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ABSTRACT
This paper describes a new design strategy which is used to obtain a
fivefold increase in the 3 dB axial ratio bandwidth of linear to circu-
lar polarization convertors based on anisotropic frequency selective
surfaces composed of single screens of cross slots. The performance
improvement is obtained by employing stratified dielectric media
to carefully tailor the shape of the TE and TM spectral transmis-
sion responses. We demonstrate that a bandwidth of 24.5% can
be achieved at a center operating frequency of 10.6 GHz using an
array of unequal length cross-slots embedded centrally between two
2.25mm thick dielectric slabs (εr = 9.0). Moreover it is shown that
the inherent self-filtering behavior of the structure provides greater
rejection of unwanted signals than designs embedded in lower per-
mittivity material. Computed and experimental axial ratio results are
compared to verify the new design methodology.
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Introduction

For providing high quality and reliable wireless links, many satellite and terrestrial point to
point communications systems use circular polarization (CP) signals in preference to lin-
ear polarization (LP) wave propagation [1]. This removes the need to carefully orientate
the electric field vector of the transmit and receive antennas and mitigates the effects of
multipath scattering and the Faraday effect which can change the plane of orientation of
LP waves. CP waveforms are more difficult to generate because to achieve high polariza-
tion purity, the vertical and horizontal wave componentsmustmeet precise amplitude and
phase criteria [1]. The integration of a LP polarized source and a standalone transmission
mode polarization convertor is an attractive option for generating CP waves. This enables
design optimization of the antenna to be carried out more simply as a single entity, and
moreover by the placing the convertor close to the radiating aperture combined polariza-
tion conversion, bandpass filtering [2] and polarization agility [3] are achievable. Several
different transmission mode polarization convertor topologies have been reported in the
literature [4–16]. These arrangements are created by printing an array of continuous zigzag
metal strips or weakly resonant discrete conductive elements on the surface of a single
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or closely spaced multiple dielectric sheets. Many of these structures exhibit low trans-
mission loss outside the 3 dB axial ratio (AR) bandwidth (BW) and therefore are unable to
provide high rejection of spurious signals. An alternative solution is to deploy strongly reso-
nant anisotropic frequency selective surfaces (FSS) which are composed of asymmetrically
shaped slot elements [17]. This is potentially a better option for applications where the
bandwidth requirement is less stringent, and it is desirable to provide additional function-
ality such as self-filtering capability [2]. However, the drawback of these designs is that the
axial ratio (AR) bandwidth (BW) is narrow and the insertion loss is about 3 dB. The latter
intrinsic performance limitation can largely be mitigated by cascading two or more iden-
tical screens, but this has minimal effect on the bandwidth [17]. The first published study
of a single freestanding screen perforated with unequal length cross slots reported a 3 dB
AR BW of 2.4% [17], but more recently the authors have shown that this can be increased
to 5.0% by optimizing the physical layout of the unit cells, [18]. In [19] a bandwidth of
7.9% was obtained from an arrangement which employed Polytetrafluoroethylene (PTFE)
dielectric layers (εr = 2.1) to reduce the roll-off rate of the amplitude response plots above
and below the resonant frequency in the TM and TE plane respectively. The purpose of
this paper is to present an innovative design strategy which achieves a much wider band-
width by placing the freestanding slot FSS symmetrically between two identical dielectric
slabs with a much higher permittivity (εr =9.0) than reported in [19]. It is shown that this
creates an electromagnetic environment which produces muchmore advantageous shap-
ing of the TE and TM transmission responses than previously observed. The additional
design flexibility afforded by the wave behavior is exploited to achieve a fivefold increase
(24.5%) in the 3 dB AR BW compared to the freestanding slot LP to CP transformer reported
in [18].

The structure of thepaper is as follows: Section 2provides an explanationof theprinciple
of operation of the polarization convertor; in Section 3 the design of the FSS is discussed
and simulated performance is presented and discussed. Manufacturing and measurement
of the prototype is presented in Section 4 and concluding remarks are included in Section 5.

