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Abstract—Anisotropic impedance surfaces are proposed as low-
profile and broadband linear to circular polarization reflectors.
By virtue of anisotropy it is possible to independently control the
reflection characteristics of two orthogonal linearly polarized
incident plane waves and therefore achieve polarization
conversion. By means of an example involving a dipole array, the
operation principle is demonstrated. A prototype is designed and
its performance characteristics are evaluated. The 3 dB relative
axial ratio bandwidth exceeds 60 %, while low loss and better
than previously reported angular stability are also demonstrated.
Numerical and experimental results on a fabricated prototype
are presented to validate the design and the performance.

I. INTRODUCTION

Polarization converters are key elements in sensor
applications and mm-wave systems. They are employed in
millimeter-wave and  sub-millimeter ~wave  imaging
applications [1]. In satellite systems, polarization converters
are used to minimize the effect of Faraday rotation caused by
the ionosphere [2]. They have been used in the design of
circulators [3] and isolators [1], [4] as well as for remote
environmental monitoring applications [5]. Polarization
transformers are also important in antenna applications where
polarization diversity is highly desired [6]. Various
polarization converter structures have been presented to date
[1], [3]-[11]. A variety of all-metal structures suitable for sub-
millimeter wave frequencies polarization conversion were
presented in [10]. They are based on double layer aperture
frequency selective surfaces (FSS). An all-metal double layer
array of split slot rings employed in a quasi-circulator for RCS
characterization was reported in [3].

All of the polarization converter surfaces reported above
consist of multilayer planar arrays. This increases bulkiness,
due to the need for multilayer structures with layers
commonly placed quarter wavelength apart, as well as the
fabrication complexity and associated costs. A single layer
split slot ring LP to circular polarization (CP) converter design
was reported in [5], which however reflects approximately 3
dB of the incoming power leading to high insertion loss.
Additionally all the above designs operate in the transmit
mode.

In [11] the use of polarizers in mm-wave imaging systems
is described. In this system [1, 11], schematically shown in
Fig. 1, it would be beneficial to combine the reflector and the
polarization converter in a single component that could
perform both operations. This would significantly reduce
system complexity by replacing the linear to circular
polarization transformer and the scanning mirror (block P in
Fig. 1) by a linear to circular polarizing reflector (block P’ in
Fig. 1). A linear to circular polarization reflector has been
proposed in [12]. This design involves two grids, one for each
of the two orthogonal polarizations of the incident wave,
placed A/8 apart. Although simple in concept, this solution is
of severely limited usage due to its inherent narrow-band
operation and poor angular stability.
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Fig. 1. Simplified block diagram of an imaging mm-wave system. Proposed
replacement of the scanning mirror and LP to CP converter by a reflection
polarization transformer.

Doubly periodic planar metallo-dielectric arrays have over
the past decade been extensively studied in the literature as
engineered impedance surfaces [13-19]. When supported by a
ground plane, and neglecting thermal losses or grating lobes,

1768



these structures fully reflect incident plane waves in a specular
direction with a tailored phase shift. Among those surfaces,
anisotropic designs impose a differential phase shift to the two
polarizations of the incoming plane wave [20-21].

In this paper we propose a new type of single layer, low-
profile anisotropic impedance surface that reflects incoming
linearly polarized waves to outgoing circularly polarized
waves. Advantages of the proposed reflection polarizer
include low-profile, mass and size, wide-band operation, low-
loss and angular stability. The proposed structure is also
compatible with conventional single layer PCB technology,
thus minimizing the associated costs and allowing scalability
to mm-waves. Numerical and experimental results are
presented to demonstrate the performance characteristics.

II. PRINCIPLE OF OPERATION

The polarization of a plane wave refers to the orientation of
the electric field vector, which may be in a fixed direction or
may change with time. Circular polarization is characterized
by electric field where the two orthogonal components are of
the same amplitude and 90° (or odd multiples of) out of phase
[22]. A linearly polarized wave may be converted to a
circularly polarized wave by means of an engineered reflector
which provides this difference in phase between two crossed
linear components. Here we propose to convert linear to
circular polarization by means of the differential reflection
phase provided by an anisotropic impedance surface. For
simplicity here we assume that the impedance surface consists
of a double periodic dipole array printed on a grounded
dielectric substrate.

