].
In the same year, Zhipeng Zheng et al. proposed a terahertz perfect absorber based on
an ultra-broadband flexible active switch with more than 90% absorption intensity at
8.5-11 THz, and it was switchable to a narrowband absorber by changing the vanadium
dioxide conductivity [50]. In 2022, H Peng et al. proposed a broadband terahertz tunable
multiple absorber based on phase-shift materials with a bandwidth of 5.5 THz in the range
of 4.5-10 THz where the absorption intensity exceeds 90% [51]. In the same year, Pengyu
Zhang et al. proposed an ultra-broadband tunable THz metamaterial absorber based on a
double layer of vanadium dioxide in a square ring array with an absorption intensity in
the 1.63 THz range and an absorption intensity exceeding 90% in the 12.39 THz range. The
absorption bandwidth was 10.76 THz [52]. In 2023, Niujunhao et al. proposed a switchable
bi-functional metamaterial based on vanadium dioxide for broadband absorption and
broadband polarization in the terahertz band, with absorption intensity exceeding 90% in
the range of 3.3-5.62 THz [53]. Peng Gao et al. also proposed a broadband terahertz polar-
ization converter based on the phase transition properties of vanadium dioxide in the same
year, with a bandwidth of 2.87 THz in the range of 2.71-5.58 THz where the absorption
exceeds 90% [54]. In 2021, Zhangbo Li et al. proposed an “Ultra-narrow-band metamaterial
perfect absorber based on surface lattice resonance in a WS, nanodisk. Array”, which has a
sensitivity of 1067 nm/RIU when used as a narrowband absorber [55]. In 2022, Xianglong
Wau et al. proposed a “High performance dual-control tunable absorber with switching
function and high sensitivity based on. Dirac semi-metallic film and vanadium oxide”,
which has a sensitivity of 462 GHz/RIU as a narrowband absorber [56]. Although there
have been numerous studies of broadband absorbers for several years, terahertz absorbers
that combine broadband absorption and narrowband absorption with a wider band and a
simple structure have occasionally been reported. Moreover, currently reported broadband
absorbers and narrowband switchable absorbers suffer from issues such as insufficient
absorption bandwidth to meet practical applications and low Q values when switching to
narrowband absorbers.

This paper proposes a dual-function THz metamaterial absorber based on vanadium
dioxide for ultra-broadband and ultra-narrowband switching. The absorber size is consid-
erably smaller than all current absorbers, making it more suitable for practical applications.
When vanadium dioxide is in the metallic state, the absorber behaves as a broadband
absorber with more than 90% absorption in the 3.8-15.8 THz range. When vanadium
dioxide is in the insulating state, the absorber can be switched to a narrowband absorber
with elevated Q values. The absorption at 13.89 THz is 99.99% with a Q value of 1111. Due
to the extreme symmetry of the designed absorber, the absorber also has the characteristics
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of polarization insensitivity and insensitivity within a wide incidence angle of 50°, which
considerably reduces the limitations of the absorber in a practical application. The ultra-
wide and ultra-narrow bifunctional absorbers designed in this paper can provide current
research ideas for versatile and tunable devices in the terahertz and its infrared bands, with
promising applications in terahertz imaging, detection, and sensing.

2. Design and Simulation

The structure diagram of our proposed vanadium-dioxide-based switchable absorber
unit cell is shown in Figure 1, which consists of four layers: the lowermost structure is
0.2 um of thick gold, which acts as a reflecting mirror to guarantee the complete reflection
for the impinging terahertz wave, thereby suppressing the transmission; the second layer
is a PMI (polymethacryl imide) layer with a relative permittivity of 1.1 [57]; the third layer
is an insulating layer (Topas (cyclic olefin copolymer)) with a relative permittivity of 1.96,
which is assumed to be lossless [58]; and the uppermost layer is a vanadium dioxide layer
with a thickness of 200 nm. Figure 1b shows a top view of the unit cell structure with
period p. The uppermost layer structure consists of a cross-like structure and four L-shaped
dart-like structures. The optimal geometrical parameters were determined by analyzing
the effect of the geometrical parameters on the absorption broadening, as shown in Table 1.

= = mm @
Au PMI Topas vVO2 P

(@) (b)

Figure 1. (a) 3D schematic of a terahertz metamaterial absorber; (b) top view of the x—y plane.

