744 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 71, NO. 1, JANUARY 2023

Ultra-Wide Band Polarization Converter Based on
Ultra-Thin Bi-Layer Slot Structures
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Abstract— An ultrathin linear-to-linear polarization converter
exhibiting a high polarization conversion ratio (PCR) in an
ultrawide bandwidth is fabricated on a printed circuit board
(PCB). It is based on a bilayer slot structure that is electrically
connected by via holes. Front- and back-sided slot structures
are arranged in mutually orthogonal directions and function as
receivers and radiators, respectively. The via holes provide a
route for the transfer of electromagnetic energy received by the
front-sided slot structures to the back-sided slot structures and
radiate an electromagnetic wave having polarization orthogonal
to that of the input electromagnetic wave. Moreover, two slots are
employed for each unit cell design, and the locations of the via
holes are carefully determined to achieve broadband polarization
conversion. The via-hole positions that change the surface current
distribution around the slot apertures enable the control of
multiple resonance frequencies. Via holes are positioned to
make first and second resonance frequencies that are blue-
shifted toward the third resonance frequency, which broadens
the operational band of the perfect polarization conversion. The
0.8 mm thick polarization converter exhibits PCR greater than
99% in the frequency band from 24.5 to 47 GHz.

Index Terms—Frequency selective surface (FSS), polarization
converter, slot structure, ultrawideband radiation, via hole.

I. INTRODUCTION

OLARIZATION converters are often employed in
microwave relaying systems to change the polarization
of electromagnetic waves [1], [2], [3], [4], [5], [6], [7]. A
linear-to-linear polarization converter rotates the polarization
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of a linearly polarized wave to form an orthogonal one. Con-
ventional polarization conversion methods employ anisotropic
materials that have different permittivities along the orthogonal
optical axis [8], [9].

2-D frequency selective surfaces (FSSs) have received great
attention due to their ability to manipulate the properties of
electromagnetic waves. They have also been utilized for polar-
ization conversion devices to overcome the drawback of con-
ventionally bulky optical crystal-based polarization rotators.
Polarization conversion has been achieved using the chirality
of metamaterials [10], [11], [12], [13], [14] (i.e., the optical
activity of chiral structures), but they exhibit high insertion
loss and a small polarization rotation angle. To improve
performance, the use of multilayer metamaterials has been
proposed [15], [16], [17]. They achieved a polarization rotation
angle of approximately 90° and broadband characteristics, but
they have the disadvantage of a complex fabrication process.

Reflection- and transmission-type polarization converters
have been studied for their high polarization conversion ratio
(PCR) in the broad frequency band [15], [18], [19], [20], [21],
[22], [23], [24], [25], [26]. Periodically arranged anisotropic
metallic structures above a metallic plane have been used to
expand their bandwidth. However, they exhibit a limited PCR
of 80%—85% in the middle of the band and narrow bandwidth
because the resonance frequencies are far apart. To overcome
the limited PCR in the midband for radar-cross section (RCS)
reduction applications, FSSs consisting of two dielectric layers
and coded metasurface featuring PCR higher than 90% have
been recently demonstrated in an ultrawide frequency band
[27], [28], [29]. However, it is still challenging to realize
ultrathin lightweight linear polarization conversion devices
exhibiting PCR higher than 99% in ultrawide bandwidth [5],
[30], [31], [32].

This article demonstrates an ultrathin transmission-type
polarization converter that operates in the ultrawide frequency
band from 24.5 to 47 GHz. The polarization converter was
realized on a printed circuit board (PCB). The front and back
metal layers of the PCB were utilized to fabricate bilayer FSSs
connected through via holes. By using multiple slot apertures
and via holes in a unit cell design, PCR higher than 99%
and the fractional bandwidth of 62.9% were achieved on an
ultrathin substrate.

II. UNIT CELL DESIGN AND SIMULATION

The polarization converter was realized on PCB by using
bilayer slot structures connected by 0.8 mm long via holes,
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Fig. 1. Schematic design of the unit cell in the polarization converter and

its equivalent circuit. (a) Front side and (b) back side. L = 4.2 mm, W =
0.4 mm,D =14 mm, r = 0.2 mm, U= 4.6 mm, and the substrate thickness
(Ts) = 0.8 mm. (c) Simplified equivalent circuit model of the polarization
converter.

as shown in Fig. 1(a) and (b). A unit cell consists of a front-
side slot and a 90°-rotated back-side slot, connected by two via
holes. The via-hole length is the same as the thickness (7 =
0.8 mm) of the TLX-9 substrate. The diameter of the via holes
is kept as small as possible (within the limit of the fabrication
process) to minimize co-polarized transmission through the
holes.

