SCIENTIFIC REPLIRTS

Dual-band transmission polarization
converter based on planar-dipole
pair frequency selective surface
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is described and demonstrated based on frequency selective surface. The building element is a planar-
dipole pair, which is orthogonally printed on a double-layer substrate and vertically connected by a
pair of through-via holes functioning as a quasi-two-wire transmission line coupler. A perforated metal
shielding layer is sandwiched between the double-layer structure to only support a transverse electric
and magnetic (TEM) mode coupling between the top and bottom dipolar components. The front dipole
responds to the incident transverse electric (TE) wave, and sends the induced current into the two-wire
transmission line to feed the bottom dipole. The bottom dipole is orthogonal or oriented at an arbitrary
angle with respect to the top one, and a resultant outgoing transverse magnetic (TM) wave or arbitrary
orientation polarized wave can be achieved. In addition, a bidirectional orthogonal polarization
converter is realized by using double orthogonally arranged planar-dipole pairs, which are also printed
on the same double-layer substrate.

Controlling and manipulating polarization state of electromagnetic wave at will is highly desired as they find
applications in imaging and remote sensing in both microwave and optical regimes'?. In satellite communica-
tions, polarization converters can be used to countervail the effect of Faraday rotation caused by the ionosphere”.
Polarization converters have also been utilized in antenna design where polarization diversity is demanded*>,
and it is true that the signal polarization must be changed without any rotation or modification of the original
antennas for their heavy configuration and complex feed components.

Conventional converter in optical regime, such as wave plate®”, is typically realized by using birefringence
effect of some anisotropic materials. Owing to the weak anisotropy of natural materials, the wave plate requires
a relatively thick slab compared with its operating wavelength. In order to develop a compact and light-weight
device in microwave and millimeter wave regime, it is obvious that conventional converter designs based on ani-
sotropic materials are too bulky and difficult to integrate into today’s miniaturized system.

In past decades, artificial periodic structures, such as frequency selective surfaces (FSSs), metamaterials, and
metasurfaces, have opened up a new avenue towards efficient manipulation of electromagnetic (EM) propaga-
tion due to its unusual properties, such as the negative refraction®?, invisible cloaking'®'!, electromagnetically
induced transparencies'?~!4, perfect absorbers'>!¢, and electromagnetic energy harvesters'’-2’. The electromag-
netic wave polarization converter is widely investigated by using the concept of FSSs sand metasurfaces. Many
structures, such as antenna-filter-antenna module?!, L-shaped antennas®, stacked gratings?*-?, and polarization
dependent resonators?’~?, have been proposed to realize the wave polarization conversion. Comparing with the
conventional polarization converter, the artificially structured converter is ultrathin, miniaturized, and easy for
integration. A number of high performance FSSs or metasurface-based polarization converters between linear
waves??-3! circular waves®?, linear and circular waves?!**34, and linear and vortex waves®> have been realized
in both transmission and reflection modes. Among various polarization manipulating devices, linear polariza-
tion converter working in transmission mode is perhaps the most important one for potential applications, such
as in remote metering, where the orientation of a linearly polarized signal cannot be predicted because of the
unknown orientation of the source. A linear polarization converter usually rotates the polarization direction of a
linearly polarized electromagnetic wave by 90 degree, making it perpendicular to the original one. To the best of
our knowledge, the mechanism of most FSSs or metasurface-based polarization converters is often described by
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Figure 1. (a) Scheme of the sample array, and the top views of the (b) shielding layer, (c) top layer, (d) bottom
layer with rotated dipole and (e) bottom layer with non-rotated dipole.