Without loss of generality we assume a linearly polarized
plane wave from the z>0 half space incident on the surface
which lies on the xy-plane. The incidence plane is assumed to
be normal to the y-axis (xz-plane) and the direction of
propagation (wavenumber) of the incoming wave is at an
angle 0 with the z-axis (Fig. 2). Two orthogonal linearly
polarized plane waves suitable for the expansion of the
incoming and outgoing waves are defined by electric and
magnetic fields transverse to the xz-plane respectively. For
040, these are commonly referred to as TE and TM
polarizations and are schematically depicted in Fig. 2. Next
assume that the incoming wave is polarized at &= 45 with
respect to the y-axis. Such a wave consists of a superposition
of a TE and a TM wave with equal magnitude and phase.

If the surface is lossless and no grating lobes exist, both the
TE and TM components will be fully reflected in the specular
direction. The condition for the outgoing wave to have
circular polarization is therefore that the impedance surface
imposes a differential reflection phase of 90° (or odd
multiples of) to the TE and TM component. In particular, the
reflected wave will be characterized by left-handed circular
polarization (LHCP) if the TE component is reflected with 90°
(£360°) phase advance with respect to the TM component, and
right-handed circular polarization (RHCP) if the TM
component is reflected with 90° (£360°) phase advance with
respect to the TE component. Similar conditions hold for the
reflection phases of the x- and y-polarized components for

normally incident plane waves (6=0), where TE and TM
polarizations are not formally defined.

b)

Fig. 2. TM (a) and TE (b) incidence on an anisotropic impedance surface
consisting of a dipole-FSS printed on a grounded dielectric slab. Geometrical
configuration.

In order to demonstrate the operation principle of the
proposed design we employ an example. In the following a
dielectric substrate with permittivity er=3.5 and thickness of
t=1.524 mm is considered for a linear to circular polarization
converter within the 10-15 GHz band. The angle of incidence
is 0=45° as exemplified in the schematic of Fig. 1. CST
Microwave Studio was employed for the full-wave
simulations. Metallic and dielectric losses are accounted for in
the simulations. In particular, the loss tangent of the substrate
is tand= 0.0018 and the conductivity of copper is used for the
metal dipoles. The thickness of the dipoles and of the ground
plane is assumed to be 35 um. The dimensions of the design
are given in the legend of Fig. 3. Referring to Fig. 3, the
dimensions are L= 7.0 mm, W= 0.5mm, Dy=8.0 mm and
Dx=1.0 mm. An axial ratio requirement of less than 1.5 dB as
well as fabrication tolerance constraints have been considered
during the optimization.
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Fig. 3. Full wave reflection phase for plane waves incident at 6=45° onto a
dipole array with dimensions (in mm): L=7.0, W=0.5, Dy=8.0 and D,=1.0
printed on a substrate with thickness t=1.524 mm and relative permittivity
§=3.5 for TM (solid line) and TE (dashed line) polarizations. Required
reflection phase of the TE component for RHCP (dotted line) and LHCP
(dash-dotted line). Reflection phase of the TM polarized incident wave for the
case of an un-patterned grounded dielectric (grey solid line).

The reflection phase 2™ of the TM polarized incident
wave for the case of an un-patterned grounded dielectric has
been obtained analytically and is plotted in Fig. 3 (grey solid
line). The reflection phase in the presence of the array as
obtained using full-wave simulation is superimposed in Fig. 3
for comparison (solid line). The discrepancy between the two
curves is attributed to the approximation of an open circuit for
the dipole array upon TM illumination. As it can be seen in
Fig. 3, the open circuit approximation is increasingly accurate
for lower frequencies.

The required reflection phase, 2[5, that will convert
incident linear polarization to RHCP and LHCP can be
obtained by subtracting 90° and 270° respectively from the
full-wave reflection I'"™. The relevant curves are plotted in
Fig. 3 (dotted line and dash-dotted lines respectively). In view
of Fig. 3, at frequency f;=7.95 GHz, the difference between
the reflection phase experienced by the TE and TM
components is 90° which results in a right-hand circularly
polarized wave (RHCP). At frequencies f,=10.27 GHz and
f3=14.82 GHz the phase difference is 270° and the reflected
wave is left-hand circularly polarized (LHCP). Due to the
smooth variation of the reflection phases for both
polarizations between these two frequencies, a small variation
of the axial ratio is anticipated within this range.
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Fig. 4. Simulated axial ratio (dB) of the reflected wave from the array of Fig.
3 for incident plane wave linearly polarized at &= 45° at incidence angles 6=0°
(solid line), 6=30° (dashed line), 6=45° (dotted line), and 6=60° (dash-dotted
line).