The operating principle of the proposed polarization con-
verter can be understood by using the equivalent circuit shown
in Fig. 1(c). The slot structures were represented by the parallel
LC resonant circuits. The electrically short via hole can be
regarded as a simple series-connected inductor, as depicted in
Fig. 1(c). At resonance frequency, the parallel LC circuit is
effectively open-circuited and the incident wave is resonantly
transferred to the other parallel LC circuit representing the
back-side slot structures via the series-connected inductor.
By using the analysis method described in [30], the values
of the inductance (Lg,,) and capacitance (Cy,,) of the slot
structure in the unit cell were extracted and found to be
0.42 nH and 0.08 pF, respectively. The front of the polar-
ization converter receives the incident electromagnetic wave
at resonance frequencies and the back radiates the electro-
magnetic wave, as the front- and back-side slot structures
act as a receiver and a transmitter, respectively, at the same
resonance frequency. The slots are designed to be identical
except in orientation. The via holes provide a route for the
transfer of electromagnetic energy received by the front-side
slot structures to the back-side slot structures and radiate an
electromagnetic wave having polarization orthogonal to that
of the input electromagnetic wave. The via holes also induce
coupling between two resonant slot structures and resonance
frequency split [33].

In the full-wave simulation using CST studio suite, trans-
mission coefficients were obtained from a unit cell by applying
a periodic boundary condition. The incoming electromagnetic
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Fig. 2. Transmittance characteristics of slot structures with and without via
holes.

wave propagates along the z-direction, and its polarization
is kept along the y-axis. When the y-polarized plane wave
is incident to the polarization converter, a resonating surface
current is generated around the front-side slot aperture. Then,
the surface current flows along the via holes, and a surface
current is generated around the slot apertures on the back-
side metal plane. The surface current around the slot apertures
on the back side radiates an electromagnetic wave with 90°-
rotated x-polarization [24]. Fig. 2 illustrates the co-polarized
transmittance (tyy) and cross-polarized transmittance (tyy) of
the slot structures with and without via holes. tyy of the slot
structures with via holes exhibits the bandpass characteristics
at the three resonance peaks at f4 (27.5 GHz), fg (34.5 GHz),
and fc (47.5 GHz). When the transmittance characteristics
of two-sided slot structures with and without the via holes
in Fig. 2 are compared, the via holes dramatically improve
the transmittance characteristics. Even though the two-sided
orthogonal slot structures without via holes exhibit very small
tyy value (<—50 dB level), ty, exhibits two resonances at
27.3 and 47.6 GHz. The two resonance frequencies are
essentially the same as fa and fc observed in tyy, and tyy of
the polarization converter with via holes. Therefore, it can
be concluded that the transmittance peaks at fa and fc are
due to the resonance of the slot structures. Considering the
surface current distributions in Fig. 3(a) and (c) that show one
minimum at fo and two minima at fc at each side of the slot
structure, the transmittance peaks at fa and fc are due to the
fundamental resonance and the second harmonic resonance of
the slot structure, respectively.

The additional resonance at fg is due to the presence of
the via holes and is related to the location of the via holes as
well as the slot length. By taking advantage of the additional
resonance at fg, a broad frequency band can be achieved by
combining three frequency bands. In detail, when the center-
to-center distance (D) between the slot and the via hole in
Fig. 1 is 1.4 mm, the inductance of the via hole is obtained
to be 1.2 nH by comparing circuit and simulation results.
In the following, three methods are introduced to broaden
the bandwidth using the location of via holes, double slot
structures, and additional via holes.
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Fig. 3. Surface current distribution on the back side of polarization
converter at resonance frequencies of (a) fo (27.5 GHz), (b) fg (34.5 GHz),
and (¢) fc (47.5 GHz).

A. Diagonal Arrangement of via Hole

To understand the origin of the additional transmission
peak corresponding to the resonance at fg, the distribution of
the surface charge induced on the polarization converter was
analyzed.

In Fig. 4, the surface charge distributions that are extracted
from the normal component of the time varying electric field
on the front- and back-sides at the resonance frequencies of
fa, fg, and fc are compared. The red contour line shows a
positive charge distribution, and the blue contour line shows a
negative charge distribution. When a single-sided slot structure
without via holes is considered, opposite surface charges are
mostly distributed at the central part of the slot structure at
the fundamental resonance frequency. However, the surface
charge distribution of a polarization converter that employs
the via holes is changed.