Table 1. Parameters of the designed absorber.

Parameter P h1 h2 h3 h4 W1 W2 L2 L3
Value/pm 22 0.2 6.55 0.15 0.2 2.8 1.5 7.4 9.1

In this paper, we numerically simulate the absorption properties of a designed switch-
able metamaterial absorber using the CST software. When a THz wave is vertically incident
on the surface of a metamaterial absorber, the electric field of the incident electromagnetic
wave is polarized in the x-direction, and the magnetic field is polarized in the y-direction.
The structure of the absorbing metamaterial receiver cell extends indefinitely in the x—y
plane. The Drude model describes the dielectric constant of VO, in the THz range, where
the dielectric constant of VO, can be expressed as [59]:

2
p

B w(w+iy)’

W

)

8(("])VOZ = €0
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where &, = 12 is the permittivity at infinite frequency for vanadium dioxide,
Y2 =5.75 x 10'3 rad/s is the collision frequency, and w, is the plasmon frequency which
depends on the conductivity o. The relation between them may be stated as follows:

o
w22 = 7w20’ )

with ¢p =3 x 10° S/m and wlzqz =1.4 x 10° S/m, the conductivity o can vary with the

phase transition of VO,. When the temperature changes, VO, can switch back and forth
between the insulating and metallic states [60], and the change in conductivity is reversible
with the change in temperature. The variation in the conductivity of vanadium dioxide
with ambient temperature is shown in Figure 2. Vanadium dioxide is insulated at room
temperature and has an electrical conductivity of 20 S/m. When the temperature gradually
increases, vanadium dioxide reaches the phase transition state, and the rice dioxide is in a
metallic state with an electrical conductivity of 2 x 10° S/m; moreover, the phase transition
state of vanadium dioxide is reversible. When the ambient temperature is lowered, the
metallic state can be transformed into an insulating state. The variation in the conductivity
of vanadium dioxide at different temperatures is mainly due to the effect of temperature
on the permittivity. Figure 3 shows the real and imaginary parts of the permittivity at
different conductivities of vanadium dioxide. As shown in Figure 3, the imaginary part
of the permittivity of vanadium dioxide is considerably larger than the real part, and
the rate of change in conductivity at the transition is also larger than the real part. In
practice, the following two methods can be used to make the vanadium dioxide phase
transition. The first method is to heat the metal at the bottom of the absorber and convert
the vanadium dioxide from an insulating to a metallic state by heat transfer, at which point
the conductivity gradually increases. When the heating source is removed, the temperature
gradually decreases, and the conductivity of vanadium dioxide gradually decreases; the
metallic titanium transitions to an insulating state. The second method is to add a metallic
patch to the vanadium dioxide layer and transfer heat to the vanadium dioxide by applying
a voltage at the two ends of the metal, thus changing it from an insulating to a metallic state.
When the voltage at both ends is removed, the temperature gradually decreases, and the
vanadium dioxide transitions from a metallic to an insulating state. In addition, there are
chemical mixing methods, etc., which can enable the phase transition of vanadium dioxide
from the insulating to the metallic regime. With the above method, we can change the state
of vanadium dioxide in practical applications so that the absorber designed in this paper
can switch between ultra-widebands and ultra-narrowbands, enabling multi-functional
device applications.

In this paper, we use the finite element theory to obtain ultra-narrowband and ultra-
wideband absorption spectra of the proposed THz metamaterial absorber in the insulating
and metallic states of vanadium dioxide. In the simulations, the absorption rate can be
expressed as follows.

A=1-R-T, (©)]

In Equation (3) where A, T, and R above are the absorptance, transmittance, and
reflectance of the absorber, respectively. R = 1S;; [2and T = 1Sy;12. 1Sq71 and 1Sy | repre-
sent the reflection and transmission coefficients of the metamaterial absorber, respectively.
In this paper, the structure has an underlying metal thickness of 0.2 pm, which is larger
than the skin depth of THz waves at the target frequency, and the transmittance T(w) is
close to 0, which is simplified as A =1 — R [61].
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Figure 2. (a) The curve of VO, conductivity as a function of ambient temperature; (b,c) real and
imaginary parts of the relative permittivity of VO, at different electrical conductivities.
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Figure 3. (a) Broadband absorption curve of VO, in metallic phase (green line) and narrowband
absorption curve of VO, in insulating phase (pink line); (b) plots of absorptivity for absorbers with

different conductivities.

