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Reconfigurable Design of mmWave Liquid-Crystal
Frequency Selective Surface at Ka-Band

Hsi-Hsir Chou , Senior Member, IEEE, Guan-Jhou Ke, Cheng-Chung Lin, and Guo-Sheng Lin

Abstract—A reconfigurable design of frequency selective surface
(FSS) using nematic liquid crystal (LC) materials is reported. The
proposed LC-FSS resonates at Ka-band frequencies to provide a
bandpass nature. The frequency selection was achieved by altering
the dielectric anisotropy of LC materials. This study used a low-cost
Merck-E7 LC material with dielectric tunability of nearly 0.45
to study the resonance characteristics. Full-wave simulations have
achieved a frequency tunability range of 5.06%. An LC-FSS pro-
totype of 7 cm × 7 cm in size was fabricated for experimental eval-
uation, consisting of 25 × 25 unit cells. The measurement results
show that a maximum frequency tunability close to 4.8% has been
achieved for a normally incident illumination of electromagnetic
waves. Moreover, the maximum frequency deviations were only
4.73% and 4.94% with/without a bias voltage to shift the center
frequency. These experimental results have precisely verified the
numerical simulations despite the frequency deviations resulting
from the fabrication tolerances.

Index Terms—Bandpass filter, frequency selective surface (FSS),
liquid crystals (LCs), polarization-insensitivity.

I. INTRODUCTION

THE frequency selective surface (FSS) has been intensively
investigated for decades for many practical applications.

Military applications can be used as radomes to protect antennas
and electromagnetic (EM) wave absorbers in stealth technolo-
gies. In communications, they can also reduce EM interferences
and shield the transmitters’ and receivers’ electronic devices
against the unwanted EM waves [1]–[7]. In contrast to the
conventional design of passive FSS structure, the trend tends
to produce reconfigurability for FSSs. Several useful technolo-
gies, such as using PIN diodes, varactor diodes, and micro-
electromechanical systems (MEMs), have been proposed to
switch between different states of structural variations. However,
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severe limitations exist to prevent them from wide applications
[8]–[10]. For example, the diode-based approaches suffer severe
parasitic inductance and significant dielectric loss at high fre-
quencies, limiting the applicable frequency ranges. Although the
MEMS-based approaches can be used at higher operational fre-
quencies beyond 100 GHz, it requires a complicated and costly
process to fabricate. They cannot fulfill low cost, low power, and
compact configuration in modern FSS applications. Moreover,
the degree of reconfiguration is very low to produce a good
performance. Other technology developments to achieve the
reconfigurability for FSSs by integrating standard metasurface
with phase-change materials, such as graphene [11], vanadium
dioxide (VO2) [12], and liquid crystals (LCs) [13], have also
been reported. However, most of the demonstrated works, such
as using graphene [11] and vanadium dioxide (VO2) [12], were
majority focused on the scope of terahertz frequencies.

On the other hand, LC materials attracted much attention for
their flexible dielectric characteristics. The advantage of altering
the equivalent dielectric permittivity by applying low voltages
[13] to change the molecule orientations of LC materials makes
them attractive to design reconfigurable FSSs. They can produce
a wide range of tunable dielectric permittivity and result in a wide
range of reconfigurable operational frequencies. In principle,
the LC-based FSS (referred to as LC-FSS, hereafter) has no
limitation of operating frequencies. The operations at beyond
100 GHz have been demonstrated in [13] and [14]. Several
works of LC-FSS for the applications at lower frequency bands,
including industrial scientific medical bands [15], S-band [16],
and X-band [17], [18], have also been reported. However, most
of them were investigated numerically. In particular, the LC-FSS
for the millimeter-wave (mmWave) applications at Ka-band
has rarely been investigated. Although there has been experi-
mental works demonstrated recently [13], [18], the fabrication
processes were majority based on glass substrates, which will
require a very high process cost and the practical applications
will also be limited. Moreover, the used LC materials were all
customized and not commercially available.

Progressing from our previous works in [19] and [20], we
further report the experimental investigation of a novel tunable
bandpass LC-FSS utilizing the coupled method [21], [22] and
low-cost LC materials. The LC materials are Merck-E7, which
have been widely used for mass productions in display appli-
cations. The designed LC-FSS resonates at Ka-band between
30 and 31.6 GHz. The dielectric permittivity tunable range of
the LC material is close to 0.45 [23] and results in a frequency
tunability of 5.06%, as observed from numerical simulations.