As shown in Fig. 4, the surface charges are concentrated
on the first and third quadrants at the resonance frequency, fa,
and they are concentrated on the second and fourth quadrants
at the additional resonance frequency, fg. At the resonance
frequency, fs, time-varying opposite charge distributions make
a time-varying surface current around the slot aperture and on
the metal surface, as shown in Fig. 3(a). There is incoming
current from some adjacent unit cells and outgoing current
toward other adjacent unit cells, which suggests that the
interaction between the neighboring unit cells also influences
the surface current distribution on the metal plane. Because
the radiated field of a magnetic moment is affected by the
electric current flowing on the metal surface, as well as by
the slot aperture size [25], the resonance frequencies of fu
and fc are determined by the slot aperture length and unit cell
size. This indicates that the surface current toward neighboring

Fig. 4. Surface charge distributions of polarization converter on front side
(left) and back side (right) at the resonance frequency of (a) fo (27.5 GHz),
(b) fg (34.5 GHz), and (c¢) fc (47.5 GHz).

unit cells, as well as the surface current around the slots,
affects the field radiated at the resonance frequencies fa and fc.
At the resonance frequency fg, the charges formed around the
via holes on the front and back sides have opposite polarity,
as depicted in Fig. 4(b). This enhances the vertical current
flow through the via holes, as illustrated in Fig. 3(b). The
current density through the via holes at fg is much higher
than that at fo and fc. The surface current path length on
the metal surface at fa is determined by the unit cell length.
On the other hand, the current path length through the via holes
is shorter than the unit cell length, considering the very thin
substrate. Thus, the additional resonance frequency fg is higher
than the fundamental slot resonance frequency, fo. Because
the resonating current through the via holes is very low at the
frequencies of fo and fc, these resonance frequencies are not
affected by the position of the via holes.

Considering the charge and surface current distributions, the
resonance frequency, fg, can be controlled by the positions
of the via holes. As shown in Fig. 5, the changes in the
positions of the via holes affect only fg. By adjusting the
location of the via holes, the resonance frequency, fg, can
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Fig. 5. Simulated transmission coefficients of the polarization converter as
a function of D. (a) Txy and (b) Tyy.

be moved close to the first resonance frequency, fa, and the
broadband characteristics can be achieved.

B. Double Slot

To increase the bandwidth, the slot width was first consid-
ered as a design parameter. In the equivalent circuit model,
a slot can be represented by a parallel LC circuit. The
increased slot width extends the bandwidth because a wider
slot exhibits larger inductance. However, the co-polarized
transmission coefficient level (Tyy) of the polarization con-
verter also increases because the co-polarized transmission of
the polarization converter is determined by the ratio of slot
width over the slot length. Thus, there exists a tradeoff between
the PCR and the bandwidth of the polarization converter.
To achieve a low transmission coefficient level of Tyy, the
slot width cannot be increased any further. Thus, two narrow
slot apertures are used for bandwidth enhancement instead of
a single wide slot.

When double narrow slots are used for a polarization
converter, as shown in Fig. 6, broadband characteristics can
be achieved without sacrificing PCR. With the double narrow
slots, the resonance modes of the double slots are coupled, and
their resonance characteristics are similar to that of a single
wide slot. Thus, the cross-polarized transmission coefficient
(Txy) of the double narrow slots is similar to that of the single
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(a) (b)
Fig. 6.  Schematic design of unit cell of the polarization converter with
double slots. (a) Front side and (b) back side. L = 4.2 mm, W = 0.4 mm,
D=14mm,r=02mm, U= 46 mm, G =0.1 mm, and the substrate
thickness (7s) = 0.8 mm.
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Fig. 7. Simulated transmission coefficients of the polarization converter based
on two slots. (a) Txy and (b) Tyy.

wide slot, and essentially, the same bandwidth enhancement
can be achieved. However, the co-polarized transmission coef-
ficient (Tyy) of the double narrow slots is much lower than that
of a single wide slot, as shown in Fig. 7.