the extrinsic chirality in the propagation direction?”*** or discrepant phase and amplitude modulations of the

orthogonal transmission components based on the near-field electromagnetic coupling?>*#*. For the unit cell of
metasurface, its size is usually electrically small (or in sub-wavelength scale), which calls for high-precision in
fabrication and integration. To effectively realize a FSS polarizer, whose typical dimension of the building element
is in a quarter wavelength scale, multilayer structures are usually adopted to obtain high frequency selectivity and
polarization rotation*"~*, because it is theoretically true that the maximal conversion efficiency for transmission
through a single layer is 50%, while a double layer transmission converter or a single layer with a ground plane can
have 100% polarization conversion efficiency®. Such limitation has been validated by single-layer meander line
polarizers*. Alternatively, frequency selectivity and polarization conversion can be simultaneously achieved by
using antenna-filter-antenna (AFA) module, which is only a two-layer structure consisting of a receiving antenna,
a nonradiating resonant structure, and a transmitting antenna?"*°. The aperture-coupled-patch FSS polarization
converter is a typical polarizer based on AFA module?!. As mentioned above, although some high-performance
polarization converters in transmission mode with high conversion ratio and wideband have been reported, the
building elements must be carefully designed and the structural configuration is usually complicated based on the
concept of metasurfaces or multilayer FSSs, leading to high-precision requirements in fabrication and integration
in a system.

In this paper, we propose an alternate approach to design linear polarization converters by using a simple kind
of AFA module with its building element consisting of a planar-dipole pair and quasi-two-wire transmission line
coupler. The conversion mechanism is based on the TEM wave coupling using the through-via pair instead of
the high-order aperture coupling. Based on the TEM wave coupling with the incident TE wave and outgoing TM
wave, dual-band linear polarization converters operating in C- and X-bands with very high conversion efficiency
and low insertion loss are achieved.

Results

Unit cell design.  Single linear polarization converters. Motivated by the aperture-coupled-patch FSS?!, a
class of FSSs by using dipole-coupler-dipole elements is proposed, as shown in Fig. 1(a). The unit cell of conven-
tional aperture-coupled-patch FSS consists of two back-to-back patches mounted on a double-layer substrate, and
a common ground plane with a small aperture, such that the two patches are coupled through the small aperture
to achieve a high-order band-pass response. Here we replace the small aperture by quasi-two-wire transmission
lines using a pair of vertical through-via holes between the top and bottom dipolar components, where the verti-
cal through-via pair passes through a perforated metal shielding layer as shown in Fig. 1(b). For making an
impedance matching between the top and bottom planar dipoles, they should be identically designed and fabri-
cated on the top and bottom substrate, respectively, but except for their orientation. Toward this end, consider the
incident plane wave to be polarized along x-axis in xyz-coordinate system, as illustrated in Fig. 1(a), and the
transmission wave to be rotated an angle . The top dipolar component must be oriented in x-axis so as to effec-
tively couple with the incident wave. The diagonal of the through-via holes must be oriented at an angle /2 with
respect to the incident wave polarization, as shown in Fig. 1(c), while the bottom dipolar component must be

SCIENTIFICREPORTS | (2018) 8:3791 | DOI:10.1038/s41598-018-22092-4 2



www.nature.com/scientificreports/

Transmission/Reflection(dB)

Transmission/Reflection(dB)

5 6 7 8 9 10 11 12 13 5.6 7 8 9 10 11 12 13

-45 L L I \\I\\ 1 )

Frequency(GHz) Frequency(GHz)

Figure 2. Reflection and transmission for the elements with (a) orthogonal planar-dipole pair and (b) parallel
planar-dipole pair.

oriented at an opposite angle ¢/2 with respect to the diagonal of the through-via holes, as shown in Fig. 1(d). For
arbitrary angle rotation of the incident polarization, the orientation of the bottom dipolar component is described
along u-axis in local uvz-coordinate system. The dipolar components combined with the through-via holes deter-
mine the selectivity of the frequency response, while the orientation of dipolar components determines the polar-
izations of the incident and transmission waves. To validate the frequency response and polarization being
independent, conventional FSS response with co-polarized transmission is achieved for comparison by resuming
the orientation of the bottom dipole with that of the top one, as shown in Fig. 1(e).