0018-9375 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: National Taiwan Univ of Science and Technology. Downloaded on August 08,2022 at 23:47:23 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0003-1894-1071
mailto:hsi-hsir.chou@trinity.cantab.net
mailto:m10802310@mail.ntust.edu.tw
mailto:dannycclin@gmail.com
mailto:gslinmark@gmail.com
mailto:gslinmark@gmail.com
https://doi.org/10.1109/TEMC.2022.3193995


2 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY

Fig. 1. Proposed LC-FSS. (a) Structure. (b) Jerusalem cross aperture on the
top metallic layer and (c) a four-aperture slot pattern on the bottom metallic
layer caption.

These simulation results have been further verified through an
experimental LC-FSS prototype with a good agreement between
the simulation and measurement results. The proposed work is
the first experimental investigation for an LC-FSS resonating at
Ka-band frequencies based on low-cost LC material and print
circuit board (PCB) technology to the best of our knowledge.
When using this LC-FSS as absorbers, it also offers better
performance with a smaller thickness than conventional ab-
sorbers [24]–[29]. Moreover, depending on the configuration
of LC materials, the proposed design can be applied to treat
different polarization properties due to the symmetric patterns
used on each metallic layer. Unlike the most traditional use of
diode components (pin-diode) to create the reconfigurability of
FSS-based absorbers, which have frequency band limitation,
high loss, high cost, complicated system structure, and other
shortcomings [30], [31], the development of the proposed work
is not limited by the frequency band and can also be implemented
by low-cost PCB substrates, thus providing an efficient approach
for the direct mass production of a tunable LC-FSS for Ka-band
applications. The rest of this article is organized as follows.
Section II describes the fundamental architecture of the proposed
LC-FSS. The full-wave performance simulations are analyzed in
Section III. The experimental implementation and measurement
results are reported in Section IV. Finally, Section V concludes
this article.

II. FUNDAMENTAL ARCHITECTURE OF LC-FSS

The proposed LC-FSS architecture is illustrated in Fig. 1,
which conceptually consists of three planar dielectric substrate
layers based on low-cost PCB technology. In particular, the
intermediate layer at the middle is made of reconfigurable LC
materials, whose dielectric properties of dielectric permittivity
and loss tangent will be altered by controlling the applied bias
voltages. This LC layer is sandwiched by two ordinary dielectric
substrates of RO 4350 [32] with εr = 3.66 and tan δ= 0.004. The
bottom and top surfaces of the sandwiching dielectric substrates
facing the LC layer are coated with copper foils of 0.035 mm
in each thickness. It is noted that there are two extremely thin

alignment layers coated on the surfaces of these two copper
foils by polyvinyl alcohol (PVA) films to accommodate the
LC materials and adjust the proper molecule orientations. This
ensures that the LC molecules between these two metallic layers
are aligned uniformly along a pretilt angle.

The LC material’s dielectric properties are appropriately al-
tered by applying proper voltage between these two copper
surfaces. In this case, the thickness of the LC layer is 100 μm,
whereas RO 4350 dielectric substrates have equal thicknesses
of 0.762 mm with an additional metal coating of 0.035 mm by
copper foils. Two corners are trimmed out on the top and bottom
substrates, respectively, on the adjacent corners to implement
metal wires to apply the bias voltages easily on the top and
bottom metal surfaces, respectively. In order to explore the
frequency selection limitation, only two voltages states of 0
and 10 V are used to alter the dielectric properties. Since the
Merck-E7 LC materials have the relative permittivity of 2.72
and 3.17, and the loss tangent of 0.05 and 0.033 [23], respec-
tively, for the vertical and horizontal molecule arrangement to
form the LC layer. At the 0-V state of the applying voltage,
the LC substrate exhibits a dielectric permittivity of 2.72 and
tan δ = 0.05. When the external voltage exceeds the threshold
of bias voltage (10 V), the electronic field polarized in the vertical
direction of these metallic layers will be uniformly produced to
change the arrangement of the LC molecules. In this case, the
dielectric permittivity and loss tangent of LC materials change
to 3.17 and tan δ = 0.033. This mechanism well controls the
dielectric constants of the LC layer. It will be shown later that one
only needs few discrete voltages to produce a broad frequency
bandwidth due to the bandwidth overlapping by the reflection
coefficient curves.