3. Results and Discussion

Through simulation, we calculated the absorption spectra of the absorber at different
polarization modes (TE, TM) and different conductivities, respectively, as shown in Figure 3.
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From Figure 3a, when the VO, is in the metal phase with a conductivity of 2 x 10° S/m,
the absorption bandwidth of more than 90% absorption is observed to be 11.8 THz in the
frequency range from 3.8 THz to 15.6 THz, with a central frequency of around 9 THz, and
the absorber has the advantage of being polarization insensitive. When VO, undergoes a
phase transition from a metallic to an insulating state under the influence of temperature,
the absorber switches from a broadband absorber to a narrowband absorber with elevated
Q values. The absorber achieves an absorption of >99.99% at the electromagnetic frequency
f = 13.89 THz with a quality factor of 1111.

The absorption spectra of different conductivities are shown in Figure 3b. The figures
show the switching function of the absorber in the broadbands and narrowbands as
the conductivity of vanadium dioxide varies from 2 x 10 S/m to 2 x 10° S/m. Upon
heating, the vanadium dioxide transitions from an insulating to a metallic state while
the absorber forms a conventional metal-dielectric-metal structure. Broadband absorbers
enable switching between total reflection and perfect absorption. The absorber designed in
this paper implements a switchable function between broadband and narrowband, which
can also be referred to as the on—off function of a THz absorber.

To further explain the absorption principle of the designed absorber, the impedance matching
theory is used. The relative impedance formulae are shown in Equations (4) and (5) [62,63].

7 — 7o |? Z,— 17
A=1-R=1— =1— 4
1+ Sy1)? — 2
7, =+ ( + 11)2 ;1, )
(1—511)"—5%

where S11, Sp1, Z, and Z are the S-parameters, effective impedance and free space impedance
of the proposed absorber, respectively, and Zr = Z/Z, represents the relative impedance.
Formulas (4) and (5) can be obtained to make the metamaterial absorber x absorption rate
reach the maximum. At this time, in free space impedance matching, Z and Z, represent
the equivalent impedance and free space impedance of the absorber, while Z; represents
the relative impedance (Z, = Z/Zy = 1); Figure 4 shows the real and imaginary parts of
the relative impedance of the metallic and insulating absorber under TE polarization. In
Figure 4a, when VO, is in the metallic state, the real part is close to 1, and the imaginary
part is close to 0 in the frequency range of 3.8~15.6 THz. In this frequency range, the
absorber’s impedance and the free’s impedance are already adequately matched. When
the electromagnetic wave is incident to the absorber, the reflected wave is approximately 0,
and most of the energy is lost in the insulating layer, thus achieving perfect absorption.

3
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Figure 4. (a) Normalized impedance of the structure at 6 =2 x 10° S/m. (b) Normalized impedance
of the structure at 0 =2 x 10 S/m.
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In order to further explain the specific mechanism of the proposed absorber in wide-
band absorption, Figure 5 shows the wideband absorption field distribution of metal
vanadium dioxide absorbent at different resonant frequencies in TE and TM polarization
states. Figure 5a—c show the electric field distribution at frequencies of 5.93, 11, and 14 THz
in TE mode. It is observed that the absorber exhibits a strong electric field at 3.5 THz at
the left and right ends of the crossover, resulting in strong THz trapping and absorption.
This means that the first absorption peak is caused by the coupling effect between two
neighboring cells. When the frequency is 11 THz, the electric field is distributed in the
horizontal gap between the upper and lower ends of the cross and the L-shaped dart. It
is implied that the second absorption peak is caused by the interaction between the cross
and the L-shaped dart. At 14 THz, the electric field strength of the vanadium dioxide
resonant structure is particularly weak compared to the first two structures, indicating that
the interaction between the vanadium dioxide surface structure and the incident terahertz
wave is weak at this time. Most of the terahertz wave is lost in the dielectric layer at this
time, thus producing absorption. Figure 5d—f show the electric field distribution of the
absorber in TM mode at 1.93, 11, and 14 THz, which is similar to Figure 5a—c. Due to the
perfect symmetry of the absorber designed in this paper, the absorber exhibits absolute
polarization insensitivity. Therefore, the electric field distribution of absorber z is the same
in both polarization states but with a 90° rotation.