At first, we suppose the rotating angle ¢ = 90°, a resultant orthogonal polarization converter can be realized.
The orthogonal polarization converter is optimized to operate at frequencies of 7.0 and 10.9 GHz, and the dimen-
sions of the element are found to be: L=11.0mm, d=1.6mm, w=1.8 mm, g=0.1 mm, /=5.0mm, h=1.524 mm
and t=0.035 mm, where, L is the side length of the square unit cell, 4 and ¢ represent the thickness of one sub-
strate and metal film, respectively, and the other geometrical parameters are denoted in Figs. 1(b,c). The material
of the substrate is Rogers RO4003 with dielectric constant (g;) of 3.55 and loss tangent of 0.0027. Such a low-loss
double-layer substrate cause low insertion loss for the proposed polarization conversion devices. The optimiza-
tion of geometrical parameters and electromagnetic simulation are carried out by using commercial software,
Ansoft High Frequency Structure Simulator (HFSS), and the frequency domain solver was chosen with periodic
boundary condition in the x- and y-directions and the Floquet ports in the z-direction to extract scattering
parameters. As the top dipolar component only response to polarized wave in x-axis, we define R, and R  as the
reflection coefficients of co- and cross-polarized waves, respectively, while T, and T, as the transmission coeffi-
cients of co- and cross-polarized waves, respectively (Here, R;; or T;; denotes j-polarized reflection or transmission
wave from i-polarized incident wave). The amplitudes of co-polarized reflection (R,,) and cross-polarized trans-
mission (T,,) of the proposed orthogonal polarization converter for normal incidence are plotted in Fig. 2(a). It
can be seen that a dual pass-band response in cross-polarized transmission mode with working frequency at 7.0
and 10.9 GHz occurs, while the amplitudes of co-polarized transmission (T,,,) and cross-polarized reflection (R yx)
are both close to zero in the total simulation band. At 7.0 GHz, the cross-polarized transmission coefficient T, _ is
—0.75dB, and the co-polarized transmission coefficient T, is only —15.2dB. At 10.9 GHz, the cross-polarized
transmission coefficient T, is —0.65 dB, and the co-polarized transmission coeflicient T, is —20.2 dB. For com-
parison, the conventional FSS with dual pass-band response is simulated, where the co-polarized transmission
mode occurs at 7.0 GHz and 10.9 GHz, as shown in Fig. 2(b), while the amplitudes of cross-polarized transmis-
sion (Tyx) and reflection (Ryx) are both close to zero in the total simulation band. It is found that the resonant
frequency responses are nearly unchanged.

To further validate the design principle, another linear polarization converter with specific rotation angle
¢ = 70° is demonstrated. Keep the all the geometrical parameters unchanged with those of the above example,
but the diagonal of the through-via holes must be oriented at an angle /2 = 35° with respect to the incident
polarization. The orientation of the bottom dipolar component and the polarization of outgoing wave are along
u-axis in the local uvz-coordinate system, thus the polarization converted transmission is represented by T,

had
which is calculated by T, = . \Txx\z + |Tyx|2 in the simulation and shown in Fig. 3(a). One can see that a dual
pass-band response is obtained and the resonant frequencies are 7.0 GHz and 10.7 GHz, where the higher reso-
nant frequency is slightly different from that of the orthogonal polarization converter due to difference of azimuth
angle of the through-via holes. For comparison, the response of the conventional FSS by assuming the bottom
dipole in same orientation with the top one is calculated in Fig. 3(b). Co-polarized transmission mode working at
7.0 GHz and 10.7 GHz can be achieved as well.

Bidirectional linear polarization converter. Based on the principle proposed in designing the single linear polar-
ization converter, it is easy to realize the bidirectional linear polarization converters by using double crossed
planar-dipole pair elements, as shown in Fig. 4. For simplicity, the element of a bidirectional orthogonal polariza-
tion converter is described in Fig. 4(a), which consists of four identical planar dipolar components printed on the
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Figure 3. Reflection and transmission for the elements with (a) 70-degree-crossed planar-dipole pair and (b)
parallel planar-dipole pair.
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Figure 4. (a) Scheme of the sample element, and the top views of the (b) shielding layer, (c) top layer, (d)
bottom layer.

same double-layer substrate and connected by four vertical through-via holes. The top views of the shielding layer,
top layer and bottom layer are depicted in Figs. 4(b-d), respectively. The width of the dipolar strip is reduced to
w=1.0mm, leading to /=>5.0mm, and d = 0.9 mm, as denoted in Figs. 4(b,c). The rest parameters of the building
element remain the same as those of the above polarization converters. Finally, we simulated the frequency
response when the polarization converter illuminated by incident plane waves with electrical field polarized along
x-axis and y-axis, respectively. Due to the symmetry, the co-polarized reflections in both incident polarizations
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Figure 5. Reflection and transmission of the bidirectional orthogonal polarization converter.
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(R,,and R, ) as well as the cross-polarized transmission amplitudes (T and T, ) are identical, as shown in Fig. 5.