The metal surfaces of the top and bottom dielectric sub-
strates implement periodic FSS elements of different patterns
to produce a spatial bandpass nature. In particular, each metallic
layer was realized by a type of single-layer bandpass filter.
In the single-layer spatial filter designs, the center operation
frequencies were determined by the aperture lengths, which can
be theoretically calculated in light of the approach provided from
the literature [1], [2], [21], [22]. In the proposed work as illus-
trated in Fig. 1(b) and (c), the unit cell patterns on the top metallic
layer were designed by 45° tilted Jerusalem cross aperture slots.
On the other hand, four detoured aperture slots were created to
form the unit cell patterns on the bottom metallic layer, which is
a revised design extended from the conventional square pattern.
In this configuration, arbitrary aperture slot length can be chosen
without changing the size of the unit cell since it is well known
from the literature [33] that the smaller the size of the unit cell
(relative to wavelength), the better the angular stability.

The LC materials are inserted in the middle region, as il-
lustrated in Fig. 1(a), by the light blue color. The black strips
around it are boundary spacers to form a cavity for the LC
materials. The top and bottom metallic layers were also designed
to serve as the bias layers to drive the LC layer by applying
electric voltages. Therefore, slot-type footprints patterns of FSS
elements for good EM wave penetration through them were used,
by etching the metal surfaces to form the desired slot shapes.
Their occupying areas are relatively small compared to the rest
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Fig. 2. EC of the LC-FSS. (L1 = 0.189 nH, L2 = 0.197 nH, C1 = 0.07 pF,
C2 = 0.053 pF, CLC = 0.1 pF/0.125 pF).

of the metal surfaces for applying bias voltages. The areas of
the metal surfaces are sufficient for the bias voltages to alter the
global dielectric permittivity of the LC materials. The advantage
of the slot-type elements is that they can be easily expanded in
various dimensions without taking too much space. An efficient
electric field distribution for the LC layer can be well generated
by feeding a single bias voltage.

In practical design, the initial geometric parameters of the
proposed LC-FSS, as illustrated in Fig. 1, were theoretically
determined directly according to the coupled filter theory [1],
[2], [21], [22] (i.e., the L on the top layer and the sum of A, B,
C, and D on the bottom layer), which are afterward optimized
by numerical full-wave simulations. The final parameters for
fabrication were obtained from repeated optimization results by
full-wave EM simulations using high-frequency structure simu-
lator (HFSS) from Ansys [34]. This is the most straightforward
way to achieve the desired results in FSS design [35]. The values
of the unit cell’s geometric parameters on the metallic layers,
marked in Fig. 1(b) and (c), are given as follows: Dx = Dy
= 2.4 mm, W = 0.5 mm, L = 1.8 mm, g = 0.1 mm, A =
0.7 mm, B = 0.7 mm, C = 0.8 mm, and D = 0.3 mm. It is
noted that the proposed design can be applied to treat different
polarization properties due to the symmetric patterns used on
each metallic layer. However, in the current application, only the
TE or TM polarization states of the incident plane wave, which
are parallel to the rubbing direction of the LC layer in Fig. 1(a),
are efficiently worked due to the inherent polarization sensitivity
property of the LC materials. Therefore, in this research, the
TE mode polarization wave, parallel to the rubbing direction
of the fabricated LC-FSS prototype, was investigated for the
representative performance illustration.