Principle of operation

A slant 45° wave impinging on a screen with a unit cell similar to that shown in Figure 1(a)
can bedecomposed into electric vectorswith equal amplitude andphase in the vertical (TE)
and horizontal (TM) directions. On exiting the periodic structure, pure CP waves are trans-
mitted when a phase difference of 90˚ is created between the two orthogonally orientated
equal amplitude waves. At resonance an FSS composed of metal slots of length ∼λ/2 is
matched to free space (377 Ω) and the signal transmits with very low attenuation. Incident
energy of frequency slightly above or below resonance experiences either a capacitive or
inductive environment and hence undergoes a phase advance/delay upon transmission
from the structure. It is this feature that is used in polarization conversion. The criteria for
CP generation is met by adjusting the lengths of the two orthogonal slots in each unit cell,
so that one component of the incident wave is exposed to a capacitive and the other to an
inductive reactance (longer and shorter slots respectively). In one case this produces a 45˚
phase advance and for the other wave orientation a 45° delay occurs at the crossover fre-
quencywhere the transmitted power is equal and 3dBbelow the value at resonance for the
TE and TMwaves. The frequency range over which the AR is below 3dB is then obtained by
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Figure 1. Unit cell configuration of (a) a freestanding FSS and (b) FSS embedded between dielectric.

adjusting the geometry and physical dimensions of the unit cell parameters [17]. Encasing
the screen between identical dielectric slabs creates an additional design parameter with
which to further increase 3 dBARBW, provided the unit cell dimensions have been adjusted
to account for its presence [19]. The thickness of these slabs aredependenton theoperating
frequency and the permittivity of the dielectric. Figure 1(b) shows the unit cell arrangement
with the thin FSS embeddedbetween twodielectric slabs of thickness (t). Useful insight into
the principle of operation can be obtained from the equivalent circuit model of the struc-
ture depicted in Figure 2. The FSS is modeled as a parallel LC resonant circuit connected
to a 377/

√
εr (Zt) Ohm transmission line of length “t” at the input and output ports of the
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Figure 2. Equivalent circuit model for the dielectric clad resonant aperture FSS Polarization convertor.

Table 1. Dimensions of FSS unit cells (mm).

Permittivity dx dy wx wy lx ly t

2.1 [19] 14.00 14.00 2.70 2.70 8.51 13.90 5.00
4.5 11.50 11.50 1.80 1.80 8.75 11.35 3.42
9.0 10.00 10.00 1.60 2.10 3.95 9.70 2.25
10.2 9.00 9.60 3.80 1.10 3.30 9.20 2.22∗
∗This also takes into account the bonding layers.

circuit. The values of L and C for the vertical and horizontally orientated coupled slots can
be obtained using full wave EM simulations in conjunction with the Nelder-Mead method
for curve fitting as described by the authors in [20].

Design and simulated performance

CST Microwave Studio was employed to optimize the design and obtain the physical
dimensions of the unit cells and the thickness of the dielectric slab for each of the structures
(Table 1) that were investigated. The Metamaterial Unit-cell Design Environment template
was used, with a normal background selected. The ports were moved away by 14mm dis-
tance from the perforated array to ensure higher order modes dissipated before reaching
the surface, while unit-cell boundaries were selected along the x and y directions to model
an infinite periodic structure. The frequencydomain solverwas selected to simulate theunit
cell at normal andoblique angles of incidence. The FSS screensweremodeledwith the slots
formed on the surface of a 140 μm thick metalized Polyethylene terephthalate (PET) sheet
(εr = 2.95, tanδ =0.025), to replicate thematerial that was used to construct the prototype
array reported in [19], and in this study. The perforated sheets are placed in the center of
dielectric slabs with relative permittivity of 2.1, 4.5 and 9.0, and in the numerical model the
thickness (t)was adjusted for eacharrangement asgiven in Table 1. Each structurewas engi-
neered to work at normal incidence at a center frequency of ∼10.3 GHz. The objective of
the design strategy was to reduce the amplitude roll-off rate below the resonant frequency
(maximum transmission) of the shorter horizontal (TE) slots and above the resonant fre-
quency for the longer vertical (TM) slots. Themaximum3dBAR BW is achieved because the
amplitude difference and variation from phase quadrature is minimized above and below
the center working frequency corresponding to the TE and TM amplitude crossover point
where the minimum AR occurs. The spectral transmission amplitude and phase and axial
ratio plots are illustrated in Figure 3 where it is shown that the LP to CP convertor modeled
with εr =2.1 (PTFE), gives a 3 dB AR BW of 7.9% [19]. In contrast to the monotonic curves
exhibited by this structure around the cross-over point, slot FSS embedded in higher per-
mittivity material exhibit more complex amplitude responses, because of the combined
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Figure 3. Computed (a) amplitude, (b) phase and (c) axial ratio responses for arrangements with
dielectric material of εr = 2.1, 4.5, 9.0.