TE mode
Max
|| i
= m
(a) 5.93 THz
TM mode
Max
Min

(d) 5.93 THz (¢) 11 THz (f) 14 THz

Figure 5. The electric field intensity distribution of the designed metamaterial wideband absorber at
a frequency of 5.93 THz, 11 THz, and 14 THz; (a—c) for the TE mode and (d-f) for the TM mode.

Figure 6 shows the current distribution on the surface of the top VO, resonant layer
and the bottom metallic layer at two resonant frequencies of 5.93 and 11 THz when VO,
is in the metallic state. At 3.5 THz, the direction of the surface current on the top VO,
resonance structure is inversely parallel to the direction on the bottom metal layer. The
middle part of the dielectric layer is treated as a magnetic dipole, forming a strong magnetic
resonance. At a frequency of 11 THz, a portion of the surface current direction on the top
VO, resonant structure is parallel to that on the bottom metal layer, when an electrical
resonance is also induced. Thus, under the excitation of magnetic and electrical resonances,
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the incident electromagnetic waves are extremely suppressed in the resonator, leading to
broadband absorption properties.
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Figure 6. Distributions of the surface current on the top VO, resonant ring and bottom metal layer at
the frequencies of 5.93 THz and 11 THz under normal incidence of TE incident wave.

Figure 7 shows the electric field and current distribution of the absorber as a function
of the narrowband absorber at 13.88 THz when vanadium dioxide is in the insulating
state. As shown in Figure 7a, at a frequency of 13.88 THz, the electric field is mainly
concentrated in the middle of the horizontal gap between the left and right ends of the
cross-shaped structure and between the upper and lower ends of the cross-shaped and L-
shaped darts. The narrowband absorption in this case is due to the coupling effect between
the components. When an external electromagnetic wave interacts with the vanadium
dioxide dielectric layer, the vanadium dioxide layer acts as a resonator, causing charges to
accumulate in the surface structure and forming electric dipole resonances. This induced
electric dipole resonance couples to the underlying metal plate, resulting in the formation
of a magnetic dipole resonance in the absorber, which leads to a solid magnetic resonance
producing a resonant absorption peak at 13.88 THz. Figure 7b,c show the surface and
bottom metal current distributions of vanadium dioxide in the narrowband absorption
state and the insulating state. The current direction at the top of the vanadium dioxide is
parallel to the current direction at the bottom of the metal, forming a loop. This current
distribution further validates the theoretical analysis section. In addition, the vanadium
dioxide layer acts as a dielectric layer, where the thickness of the dielectric layer increases,
providing a useful space for electromagnetic wave propagation and results in a narrowband
peak of near-perfect absorption.
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Figure 7. Distribution of electric fields and currents at 13.88 THz in narrowband absorption; (a) electric
field distribution diagram; (b) surface current distribution diagram; (c) bottom surface current
distribution diagram.

To investigate the effect of the geometric structure parameter on the results, it is
necessary to verify the effect of the geometric structure parameter on the absorber. One
parameter is analyzed for simplicity, while the additional parameters are fixed. Figure 8
shows the effect of the length of the cross-shaped structure and the length of the L-shaped
dart on the absorption spectra, respectively. In Figure 8a, as the L-shaped dart length b
keeps increasing, the absorption spectrum shifts slightly at low frequencies, but the absorp-
tion intensity gradually decreases. Finally, the x absorption spectrum with a maximum
absorption more significant than 90% is obtained at L, = 7.4 pm. In Figure 8b, with the
increasing length of the cross-type, the absorption peak at low frequencies gradually shifts
blue, and the absorption intensity gradually decreases with the increasing length, which
is caused by the coupling effect between adjacent unit structures. The effects of the cross-
shaped structure k-width and L-shaped dart width on the absorption spectra are shown
in Figure 9a,b, respectively. In Figure 9a, with the increasing length of Wy, the absorption
peaks with >90% absorption at low and high frequencies are red-shifted and blue-shifted,
respectively, but the absorption intensity gradually increases, and finally, the absorption
broadband is at its maximum at Wy = 2.8 pm. In Figure 9b, with the gradual increase in the
L-shaped dart width, the position of the absorption peak at elevated frequency gradually
shifts blue, and the absorption intensity gradually decreases. In summary, the best effect of
the absorption bandwidth can be obtained by adjusting the geometric parameters of the
structure. It will have important implications for practical fabrication.
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Figure 8. Influence of the (a) length L, of the cross-like structure and (b) length L3 of the L-shaped,
dart-like structure based on VO, on the absorption spectrum.
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Figure 9. Influence of the (a) length Wy of the cross-like structure and (b) length W, of the L-shaped,
dart-like structure based on VO, on the absorption spectrum.