A simplified equivalent circuit (EC) model that has also used
to verify the proposed LC-FSS is shown in Fig. 2, where the
left and right branches represent the top and bottom metallic
layers in Fig. 1, respectively. All lumped elements in this model
were assumed to be ideal and the mutual inductive was also
ignored due to the small influence. Since the metallic strips
will bring the inductive (L) and the gaps between metals will
generate capacitance (C), the top and bottom metallic layers
can be converted into two parallel LC resonant circuits. The
inductances L1 and L2 are mainly generated by the length Dx
and the width of the strip. The capacitances C1 and C2 are
determined by Jerusalem cross aperture gap (W) on top metallic
layer and the size of the four slots on bottom metallic layer,

Fig. 3. Comparison of full-wave and EC.

respectively. The tunable middle layer (LC layer in Fig. 1) can
be represented by the capacitance CLC. The initial parameters
of the EC model were determined by the formulas from the
literature [36]–[38], which is the conventional approach used
in FSS design. For example, (23-24) in [36] are the most used
ones, which can compute the initial values of the inductive (L)
and capacitance (C) [38]. Moreover, a curve-fitting approach has
been applied to determine the model’s final parameters, which
is the most straightforward way to get the result without com-
plicated calculations during the optimal design of FSS. These
final parameters are shown in Fig. 2, where the capacitance CLC

can be switched from 0.1 to 0.125 pF to represent the LC-FSS
without/with a bias voltage. The impedance Z0 in air is about
377Ω and the impedance in dielectric is calculated asZ0 =

√
εr,

ZS is about 197.06 Ω and ZLC is 228.59 Ω. The advanced design
system (ADS) [39], which was widely used in the performance
evaluation of analog circuit design, was used to simulate the EC
model. The simulation results in comparison with the full-wave
simulations by Ansys HFSS are illustrated in Fig. 3. Since no
loss has been considered in the circuit model, a shift in insertion
loss has been observed between the full-wave and circuit model
simulations. Besides, the comparison results have shown a good
agreement.

III. PERFORMANCE SIMULATION

The numerical performance evaluations of the proposed
LC-FSS were simulated by Ansys HFSS and are illustrated in
Figs. 4–9. The reflection coefficients in Fig. 4 show two reso-
nances at 30 and 31.6 GHz, respectively, for the bias voltages of
10 and 0 V. It implies that the resonant frequencies can be shifted
from 31.6 to 30 GHz by altering the bias voltage. The transmis-
sion coefficients are roughly −2 dB, indicating a power loss of
2 dB. Note that the input of bias voltages results in low resonance
frequencies, indicating an increase of dielectric constants by this
LC material. Considering the −10 dB reflection coefficients as a
threshold to determine the bandwidth, the bandwidth is observed
by 29.3–32.3 GHz. In this case, one needs to use two bias
voltages to achieve the frequency operation within this band. The
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Fig. 4. Transmission and reflection responses for normally incident plane wave
illumination with/without a bias voltage.

Fig. 5. Comparisons of transmission responses for normally incident plane
wave illumination using different LC material with/without a bias voltage.

Fig. 6. Comparison of TE and TM polarization for normally incident plane
wave illumination with/without a bias voltage.

Fig. 7. Comparisons of transmission and reflection responses for normally
incident plane wave illumination using different thickness of LC layer without
a bias voltage.

Fig. 8. Comparisons of transmission and reflection responses for normally
incident plane wave illumination using different thickness of LC layer with a
bias voltage.

Fig. 9. Transmission responses for different incident angles.
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dielectric constants of the LC materials have been changed from
a vertical state (2.72) to a horizontal state (3.17). The tunable
range of center frequencies is about 5.06%, deviation from the
ordinary case of 31.6 GHz without applying any voltage.

Comparisons of transmission responses with other cus-
tomized LC materials from the literatures have also been eval-
uated. The results, as shown in Fig. 5, indicate that both GT7-
29001 and LT-6540 customized LC materials [18], [40] have a
better performance than Merck-E7 LC material in the proposed
work either in the frequency tunability or the insertion loss. The
reasons are that both GT7-29001 and LT-6540 LC materials
all have a dielectric tunability of nearly 1, which is double of
the Merck-E7 LC material (0.45). Besides, the values of the
loss tangent parameter for both GT7-29001 and LT-6540 LC
materials are also much lower than the Merck-E7 LC material,
which will result in a lower insertion loss. Nevertheless, both
GT7-29001 and LT-6540 are still customized LC materials and
have not yet been commercially available. Therefore, Merck-E7
LC material, which has been widely used for mass production in
display applications, was used for experimental evaluation in the
proposed work. However, the performance of the proposed work
can be further raised by using either GT7-29001 or LT-6540
customized LC materials according to the simulation results.