We can see that a dual pass-band response appear in cross-polarized transmission mode with working frequency
at 6.5GHz and 9.4 GHz. The resonant frequencies have shifted to lower frequency bands mainly due to the width
reduction of the dipolar strip, especially for the higher resonant frequency.

Experimental results. One of the prototypes described above, the orthogonal polarization converter, is
fabricated and experimentally verified to validate the proposed approach. The conventional printed circuit board
technique is utilized and the structural parameters in the fabrication are the same with those of the simulated
model. The photograph of the sample is shown in Fig. 6, which has approximate dimensions of 300 x 300 mm,
containing 27 x 27 building elements. Measurements are performed in an anechoic chamber, and the fabricated
sample is embedded in a microwave absorbing screen to avoid unwanted reflections. The sketch of the experimen-
tal setup is also depicted in Fig. 6. The co-polarized reflection R, and cross-polarized transmission T, are meas-
ured by using two standard gain ridge-horn antennas connected to a vector network analyzer (N§23OA) For
setup of the co-polarized reflection measurement, the transmitting and receiving horns are placed adjacently in
identical orientation, while the sample is placed in the far-field region of the antennas. The measured reflection
coefficient is normalized with respect to that of a metal plane having the same dimensions as the testing sample.
During cross-polarized transmission measurement, the antennas are placed in the opposite sides of the sample
facing each other in orthogonal polarization. The measured transmission coefficient is also normalized with that
of air background. Based on the simulation results, the cross-polarized reflection R, and co-polarized transmis-
sion T, are close to zero and their measurements were not carried out.

The measured co-polarized reflection and cross-polarized transmission coeflicients of the prototype are
depicted in Figs. 7(a,b), respectively, and show a good agreement with the simulated responses. The small devia-
tions are likely caused by tolerances of fabrication and measurement.

Discussion

The principle of the proposed linear polarization converters are discussed based on the prototype of the orthogo-
nal polarization converter. The unit cell is an orthogonally oriented planar dipole pair that is vertically connected
by through-via holes. The top planar dipolar component responses to the incident plane wave polarized along
x-axis (TE wave) and the induced current propagates through the through-via holes to generate a TEM mode
at the perforation of the shielding layer. The propagating current is converted into outgoing wave through the
bottom dipolar component. The polarization of the outgoing wave is only determined by the orientation of the
bottom dipolar component, thus an arbitrary rotation can be realized in principle. To understand the working
mechanism, the linear polarization converter is explained by using equivalent circuit model and dipolar antenna
theory.
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Figure 7. (a) Co-polarized reflection and (b) cross-polarized transmission obtained from measurement and
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Figure 8. (a) The equivalent circuit model of the planar-dipole pair, and (b) its reflection and transmission
calculated from circuit model and full-wave simulation (HFSS).

The equivalent circuit model of a dipole was developed in refs*®*, which consists of a LC circuit in series and
a LC circuit in parallel, where the values of the circuit elements are given to operate at or near their first resonant
frequency. Based on this, the proposed linear polarization converter, which consists of a dipole pair and has dual
resonant modes, can be represented by the circuit as depicted in Fig. 8(a), where the two parallel circuit branches
represent the first and second resonant modes of the linear polarization converter, and the local equivalent circuit
for the top and bottom dipolar components are identical within each parallel circuit branch. The values of lumped
capacitances and inductances are determined for optimum frequency response. The circuit model simulation in
Fig. 8(b) is conducted using the following values: Lg; =0.018 nH, Cs; = 0.635pFE, Ly, =12.736 nH, Cp, =0.415 pF
for the first mode; Lg, =0.919 nH, Cg, =4.750 pF, Ly, =1.332 nH, Cp, =0.997 pF for the second mode, and
Z,=377 Q as the characteristic impedance of free space. It is observed that the results from circuit model and
HFSS simulations are in good agreement, and the relative errors are acceptable.