In practice, a major factor in evaluating absorber properties is the absorption proper-
ties at different polarization angles and incidence angles. Figure 10a,b show the absorption
spectra of the proposed absorber for normal incident waves at broadband and narrowband
with polarization angles ranging from 0° to 90°. As seen from the plots, the absorption
spectrum remains constant; thus, this absorber has the advantage of polarization insensi-
tivity. Figure 11a,b show the absorption spectra of the broadband absorber under TE and
TM polarized waves, respectively. When the incidence angle is less than 25°, the absorber
has superior absorption characteristics in the range of 3.8-15.6 THz. The blue shift occurs
when the incidence angle is 25° to 52°, with superior absorption characteristics in the
field of 3.8-18 THz. In the TM mode in Figure 12b, when the incidence angle is greater
than 40°, the absorption rate will blue-shifted; however, when the incidence angle is less
than 55°, the absorber shows superior absorption characteristics. The absorption rate of
the absorber in the TM and TE modes will be blue-shifted with the increasing incidence
angle. The main reason is that the tangential component of the electric field decreases as
the incidence angle increases. Remarkably, the bandwidth of the incidence angle widens
with increasing incidence angle. This is because the TE polarization produces different
absorption peaks at extreme frequencies, resulting in the broadening of the absorption
bandwidth. For TM polarization, the absorption peak is significantly blue-shifted at high

frequencies, resulting in a wider absorption bandwidth. Figure 12 shows the absorption
spectra of the narrowband absorber in TE and TM modes at different incidence angles
when vanadium dioxide is in the insulating state. In Figure 12a, with the increase in the
incidence angle, the absorption spectrum gradually blue-shifts, the absorption rate is lower
at the low frequency, and the absorption rate is higher in the range of 60°. In Figure 12b,
the absorption spectrum also blue-shifts with increasing incidence angle in TM mode and
maintains a high absorption peak in the range of 50°. As a narrowband absorber, it has a
high incidence angle to maintain a high absorption rate in both modes, which increases the

application value of the device.
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Since the sensor designed in this paper is a broadband and narrowband tunable
absorber, we additionally evaluated the performance of the narrowband sensor absorber to
consider practical applications of the sensor. Figure 13 shows the absorption spectrum of the
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narrowband absorber as a function of the refractive index of the surrounding environment.
Figure 13a shows that the position of the narrowband absorption peak is red-shifted with
the increasing refractive index. Sensitivity (S) is commonly used to evaluate the sensing
performance of narrowband absorbers. In general, the sensor sensitivity is defined as
shown in Equation (6). In addition, the FOM value reflects the influence factor bandwidth,
which is also one of the critical metrics to reflect the sensor performance and is calculated
as shown in Equation (7).

S =Af/An, (6)
FOM = S/EWHM, @)
( a) 1.0 b 14.0
| | | ( ) o
! | | 138} o
08 F ' o @  Simulation
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Figure 13. (a) Absorption spectra with different refractive index values of the surrounding dielectric
environments; (b) the frequency shift against different refractive indices.

In Equation (6), Af is the peak absorption shift due to the refractive index (An) change.
From Figure 13, it can be seen that when the refractive index gradually increases, the
absorption peak of the sensor gradually red-shifts. After fitting the sensitivity of the sensor
calculated as 1.02 THz/RIU, and with the increase in the refractive index, the absorption of
the sensor is above 95% and also has the performance of a high Q value. In Equation (7),
the FWHM is the full width at a half-height maximum of the absorption peak, and the
higher the FOM value, the better the performance of the representative sensor and the
higher the sensing accuracy, which can be calculated from the FOM value of the designed
narrowband absorber of 102. Therefore, the narrowband absorber proposed in this paper
can be used for detection by detecting changes in the refractive index of the analyte and
has shown superior performance in subsequent bio-detection and sensing.