Although the TE mode polarization wave was investigated for
the representative performance illustration due to the inherent
polarization sensitivity property of the LC materials, the trans-
mission properties in terms of S-parameter for both TE and TM
polarization waves, as shown in Fig. 6, have further verified
that the proposed work can be applied to treat different polar-
ization properties. Comparisons of transmission and reflection
responses for normally incident plane wave illumination using
different thickness of LC layer with/without a bias voltage are
shown in Figs. 7 and 8, respectively. It shows that a thinner
thickness of the LC layer has a narrower bandwidth but simul-
taneously will result in a higher insertion loss. Therefore, the
thickness of 100 μm for the LC layer is chosen to validate
its angle stability. Fig. 9 shows the transmission coefficient
variations to incident angles of plane wave illuminations at
0°–45°. It is seen that the oblique incident angles do not alter
the resonances. It simply increases the transmission losses. The
losses are smaller than 1 dB compared to the normal incident
case. It is also observed that applying the bias voltage also
reduces the dielectric loss by almost 0.3 dB.

IV. EXPERIMENTAL MEASUREMENT AND EVALUATION

To verify the simulation performance of the proposed work, an
LC-FSS prototype, as illustrated in Fig. 10, has been fabricated
for experimental performance evaluation. The left-hand side
of the prototypes shows the decomposed parts, which are two
periodically patterned metallic layers. The trimmed corners on
the two metallic layers are also seen for easy voltage input. These
two corners are on the same sides when the two FSS metallic
layers are oriented on the same face upward. In forming the
integrated LC-FSS prototype, one of the two FSS metallic layers
is flipped over and placed on top of each other. In this case, the
two trimmed corners of the top and bottom FSS metallic layers

Fig. 10. Fabricated LC-FSS (a) alignment layers on top and bottom metallic
layers and (b) prototype.

Fig. 11. Setup of experimental measurements.

are placed on the two adjacent corners of the integrated LC-FSS
prototype. The bias voltages are applied to these two corners
to different FSS metallic faces, as shown by the two wires on
the top edge of the right-hand side prototype photo. Each FSS
metallic layer implemented in this prototype consists of 25 ×
25 unit cells on a physical area of 7 × 7 cm. These metallic
layers also served as the host substrates of the alignment layers
to realize the reconfigurability of the LC molecules. This was
implemented by coating a PVA film on each metallic layer and
then curing and rubbing. The rubbing direction parallel to the
TE mode polarization wave was chosen during the fabrication.
A pretilt angle of about 2° was induced from the rubbing process
to orient the LC molecules between the two alignment layers.
In comparison with the conventional optical fabrication process
based on the glass substrates, the proposed work using PCB as
the substrates is a low-cost approach but it is more challenging
since the PCB deforming from heating during the fabrication of
the alignment layer is very easy and will result in performance
deviations.

In the measurements, the fabricated LC-FSS prototype was
fixed on a holder by acrylic. To reduce the diffraction effects
from the finite LC-FSS edges, this prototype was embedded into
a rectangle of aluminum foil to prevent energy leakage from the
truncations. This embedment has been proved in the literature
[41] to be effective in increasing measurement reliability. The
setup of the measurements is shown in Fig. 11, where a Keysight

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: National Taiwan Univ of Science and Technology. Downloaded on August 08,2022 at 23:47:23 UTC from IEEE Xplore.  Restrictions apply. 