effect of the different impedances presented by the periodic array and the dielectric slab.
The individual resonances that are generated by the slot array and dielectric slabs are used
in our designs to independently optimize the shape of the transmission response plots
in the TE and TM planes. The computed spectral transmission for the FSS symmetrically
embedded in a substratewith εr = 4.5 shows that an anti-resonance is generated in the TM
plane at 7.6 GHz. In conjunction with this, a secondary peak which is excited at ∼9.9 GHz,
is used to reduce the amplitude difference between the TE and TMwaves below the center
working frequency of this polarization convertor. By careful design of the physical dimen-
sions of the slots and thickness of the dielectric layers, a further andmuchmore significant
performance improvement is obtained for the arrangement modeled using a slab with a
dielectric constantof 9.0. For this structure a stronger anti-resonanceoccurs at 7.2 GHzanda
more prominent secondary peak is generated in the TMplane at 10.9 GHzwhere the encas-
ing dielectric slabs (total thickness ∼λ/2) presents a good impedancematch to free space.
This feature exists independently of the slot array [21] which was designed to resonate at
4.3 GHz. The behavior of the transmitted TE waves is more complex than the other two
cases studied, because as illustrated in Figure 3(a), in our design the spectral response was
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Figure 4. Computed S21 and S11 amplitude responses for the FSS based LP to CP convertor clad with
dielectric material of εr = 9.0.

tailored to produce a secondary peak and null at 10.7 and 11.5 GHz respectively. Because
the peak to null variation is very small, the TE amplitude response above the center design
frequency (10.6 GHz) is significantly flattened. Moreover, it is observed that there are two
intersection points at 10.3 and 11.4 GHz (as shown by A and B respectively in Figure 3(a)),
where the amplitude of the TE and TMwaves are identical and the phase difference is about
90˚ in both cases. The axial ratio plots depicted in Figure 3(c) show that this means of shap-
ing the spectral transmission curves produces AR nulls at the two crossover frequencies,
which results in a further significant increase in the 3 dB AR BW from 12.3% (εr = 4.5) to
24.5% (εr = 9.0). It is evident that the bandwidth enlargement is more significant above
the design frequency and can be attributed to the formation of the ARminimum at the sec-
ond intersection point. The results depicted in Figure 3(a) show that better self-filtering is
obtained in the 3–13GHz frequency range compared to the two other dielectric clad struc-
tures studied, and for this polarizer design, more than 10 dB signal rejection is achieved
above 13GHz (TE and TM) and below 3 and 8GHz for TM and TE waves respectively. More-
over the signal rejection obtained is significantly higher than single layer printed LP to
CP polarizers based on zigzag patterns [11,12] and discrete FSS elements [4–6]. Figure 4
presents the computed S21 and S11 amplitude responses for this high permittivity struc-
ture (εr = 9.0) over the frequency range 9–12GHz, for the TE and TM wave components.
The inherent self-filtering of the polarization convertor is demonstrated above and below
the working frequency range (9.3–11.3 GHz), defined by the 3 dB AR bandwidth. For exam-
ple, at 9 GHz the reflection coefficients are much larger than the transmission coefficients
with values obtained from the computermodel of−1.2/−1.7 dB (TE/TM) and−6.1/−5.0 dB
(TE/TM) respectively. The TE/TMwave responses are of equal amplitude (−3 dB) at 10.4 and
11.3 GHz, and between these two frequencies, the transmission loss is slightly lower.

