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Abstract
In this paper, we report the design, fabrication and measurement of a circular polarization converter based on an in-linked 
loop-antenna frequency selective surface. The building unit cell is the in-linked loop-antenna module, which consists of same 
front and back planar loop antennas in-linked by a pair of through-via holes passing through a sandwiched perforated metal 
ground plane. The proposed device can achieve transmission polarization conversions from right- or left-handed circularly 
polarized waves to left- or right-handed ones, respectively, or vice versa. Simulation and experimental results show that it 
has relative conversion ratio of near unity at resonant frequency and very low Joule insertion loss in the operating frequency 
band. The proposed circular polarization converter may be applied to wireless systems where circular polarization diversity 
is needed.

1  Introduction

Circular polarization converters are polarization con-
trol devices which can convert incident waves with given 
polarization states to reflected or transmitted right- or left-
handed circularly polarized (RHCP or LHCP) ones. They 
are key elements in satellite communication systems and 
remote sensing devices as circularly polarized (CP) waves 
can reduce the signal loss efficiently and eliminate the 
polarization influence caused by Faraday rotation effect in 
ionosphere [1–3]. Although CP waves can be created by 
antenna itself, an alternative and effective way is to gen-
erate a linearly polarized (LP) wave and pass it through a 
transmission-type circular polarization converter [4–7]. The 
latter is important and of flexibility, and for instance it can 
be applied to switch a satellite’s antenna from one polariza-
tion to circular polarization with a demanded handedness.

Conventional converters in optical, infrared and terahertz 
regimes are typically realized using birefringence or chiral 
effect of anisotropic materials, such as wave plates [8, 9]. 
However, due to the lack of natural anisotropic materials in 
microwave and millimeter waves, the circular polarization 

converters are generally implemented using frequency selec-
tive surfaces (FSSs) [7, 10–22], metasurfaces [23–30] and 
some other artificially periodic metamaterials [31–34]. 
Compared with structure of metasurfaces and metamateri-
als for electromagnetic (EM) wave polarization conversions, 
whose unit cell dimensions are usually in sub-wavelength 
scale [23–39], the building element of FSSs has the merit 
of larger dimensions, which can thus reduce the fabrication 
precision requirement, and associated complexity and costs.

For the reasons mentioned above, different structures for 
building the elements of FSSs have been proposed to real-
ize circular polarization converters, such as the meander 
lines [10–13], patch and wire grid configurations [14, 15], 
slot resonators [16, 17], split-ring resonators [18, 19], and 
antenna-filter-antenna (AFA) modules [22]. Most circular 
polarization converters convert LP waves into RHCP or 
LHCP ones. The building elements of the FSSs are usu-
ally orthotropic structures, and the incident LP wave can be 
divided into two equal orthogonal components. If there is a 
differential phase shift of nearly 90° between the two field 
components in the transmission, but with identical ampli-
tudes, the incident LP wave will be converted to a CP one. 
A circular polarization converter can also achieve the con-
versions from RHCP waves to LHCP ones [32], which have 
important applications in microwave imaging systems. For 
example, it has been proved in human body security check 
imaging system that smooth human body image or high-
lighted concealed weapon image can be obtained by using 
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antennas with different circular co- and cross-polarization 
combinations [10]. However, the circular polarization con-
verter presented in Ma et al. [32] can only convert RHCP 
waves to LHCP ones due to the asymmetrical configura-
tion of the bi-layered split-ring resonators. The conversion 
principle is explained by the extrinsic chirality in the for-
ward propagation direction, and the polarization conversion 
efficiency is not very high due to the near-field coupling 
between the front and back split-ring resonators.

In this paper, we propose an alternative approach to the 
design of circular polarization converters using an in-linked 
loop-antenna module-based FSS structure. The building 
module consists of a planar loop-antenna pair and is inter-
nally connected by a pair of through-via holes. The front 
planar loop-antenna resonator array functions as a RHCP 
or LHCP wave receiver, and the backside one transmits CP 
wave with different handedness in the forward propagation 
direction, and the through-via pair play a role of high effi-
ciency transverse electric and magnetic (TEM) wave coupler 
with extremely low radiating loss. Due to the TEM wave 
coupling using the through-via pair, instead of near-field 
coupling used in previous studies, very high conversion effi-
ciency and low insertion loss can be achieved.

2 � Design schemes

Antenna-filter-antenna (AFA) module-based FSS was first 
proposed in literature [40], which has the advantages of 
high frequency selectivity and simple configuration. The 
design approach of AFA FSS is simpler compared with that 
of the conventional multilayer FSSs. Each AFA module is 
composed of a receiving antenna, a non-radiating resonant 
structure, and a transmitting antenna [40]. The aperture 
coupled-patch structure was the most typical AFA module 
as investigated in literatures [40, 41]. Using one kind of AFA 
module, a linear to circular polarization converter is pre-
sented [22], wherein a circular aperture is introduced within 
the common ground as the non-radiating resonant structure, 
such that the two patches were coupled through the circular 
aperture to achieve a second-order band-pass response.