6 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY

TABLE I
COMPARISON OF LC-FSS WITH PREVIOUS WORKS

3.4×2.25

2×2

7×7

2.4×2.4

N5227A PNA network analyzer and two horn antennas were
used to measure the transmission coefficients in a chamber,
which can reduce the external interferences and antenna re-
flections during the measurements. The maximum physical size
of the LC-FSS prototype that we can make is limited by the
rubbing machine that we can use, which has a size limitation
of less than 9 × 9 cm. Therefore, only the cases of normal
incidence by the two horns’ radiations are examined because
of the LC-FSS size limitation. Oblique incidence illumination
might cause oversized illuminating spots outside the LC-FSS
prototype. Harmonic signals at various mmWave frequencies
between 24–38 GHz fed the transmitting horn antenna. It is
placed at about 0.6 m from the LC-FSS prototype to produce
an approximate plane wave normally incident to the LC-FSS
prototype. On the other hand, the receiving horn antenna was
placed at about 0.2 m from the LC-FSS prototype. The varied
distance between the transmitting and receiving horn anten-
nas was used better to reduce the truncation diffractions from
the limited LC-FSS prototype. A shorter distance between the
LC-FSS prototype and the receiving horn antenna can avoid
the illuminations from the transmitting horn antenna and reduce
the truncation diffractions from the limited LC-FSS prototype.
A Keysight arbitrary waveform generator (33 621 A) provides
a low-frequency ac bias voltage (10 V) to the LC-FSS by the
wires welding on the two metallic layers. The advantage of ac
bias voltage compared to the dc bias is that it will not slow down
the reaction speed of the LC molecules. Moreover, the impact of
the applied ac voltage does not change with its frequency since
only a few kilohertz (i.e., 1 kHz) was used.

The measured transmission responses of the LC-FSS pro-
totype at normal incidence compared to the simulation results
are shown in Fig. 12. The measurement results have shown
that the resonant frequency can be shifted from 30.04 to 28.58
GHz when the bias voltage is applied. The frequency tunability
is about 4.86%. Moreover, the maximum frequency deviations
were only 4.73% and 4.94% with/without a bias voltage. These
frequency deviations might result from the fabrication tolerance
due to the deforming of the PCBs since, in the implementation of
the alignment layers, high-temperature heating was required for
each PCB to form a PVA film. Moreover, the relative permittivity
used in the simulations was adopted from the literature [23],
which might not match the correct values at Ka-band exactly.
Although some frequency deviations existed from these compar-
isons, the measurement results agreed well with the simulations
and validated the results.

Table I summarizes the comparisons with previous related
works in [13], [18], and [42]. It is seen that the proposed

Fig. 12. Comparison of simulation and measurement results.

work has better performance. Compared to the work in [13] at
130 GHz, the developed LC-FSS at 30 GHz has a larger band-
width by more than 60%. The transmission loss is also much
smaller while the range of dielectric constant variation is also
larger. Compared to the low-frequency case in [18], the dielectric
tunability of the LC materials used is smaller by only close to
0.45, but the loss is similar. Note that the loss tangents of the
previous work in [18] are 0.005 and 0.0143, much smaller than
the used one in the proposed work. Besides, the thickness of the
previous work in [18] is also beyond 5 mm, much thicker than the
proposed work, which might restrict the practical applications.
Compared to the simulation case in [42], the range of dielectric
constant variation of the used LC material in the proposed
work is much smaller, but the tunability is similar. Although
the tunability of the proposed work is around 5% at the current
stage, its performance can be further raised to around 10% by
using either GT7-29001 or LT-6540 LC customized materials
according to the previous simulation results. Furthermore, it
can be used for a variety of applications, since most of these
applications are relied not so much on frequency tunability, but
more on other physical characteristics, such as spatial domain,
time domain, and frequency domain conversions. For examples,
it can be applied to dynamically change the transmission and
reflection coefficients’ characteristics of EM waves incident to
the LC-FSS. The change of transmission characteristics helps
to improve the characteristics of antenna operation, and the
change of reflective characteristics can help the radar signal
characteristics change, such as achieving the effect of invisibility
and bullying. When it is used to produce continuous reflection
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coefficient changes, which enables LC-FSS time domain and fre-
quency domain characteristics to reduce spillover effects during
conversion, thus improving system efficiency. Moreover, it can
also integrate with the appropriate radar and communication to
create new application functionalities.

V. CONCLUSION

In this research, an experimental investigation of a reconfig-
urable bandpass LC-FSS, which resonates at Ka-band frequen-
cies, is reported. The low-cost Merck-E7 LC material with a
dielectric constant tunable range of nearly 0.45, conventionally
used for display applications, was employed to explore the
frequency tunability at Ka-band. The simulation design has been
further verified through experimental measurements, and the
results have shown a good agreement. Compared to the previous
research based on the customized LC materials and high-cost
fabrication processing using glass substrates, the proposed work
is the first experimental investigation for an LC-FSS resonating
at Ka-band frequencies based on low-cost Merck-E7 LC material
and PCB technology to the best of our knowledge. It will offer
competitive performance and provides an alternative solution
for mmWave applications at Ka-band.
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