To further demonstrate the working mechanism of the proposed polarization converter at the two resonant
frequency modes, the induced current distributions on the metal components of the conventional FSS response
are depicted in Fig. 9, where the top and bottom dipolar components are in same orientation. At 7.0 GHz, both the
top and bottom dipolar components function as a half-wavelength dipolar resonator and the maximum induced
current occurs at the central part of the through-via holes, as seen in Fig. 9(a). The induced currents on AO (AO’)
and OB (O’B’) are in the same direction. Similarly, at 10.9 GHz, both the top and bottom dipoles can be treated as
full wavelength dipolar resonators and the minimum induced current appears at the central part of the
through-via holes, as depicted in Fig. 9(b) and the induced currents on AO (A'O’) and OB (O’B’) are in opposite
direction. The equivalent dipole models for both the half-wavelength and full-wavelength dipoles are shown in
Figs. 9(a,b), respectively. The resonant modes are determined by the total wave paths*%:] . ﬁ +h- JE& =l 2]%1
approximately determines the half-wavelength resonance, and [l + w/2] @ + h - [g; = clf,, approximately
determines the full wavelength resonance with ¢ being the speed of light in vacuum, ¢, the effective permittivity
of the dielectric for the strip lines, ¢, the permittivity of the substrate, and the influence of the strip width w affects
the higher resonant frequency, as mentioned in the proceeding. For the orthogonal polarization converter, the
induced current distributions on the metal components for both modes are similar to those depicted in Fig. 9, as
shown in Fig. 10. However, the current distributions on the bottom dipole are in the orthogonal plane to realize
the cross-polarized transmission as depicted in the bottom parts in Figs. 10(a,b). The rotation of the bottom

SCIENTIFICREPORTS | (2018) 8:3791 | DOI:10.1038/541598-018-22092-4 6



www.nature.com/scientificreports/

4 A' A/m(dB)

< — 50
0

I X 40

Shielding Layer V4 Shiclding Layer

] 20

> < ——g— 10

—_— a1 P S S
A(B) 00' A'(B") A(B) 00' A'(B")

(a) (b)
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A ,, ‘ A' A/m(dB)
= o - T 50
0 2 5 g ¢ {
;Z X ﬁ E»x | g Shielding layer i?)
(0] o o 20
10
' 0 0 0
o0 Shielding layer o) : Shielding layer
W A + - g’y - *g i I g lay
B B' B B'

(a) (b)

Figure 10. Induced current distribution of the orthogonal planar-dipole pair for the resonant frequency at
(a) 7.0 GHz, and (b) 10.9 GHz.

dipole component causes no change of the frequency response, so that the crossed dipole pair can also be treated
as half-wavelength and full-wavelength dipolar resonators at 7.0 GHz and 10.9 GHz, respectively. The dual reso-
nant current distributions for polarization converters with arbitrary rotation angle and bidirectional orthogonal
conversions are similar, and are not discussed here.

The concept of AFA module proposed in this paper is similar to antenna-delay line-antenna elements to form
discrete transmitting arrays*>’. The demonstrated linear polarization converter based on dipolar-pair FSS is use-
ful in sensing and imaging systems. For instance, two orthogonal polarization waves can be obtained from a linear
polarized microwave source, and a clearer reflection image can be reconstructed by combining the individual
transmission images of the polarization sensitive objects.

Method

Numerical simulation. The electromagnetic simulation is carried out by the frequency domain solver of
commercially available software, Ansoft High Frequency Structure Simulator (HFSS). In the simulations, the unit
cell boundary conditions are used along x- and y-directions, and the absorbing boundary condition is applied in
the z-direction. The model is excited by Floqued port with the normal incidence of linearly polarized waves in the
frequency range of 5.0GHz-13.0 GHz.

Sample fabrication. The sample is built on a multilayered printed circuit board. Both the top and bot-
tom copper layers with a thickness of 0.035 mm are printed on two Rogers RO4003 layers with a thickness of
1.524mm. A perforated copper film is then sandwiched between the two Rogers RO4003 layers using adhesive
(whose dielectric constants are almost the same as Rogers RO4003) with a thickness of 0.035 mm to suppress the
near-field coupling between the top and bottom unit resonators. Finally, the through-via holes are fabricated by
using standard coppering and drilling methods.
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