This design offers a new parameter, which is the distance
between the two slots (G). When the distance is increased,
fa and fc are blue-shifted, which makes the three resonance
frequencies closer. This can be explained by surface charge
and current distribution. The first resonance frequency, fa,
is affected by the surface current path length on the metal
surface between neighboring unit cells. When double slots are
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Fig. 8. Schematic design of unit cell of the polarization converter with four

additional via holes. (a) Front side and (b) back side.

used and the distance between the two slots is increased, the
opposite charges in the neighboring unit cells get closer. This
results in shorter current path length and higher resonance
frequency, fo. The resonance frequency, fg, is affected by the
distance between the via hole and the slot. As the distance
between the two slots (G) is increased, the distance between
the slot and via hole is reduced. Thus, the second resonance
frequency, fg, increases. From these effects of two slots, three
resonance frequencies get closer and the broad frequency band
is achieved.

C. Additional via Holes at the Same Distance From Center

A subsequent polarization converter design is proposed in
consideration of the charge distribution at each resonance
frequency. To combine three resonance frequencies, four via
holes were added to the previous design shown in Fig. 8.

Four via holes were located so as to change the surface
charge and current distribution, which makes the three res-
onance frequencies closer to each other. Two via holes are
located to the right and left areas of two slots on the back
side and the other two via holes are located above and below
the two slots on the front side to control their fo and fg.
Because the front side acts as a receiver antenna and the back
side acts as a transmitter antenna, the two sides must have
the same resonance characteristics. At fo, two via holes on
the right and left sides push opposite charges into the corner,
which makes fa blue-shifted (as illustrated in Fig. 9). The
two via holes also push the charges toward the slot at the
second resonance frequency, which makes the current path
length shorter. At fc, most of the charges are distributed at
the upper right and lower left corner of the unit cell, so that
the additional via holes do not affect the charge distribution or
resonance frequency. By placing additional via holes, f5 and
fg are blue-shifted, but fc is almost invariant. It enables the
three frequency bands to be combined and to exhibit broader
bandwidth.

III. FABRICATION AND MEASUREMENT

The proposed polarization converter was fabricated on
Teflon (TLX-9) with a relative permittivity of 2.5 and a
dielectric loss tangent of 0.0017 at 30 GHz. The copper
thickness was 18 um. Via holes were drilled to connect the
front side electrically with the back side. The size of the

fabricated polarization converter consisting of 17 x 17 unit
cells was 105 x 105 mm.

The fabricated polarization converter was characterized
using two horn antennas. Two linearly polarized horn antennas
were connected to a vector network analyzer. The distance
between the two antennas was 1.4 m, and the fabricated
samples were placed in the center between the two anten-
nas. To minimize the edge-diffraction effect, an absorbing
material (60 x 60 cm) was placed around each sample. The
absorbing material had an absorbance higher than 40 dB
in the frequency range from 20 to 50 GHz. A polarization
mismatch was considered for accurate measurement of the
co-polarized transmission. To get a low level of co-polarized
transmission, the polarization of the transmitted wave and the
orientation of the receiver antenna should be perpendicular.
By using the jig shown in Fig. 10, the azimuth angle of each
sample was adjusted to achieve a low level of co-polarized
transmission. The simulated transmittance and PCRs of the
presented polarization converter showed ultrawideband charac-
teristics; so, three types of horn antennas (K-band horn antenna
covering from 18.5 to 26.5 GHz, Ka-band horn antenna cover-
ing from 26.5 to 40 GHz, and Q-band horn antenna covering
from 33 to 50 GHz) were used for measurement.

In Fig. 11, the comparisons of the simulated and measured
transmittance results for each polarization converter design
are shown. The geometric dimensions of Design 1 were as
follows: L =4.2mm, W =04 mm,D = 1.4 mm, r = 0.2 mm,
and U = 4.6 mm. The measured and simulated transmittances
of the y-to-x polarization conversion were almost identical.
The measured 3 dB fractional bandwidth of transmittance of
the y-to-x polarization conversion was 24.2%. The measured
transmittance level of y-to-y polarization was higher than the
simulated one, but this was because the cross-polarization
polarization level of the utilized horn antenna was —38 dB.

When two slots are used for the polarization converter
in Design 2, the transmittance response shows a broader
bandwidth. The geometric dimensions are the same as those
of Design 1 except the distance between two slots, which
is 1.7 mm. The measured 3 dB fractional bandwidth at
y-to-x polarization conversion was 31%. By using two slots,
the maximum co-polarized transmittance level was increased
to more than —30 dB.