Motivated by this designing approach, we present an in-
linked loop-antenna structure as a new kind of AFA module 
as the FSS building block to realize the transmission circular 
polarization conversion from RHCP waves to LHCP ones 
in microwave C-band. The proposed in-linked loop-antenna 
module consists of a planar loop-antenna pair and internally 
connected by a pair of through-via holes acting as a quasi-
two-wire transmission line, as shown in Fig. 1.

The scheme of a sample array is illustrated in Fig. 1a, 
where the in-linked loop-antenna module is optimized to 
operate at frequency of 5.9 GHz, and the dimensions are 
found to be: L = 12.0 mm, R1 = 2.5 mm, R2 = 5.65 mm, 

g = 0.3 mm, h = 3.035 mm and t = 0.035 mm, where h and 
t represent the thickness of substrate layer and metal film, 
respectively, as shown in Fig. 1b. For clarity, the unit cell 
illustrated in Fig. 1b is decomposed into three metal layers 
as shown in Fig. 1c–e, respectively. The front loop-antenna 
resonator is connected with the back one by a through-via 
pair, which passes through the sandwiched perforated com-
mon ground plane. Both the front and backside loop-resona-
tors are fabricated on a dielectric substrate. The double-layer 
substrates are chosen to be Rogers RO4003 with a dielectric 
constant of 3.55 and loss tangent of 0.0027. The optimiza-
tion and simulation are carried out using commercial soft-
ware, Ansoft High Frequency Structure Simulator (HFSS), 
and the frequency domain solver was chosen with periodic 
boundary condition in both transverse directions and the 
Floquet ports in the wave propagating direction to extract 
scattering parameters.

Here, we define the reflection and transmission coeffi-
cients as Rij and Tij, respectively, where the indices i and 
j correspond to the polarization states of the incident and 
transmitted EM waves, which could be RHCP wave (i or j 
is represented by +) and LHCP wave (i or j is represented 
by −). Figure 2a shows the magnitude of the reflection and 
transmission coefficients when a RHCP wave is normally 
impinging onto the presented circular polarization converter. 
From the figure, we find that the presented polarization con-
verter has a band-pass response in circularly cross-polarized 
transmission (T−+) mode (transmitted LHCP mode) with its 
central resonant frequency of 5.9 GHz (nearly − 0.21 dB), 
while the amplitude of circularly co-polarized transmission 
(T++) mode (transmitted RHCP mode) and co- and cross-
polarized reflection (R++ and R−+) modes (reflected RHCP 
and LHCP modes) are all less than − 22 dB, indicating they 
are very close to zero. Due to the structural symmetry of 
the designed loop-antenna resonator, the circular polariza-
tion converter is independent of the handedness of incident 
CP wave and propagation direction. It means that incident 
LHCP waves can also be converted into RHCP ones in trans-
mission mode, and the reversed conversions in the backward 
propagating direction also can be achieved. To understand 
the polarization conversion, the incident and transmitted CP 
waves can be decomposed into two orthogonal linear com-
ponents. For the forward RHCP wave incidence, the ampli-
tudes and phase shifts of decomposed linear components of 
the transmitted wave are shown in Fig. 2b, c, respectively. At 
resonant frequency 5.9 GHz, the amplitudes of the orthogo-
nal linear components are both near − 3.0 dB, and the phase 
shift of the vertical component is 90° ahead of the horizon-
tal one, indicating that a transmitted LHCP wave with both 
the axial ratio (AR) and conversion efficiency being of near 
unity is generated. In the higher frequency band ranging 
from 5.9 to 7.0 GHz, the decomposed amplitudes are iden-
tical and the difference of phase shifts remains 90°, which 
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implies that the transmitted LHCP wave has an axial ratio 
of near unity in a wide frequency band.

To better evaluate the performances of the proposed cir-
cular polarization converter, the Joule insertion loss (IL) 
and relative circular cross-polarization conversion efficiency 
(RCP) have been calculated, respectively, using the follow-
ing formulas:

and

The calculated result of insertion loss is shown in 
Fig. 2d, and the value of IL is less than 3.0% in the operat-
ing frequency band, and the maximum IL value occurs at 
the resonant frequency 5.9 GHz. For there is nearly no cir-
cularly co- and cross-polarized return loss and co-polarized 
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transmission loss, the absolute circular cross-polarized trans-
mittance is nearly up to 97% at the resonant frequency. If we 
ignore the insertion loss, the RCP curve in Fig. 2d indicates 
that an almost unity conversion efficiency at the resonant 
frequency has been obtained.