This section presents the specific process and fabrication steps of the metamaterial
absorber, which is shown in Figure 14. Due to the limited size of the terahertz band
material units, most of them use micro-nano processing. These include the laser lithography
process, inkjet printing process, MEMS process, etc. Due to the extreme accuracy of THz
metamaterials, the resonant structure of the top unit cell of the metamaterial is fabricated
in this work with laser etching. In Figure 14a, a layer of the metal film is sputter-grown
on the back of the PMI layer after 0.2 pm using magnetron sputtering, and then a Topas
insulating layer is superimposed on the PMI in the same way. Figure 14b shows a layer
of photoresist uniformly spin-coated on the washed and air-dried prototype and dried
at a suitable temperature. Figure 14c the photoresist is exposed to UV light under the
premise that the sample is aligned with the mask plate, the exposed sample is carefully
put into the developing solution and dried, and the pattern of the mask plate will appear
on the developed sample. Figure 14d shows the sputtering of vanadium dioxide onto the
developed sample in c using magnetron sputtering. Figure 14e shows the sample immersed
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(a)

in acetone solution to remove the excess photoresist, resulting in the designed vanadium
dioxide resonance pattern. After the above process, a sample of the metamaterial absorber
is obtained as shown in Figure 14f.

—
- (b) - ()

|
| mom s

- (e) - (d)

= L .
Topas VO,

Photoresist

Figure 14. Absorber process flow diagram; (a) preparation of the bottom gold and PMI dielectric
layers; (b) photoresist coating; (c) exposure, development; (d) sputtered precipitated vanadium
dioxide layer; (e) release photoresist; (f) absorber samples.

In Table 2, we compare the performance of the designed metamaterial absorber with
alternative absorbers. The metamaterial absorber designed in this paper not only enables
the switchable functionality of both broadband and narrowband absorbers, but it also
has excellent absorption performance when the absorber is in the broadband regime,
with a wider range of absorption than previously reported. When the absorber is in the
narrowband, not only does it have the advantage of high Q values, but it also detects the
ambient refractive index. Moreover, the metamaterial absorber designed in this paper has
the advantages of modest size, simple structure, and easy handling.

Table 2. The performance of the proposed absorber is compared with that of recent years.

Reported Year FB > 90 (THz) BW > 90 (THz) Materials Functions (Absorption Layers

and Reference Band)
2021 [49] 1.04-5.51 4.47 Graphene and VO, narrowband 5
2021 [50] 8.5-11 35 VO, narrowband and broadband 3
2022 [51] 4.5-10 5.5 VO, narrowband 4
2022 [52] 1.63-13.39 10.06 VO, narrowband 6
2023 [53] 3.3-5.62 3.32 VO, narrowband 6
2023 [54] 2.63-5.27 2.64 VO, narrowband 3
This work 3.8-15.6 11.8 VO, narrowband and broadband 4

4. Conclusions

In summary, we have designed an ultra-broadband and ultra-narrowband switchable,
bi-functional THz absorber based on vanadium dioxide. The phase-shifted nature of vana-
dium dioxide, which modifies the conductivity with temperature, enables the switching
of metamaterial device functions. When vanadium dioxide is in the metallic state, the
absorber can be used as an ultra-wideband absorber, providing superior broadband absorp-
tion performance with an absorption rate of more than 90% in the 3.8-15.6 THz range and
an absorption bandwidth of 11.8 THz. When vanadium dioxide is insulating, the designed
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absorber switches from an ultra-broadband absorber to an ultra-narrowband absorber. The
designed sensor is a refractive index sensor to simulate different refractive indices in the
ambient medium. The sensitivity of the proposed narrowband absorber was found to
be 1.02 THz/RIU. Therefore, the proposed narrowband absorber can probe the refractive
index by observation and sensing, and different devices exhibit excellent performance.
The metamaterial absorber designed in this paper also has the properties of polarization
insensitivity, wide incidence angle, small size, elevated Q value, and easy handling. The
design has potential applications in terahertz imaging, electromagnetic stealth, and small
optoelectronic switches.
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