In Design 3, as three resonance frequencies increase due
to additional via holes, the unit cell size and slot length are
increased to cover the Ka-band. The geometric dimensions
were as follows: L = 5.6 mm, W = 0.4 mm, D = 1.75 mm,
r=02mm, U=6mm, G =1 mm, and D2 = 1.6 mm.
The measured 3 dB fractional bandwidth at y-to-x polarization
conversion was 40.4%. Because the additional via holes can
only help to increase the fraction bandwidth at the y-to-x
polarization conversion but maintain co-polarized the transmit-
tance level, the co-polarized transmittance level still remains
below —30 dB.

The PCR for the y-polarized incident wave is defined as
tyy/(txy + tyy) by using the measured transmittance tyy, and
tyy. The operating frequency band, where the PCR is higher
than 99%, is from 24.5 to 47 GHz, as shown in Fig. 12.
This means nearly perfect 90° polarization rotation is achieved
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TABLE I
COMPARISON OF THE STATE-OF-THE-ART POLARIZATION CONVERTERS

Reference Type Fractional Bandwidth (%) @ PCR =99% Electrical thickness of unit cell FoM
[19] Reflection 14.5% (16~18.5 GHz) 0.193<%, 0.751
[27] Reflection 25% (14~18 GHz) 0.502°A, 0.498
[28] Reflection 40% (14~21 GHz) 0.549<1, 0.728
[11] Transmission 19.1% (9.5~11.51 GHz) 0.088%2, 2.166
[13] Transmission 9.5% (8~8.8 GHz) 0.068°1, 1.393
[24] Transmission 11.9% (0.95~1.071 THz) 0.212%%, 0.566
[26] Transmission 9.3% (33.6~36.9 GHz) 0.274°), 0.342

This work Transmission 62.9% (24.5~47 GHz) 0.151°), 4.175

Fig. 9. Change of charge distributions on the back side of the polarization
converter with and without additional via holes at the (a) first, (b) second,
and (c) third resonance frequencies.

in this frequency range. Even though it is not shown in this
article, a simulation study showed that the PCR performance
degraded for the electromagnetic wave incidence at an oblique
angle [30].

The performance of the polarization converter in this work
is compared with those of other linear-to-linear polarization
converters in Table I. When the fractional bandwidth is defined
for the frequency band where the PCR is higher than 90%, the
reflection-type polarization converters in [27] and [28] exhibit
the fractional bandwidth of 115%—122%. The reflection-type

S
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Fig. 10. (a) Measurement setup and (b) jig for control of azimuth angle.
polarization converters with thick substrates exhibit much
wider band characteristics than the transmission-type polar-
ization converters do. For perfect polarization conversion,
the PCR higher than 99% is required. Thus, the fractional
bandwidth in Table I is defined, where the PCR is higher
than 99%.

To compare the performance of the thin-film polarization
converters, of which the operational frequency bands are
different, the figure of merit (FoM) defined in (1) was utilized
in [5] and [30]

FoM = =2 . Z¢ (1
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Fig. 11.  Comparison of the simulated and measured transmittance of
the polarization converter. (a) Sample images. (b) Design 1. (c) Design 2.
(d) Design 3.

where Aw/w, is the fractional bandwidth, where PCR > 99%,
Ag is the central wavelength of operating band, and T is the
thickness of the device [5], [30], [31], [32]. The FoM shows

1.0 T T T

7

0.6 - 4

04 B

J

0.0 " 1 1 " 1 1 " 1
20 25 30 35 40 45 50

Frequency (GHz)

Polarization Conversion Ratio

Fig. 12. PCR at Design 3.

how large bandwidth can be achieved with a given thickness
of FSS or metasurface. For the same design, the bandwidth of
the device increases when the thickness increases.

The proposed converter exhibits much higher FoM than
the other polarization converters as compared in Table I.
This implies that the presented converter design can achieve
very high PCR in ultrawide bandwidth even on the very thin
substrate.

IV. CONCLUSION

A broadband linear-to-linear polarization converter was
demonstrated by using a bilayer slot structure connected by
via holes on a single PCB substrate. Because the front-
and back-side slots orthogonal to each other and connecting
via holes are combined, surface current occurs in various
directions. This indicates that the slot length is not the only
parameter determining resonance frequencies. The operational
characteristics of the broadband polarization converters were
investigated by considering the surface charge and current
distribution. Proper positioning of the via holes around the slot
apertures enabled control of broadband polarization conversion
characteristics by combining multiple frequency bands. The
proposed polarization converter exhibits perfect PCR (>99%)
at frequencies ranging from 24.5 to 47 GHz (fractional band-
width of 62.9%) and FoM of 4.175. This shows that the
presented structures can realize much wider bandwidth than
other reported designs, within the limited device volume.
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