To demonstrate the working mechanism of the proposed 
in-linked loop-antenna module-based FSS circular polari-
zation converter, the induced current distributions at the 
resonant frequency on the metal components are depicted 
in Fig. 3. The front planar loop-antenna responses to the 
incident CP wave with one handedness and the induced 
current on each element propagate along the through-via 
holes in TEM mode. The propagating current is converted 
into a radiated CP wave with another handedness by the 
backside planar loop-antenna. When a RHCP wave is 
normally incident onto the sample, a peak of the induced 
current moves around clockwise as the increase of phase, 
indicating the coupling with the incident RHCP wave. Fig-
ure 3a–c illustrates the current distribution on the front and 
backside loop-antenna resonators and the through-via pair 

Fig. 1   a Scheme of sample array, b the building block, c the front loop-antenna resonator, d the perforated common ground plane and e the 
backside loop-antenna resonator
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as time increases, and the snapshots relate to the phases of 
0°, 30° and 60°, respectively. For clarity, the configuration 
has been decomposed into three parts and the connecting 
points between the through-via holes and loop-antennas are 
labeled with A, A′, B and B′, respectively. The current peak 
on the backside loop-antenna resonator reverses with respect 
to the front one, e.g. another peak value of the current moves 
around counterclockwise on the backside loop-antenna, and 
results in outgoing LHCP wave.

3 � Experimental results and discussion

The designed circular polarization converter is fabricated 
by utilizing the conventional printed circuit board with the 
same structural parameters as the simulation model. The 
photograph of the sample is shown in Fig. 4, which has 
dimensions of 300 × 300 mm, containing 25 × 25 build-
ing elements. Measurements are performed in an anechoic 
chamber, and the fabricated sample is embedded in a micro-
wave absorbing screen to avoid unwanted reflections. Fig-
ure 4 also shows the schematic of the experimental setup.

As illustrated in Fig. 1a, both the circular cross-polar-
ized reflection and co-polarized transmission are less than 
− 22 dB in the frequency band ranging from 5.0 to 7.0 GHz, 
and can thus be ignored in measurement. For the measure-
ment of cross-polarized transmission, two circular wave horn 
antennas with different handedness are placed in the front 
and back sides of the test sample, respectively. The meas-
ured transmission coefficient is also normalized with that 
of air background. For the setup of circular co-polarized 
reflection, the circular transmitting and receiving horns with 
same handedness are nearly parallel placed (with intersec-
tion angle less than 10°) in the front of the sample. The 
measured reflection coefficient is normalized with respect 
to a metal plane of same dimensions as the testing sample. 
Figure 5a, b shows the magnitudes of the circularly co-polar-
ized reflection and cross-polarized transmission coefficients, 
respectively. The measured results agree very well with the 
simulation results, and the small deviations are likely caused 
by tolerances in fabrication and measurement.

The analysis described above is based on the situation 
with normal incident CP waves. However, in practice, the 
incident wave may be oblique or deflected due to the antenna 
radiation pattern or installation inaccuracy. Therefore, the 

Fig. 2   a Amplitudes of the transmission and reflection of the CP wave converter, b the transmitted amplitudes and c phase-shift difference of the 
decomposed components for the transmitted LHCP wave, d the insertion loss and LHCP wave transmittance
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Fig. 3   Induced current distribu-
tion of the metal components at 
resonant frequency in different 
phases: a 0°, b 30°, c 60°
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robustness of the circular polarization converter under 
oblique incidence should be evaluated. Figure 6a shows the 
cross-polarized transmission coefficient results with azimuth 

angle ϕ = 0° under different incident angles. Both the reso-
nant frequency and amplitude of circularly cross-polarized 
transmission remain unchanged when the incident angle θ is 

Fig. 4   Fabricated device sample 
and the experimental setup

Fig. 5   Circularly a co-polarized reflection, and b cross-polarized transmission obtained by experimental measurement and numerical simulation

Fig. 6   Circularly cross-polarized transmission under different incident angles with azimuth angle of a ϕ = 0° and b ϕ = 90°
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less than 20°. Figure 6b shows the circularly cross-polarized 
transmission coefficient results with azimuth angle ϕ = 90° 
under different incident angles. The polarization conver-
sion efficiency and resonant frequency are approximately 
independent of the incident angle when it is less than 30°. 
As the incident angle increases further, the amplitude of 
polarization conversion efficiency starts to decrease, while 
the resonant frequency remains unchanged. The above simu-
lation results indicate that the proposed circular polarization 
converter is robust with the variation of incident angles in 
the two orthotropic azimuth angles (ϕ = 0° and 90°).

4 � Conclusions

In conclusion, a circular polarization converter based on an 
in-linked loop-antenna frequency selective surface has been 
proposed, fabricated and characterized, which can achieve 
relative circular cross-polarization conversion efficiency of 
near unity for incident CP waves with either right or left 
handedness at the desired resonant frequency under a wide 
range of incident angles. It should be mentioned that the 
design idea can be extended to other electromagnetic wave 
frequency bands.
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