Although these structures are normally deployed at normal incidence in antenna sys-
tems [2, 3], oblique incidence performance along two cardinal planes (ϕ = 0◦, 90) was also
simulated for the high permittivity structure. Figure 5(a) shows the axial ratio responses
along the ϕ = 0◦plane (XZ plane in Figure 1(a)), where the 3 dB AR BW decreases slightly
from 24.5% at normal incidence to 21.8% at θ = 15◦ while maintaining a center operating
frequency of 10.6 GHz. However the performance degrades significantly at θ = 30◦,and the
AR is higher than 3 dBexcept for a narrowbandof about 0.5%which is centered at 10.3 GHz.
Figure 5(b) shows the computed axial ratio responses for angles of incidence scanning
along the ϕ = 90◦plane (YZ plane in Figure 1 (a)). As the angle of incidence is increased
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Figure 5. Computed axial ratio responses for high permittivity FSS LP to CP convertor (εr = 9.0) at
oblique angles of incidence from θ = 00 − 300 scanning along orthogonal planes ϕ = 0◦(a) and ϕ =
90◦ (b).

beyond 0°, the axial ratio plots exhibit good frequency stability but the structure exhibits
dual-band operation. At15◦ incidence the lower 3 dB AR BW is 9.2% centered frequency of
9.7 GHz, and for the upper channel the bandwidth is 14.1% centered at 11GHz. At 30°, the
lower bandwidth reduces to 7.2% and the center frequency shifts downwards 9.4 GHz. The
computed upper bandwidth is 9.3% centered at 10.9 GHz. The observed degradation in the
polarization purity of the transmittedwaves increases theminimumAR to 1.3 and 1.6 dB for
the lower and upper bands respectively.

In summary, the higher permittivity structure investigated in this study exhibits a much
better LP to CP wave conversion performance than the PTFE (εr =2.1) embedded struc-
ture reported in [22], when exposed to waves incident up to at least 15° in both cardinal
planes.

Fabrication and experimental results

To verify the design methodology, a LP to CP polarization converter was designed using
Taconic RF-10 (εr = 10.2+/- 0.3), loss tangent = 0.0025 substrate. The structure used avail-
able material in the laboratory, and was constructed with 6 layers of the substrate with
an average thickness of 0.25mm and 4 layers with an average thickness of 0.64mm. The
copper cladding was stripped from each of the sheets prior to bonding, with the excep-
tion of one of the thicker substrates. On this layer, the copper was removed from one side
and the FSS patterned sheet was etched on the opposite surface as shown in Figure 6(a).



JOURNAL OF ELECTROMAGNETIC WAVES AND APPLICATIONS 1427

Figure 6. Image of the manufactured FSS before embedding process (a) and a side view illustration of
the complete embedded structure where X represents a 0.25mm thick dielectric sheet and Y represents
a 0.64mm sheet (b).

The individual layers were bonded together using Taconic TacBond ht 1.5 bonding film
in a platen press at a pressure of 10 Bar and temperature of 220°C, while the complete
structure was held in a vacuum throughout the bonding process. The total time for the
bonding process (inclusive of the cooling cycle) was 45min. Figure 6(b) illustrates a side
view of the bonded structure. As the electrical properties and thickness of the available
material differ slightly from the values shown in Table 1 for (εr = 9.0, loss tangent = 0),
the dimensions of the patterned array and structure were adjusted to give a simulated
amplitude and phase response and 3 dB AR BW of 27% as depicted in Figure 7(a,b,c)
respectively.