The simulated reflection loss is small and comparable for
the two polarizations. The maximum reflection loss is 0.2 dB
and is observed for the TE polarization at 8.29GHz, where
reflection phase is 0°. This frequency, associated with
Artificial Magnetic Conductor operation, is known to exhibit
stronger resonance phenomena [14] and therefore thermal
losses peak around that frequency. Significantly, the
frequency range of interest lies outside strong resonance
phenomena and therefore the losses for both polarizations are
small. For frequencies between 10.5 to 20 GHz, the thermal
loss for both components results to less than 0.04 dB
reduction in the reflection coefficient. The grating lobe region
is well above the operational frequency range of the
polarization converter for all angles of incidence considered.
The above suggest that the assumption of full specular
reflection for both polarizations is valid to a good extend and
therefore to a good approximation the design can be based on
the reflection phases. We note that in case this assumption
does not hold, a higher absorption of either polarization can be
compensated by tilting the incoming wave polarization angle
with the y-axis, &, to values different than 45°, thus increasing
the relative strength of the component that experiences higher
losses.

The axial ratio as obtained from the full-wave simulations
for this array for incidence angle 6= 45°, is shown in Fig. 4
(dotted line). The 3 dB axial ratio bandwidth is more than
63%, while the 1.5 dB axial ratio bandwidth is over 52%. The
minimum axial ratio for RHCP is 0.16 dB at 7.95 GHz. For
LHCP, two minimum points are observed at 10.27 GHz and
14.86 GHz where the simulated axial ratio is 0.03 dB and
0.006 dB respectively. These frequencies exactly coincide
with the frequencies f}, f, and f; of Fig. 3. Fig. 4 also shows
the axial ratio for various angles of incidence between 0° and
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60°. The 3 dB axial ratio bandwidth for 6=0° (solid line), 30°
(dashed line), and 60° (dash-dotted line) are 60.8 %, 63.1 %,
and 56.6 %, respectively. Within the 9.85 GHz to 16.5 GHz
band the axial ratio is below 1.5 dB for all angles of incidence
with exception grazing incidence at 60°. The low profile of the
structure together with the reported levels of polarization
purity over a large bandwidth and angular field-of-view is a
significant improvement compared to the state of the art [1].

III. EXPERIMENTAL V ALIDATION

In order to experimentally validate the above, a prototype
array has been fabricated and measured. The array has been
photo-etched on a Taconic RF-35 laminate with a relative
dielectric permittivity €=3.5, loss tangent tand=0.0018 and
thickness t=1.524 mm. The thickness of the copper dipole
elements and ground plane is 35 um. The prototype array
consists of 272x34 elements with overall dimensions 30x30
cm. A photograph of the prototype is shown in Fig. 5 (a).

Fig. 5. (a) Photograph of the fabricated prototype (part of the array zoomed as
an inset) and (b) the measurement setup.

Standard-gain X-band horn antennas are used as the
receiver and transmitter. A linearly polarized horn antenna
(Tx) is fed from a Vector Network Analyzer (VNA) and

positioned at 0= 45° angle to the screen at normal incidence.
The array is positioned at a distance of 60 cm away from the
two antennas. The reflection phase in the far field is taken
using the horn antennas and is then normalized with respect to
an identical measurement where the array is substituted by a
fully metallic surface. TE and TM incidence is achieved by
relative rotation of the horn antennas by 90°. A photograph of
the measurement setup is shown in Fig. 5 (b) for TE incidence.
The measured axial ratio up to 13 GHz is plotted in Fig. 6
along with the simulated one as obtained with CST for
comparison. The measured response is in good agreement
with the simulation. Some discrepancies are attributed to
experimental tolerances.
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Fig. 6. Measured axial ratio of the fabricated design for plane wave angle of
incidence 6=45° (dotted line). The simulation for 6=45° is repeated from Fig.
Sfor comparison.

IV. CONCLUSION

A single-layer anisotropic impedance surface for linear to
circular polarization conversion upon reflection has been
presented. The basic principle of operation has been
demonstrated, and by means of an example design the
performance is assessed. The 3 dB axial ratio for the given
example was in excess of 60% over a wide angular bandwidth.
Full-wave numerical and experimental results have been
presented that demonstrate the LP to CP conversion
performance of the proposed design.
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