TE and TM wave transmission measurements were made in an anechoic environment
using an Agilent PNA 8631A which was connected to two standard gain horns separated
by a distance of 140 cm. Between these horns, the device was inserted in the center of a
91× 91 cm screen covered with radar absorbent material and carefully aligned with the
dielectric clad FSS. The transmit horn was adjusted to illuminate the FSS with a slant 45°
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Figure 7. Measured and computed (a) amplitude, (b) phase and (c) axial ratio responses for the manu-
factured LP to CP polarization convertor.

signal and the receive antenna was mounted onto an NSI 2000 planar nearfield scanner
which allowed for automated alignment and rotation of the horn from 0° to 90° in order
to record the amplitude and phase of the TE and TM waves. Figure 8(a,b,c) illustrates the
experimental arrangement.

As shown in Figure 7(a), a secondary resonance in the TM response is measured at
10.6 GHz, with the TE response plot intersecting at 8.5 and 12.5 GHz. This produces the
two axial ratio nulls shown in Figure 7(c) and demonstrates that the shape of themeasured
AR response is broadly similar to the results obtained from the numerical simulations. The
differences can largely be attributed to themeasured TE spectral response,which is particu-
larly sensitive to variations in thematerial permittivity and the set-upalignment. In addition,
the requirement to simultaneously bond all 10 substrate layers to create the 4.4mm thick
structure introduces dimensional and permittivity uncertainties. This has amajor impact on
the frequency of the two TE/TM amplitude crossover points, which in our case are shown to
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Figure 8. Photograph of the test environment (a), the mounting frame (b) and arrangement with
manufactured FSS in place (c).

Table 2. Comparison of simulated and measured results for the manufactured structure.

Result 3 dB AR BW Min AR (dB) fc (GHz)

Simulated 27.0% 0.1 10.8
Measured 17.3% / 9.0% 0.0/1.2 8.5/ 12.5

be separated further apart than the crossovers predicted at 10.0 and12.0GHz, giving amea-
sured dual-band performance of 17.3% centered at 8.5 GHz and 9.0% at a center frequency
of 12.5 GHz. Table 2 presents a comparision of the measured and simulated responses for
the manufactured structure.
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Table 3. Comparison of optimum FSS LP to CP converter design presented in this paper, with previous
published work for transmission mode single layer structures designed for normal incidence operation.

Reference

Permittivity of
surrounding
dielectric 3 dB AR BW Min AR (dB) fc (GHz)

Total
thickness
(mm)

This work 9.0 24.5% 0.1 10.6 4.5
[2] 1.0 4.0% 0.2 15.8 N/A
[3] 1.0 1.9% 0.2 2.65 N/A
[17] – cross-slot 1.0 2.4% 0.2 10.0 1.0
[18] 1.0 5.0% 0.1 10.0 0.14
[19] 2.1 7.9% 0.2 10.3 10.1

Conclusions

The feasibility of employing material with a permittivity in the range of 2.1–9.0 to increase
the 3 dBARBWobtained fromaLP toCPpolarization converter basedon a cross slot FSShas
been investigated. Numerical predictions underpinned by experimental results show that
the supporting dielectric layer can be used to shape the TE and TM transmission responses
in order to satisfy the criteria for CP signal generation over a large frequency range. Our
results demonstrate that a fivefold increase in bandwidth is achieved when the freestand-
ing array is symmetrically embedded between two 2.25mm thick slabs with a relative
permittivity of 9.0. In conjunction with this, the self –filtering properties of the structure
can be used to reject out of band signals and hence reduce the noise floor when it is inte-
grated with a horn antenna [2]. The improved design can be used as a building block to
construct a robust multilayer FSS based polarization convertors which could potentially be
engineered to exhibitmuch lower loss [17] and a further increase in bandwidth. Table 3 pro-
vides a comparison of the results obtained for the optimum design reported in this paper,
with the performance reported in the open literature for single layer transmission mode
FSS based LP to CP polarization convertors.
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