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Reflective Switchable Polarisation Rotator
Based on Metasurface with PIN Diodes

Michal Cerveny, Kenneth Lee Ford, Alan Tennant

Abstract—A planar metasurface that rotates the polarisation
of reflected signals by 90° is presented in this article. The surface
also permits the relative phase of the rotated, reflected signal to be
controlled. The metasurface rotator uses a square printed patch
element mounted above a conducting ground plane. The addition
of PIN diode controlled VIAs (Vertical Interconnect Access) at
the corners of each square patch provide the ability to modify
the scattering properties of the surface. In particular, the surface
can be programmed to shift the phase of the rotated waveform
by +/-90°. The polarisation rotator was manufactured, measured
and compared against numerical simulations and the maximum
measured bandwidth was 25% (4.8-6.2 GHz) for co-polarised
attenuation of 10 dB. The proposed surface can be adopted for
practical applications such as circularly polarised antennas.

Index Terms—Polarisation rotator, Metasurface, Polarisation
conversion

I. INTRODUCTION

OLARISATION rotators have been investigated inten-

sively for decades and there are many principles and
geometries developed for polarisation conversion. One of the
most common device based on polarisation rotation and used
in daily life are liquid-crystal displays (LCD) [1], [2]. Even
though the physical principles are the same for both optical and
microwave spectrum [3]-[5], the practical challenges differ.
Polarisation rotators can be further divided into two main
categories: transmissive [6] and reflective [7]. This paper deals
with a reflective switchable polarisation rotator designed for
microwave frequencies. One of the most popular reflective
polarisation rotator is based on split rings that have several
modifications such as double split ring resonator for broad-
band characteristic [8], [9]. Moreover, triangular split ring
resonator [10], L-shaped rotator [11] or substrate integrated
waveguide cavity resonator [12] have been studied. Another
group of polarisation rotators is based on metasurfaces utilis-
ing VIAs that connect a patch with ground plane [13]-[18].
All structures have one common similarity which is the type of
symmetry. The structures are usually symmetric at the angle of
45°, so the surface can interact with linearly polarised waves
oriented vertically or horizontally.

Also published are several active polarisation rotators based
on tunable metasurface with varactor diodes [15] or with PIN
diodes that allow switching the polarisation conversion on and

ff [19], [20].

In this paper, a reflective microwave metasurface that is

capable of rotating the polarisation and also changing the
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reflected phase between two states was designed. In particular
the phase difference between those two states of the reflected
electromagnetic wave is 180°. Even though the proposed
polarisation rotator uses a similar geometry as the one pre-
sented in [19], the functionality is different. The mentioned
metasurface is capable of switching the polarisation rotation on
and off but it does not have any capability to control/modulate
the phase of rotated polarisation and the incident field must
be oriented at the angle of 45°. Furthermore, the surface is
capable to change the phase of co-polar reflection (unrotated
polarisation) by 180° for z-polarised incident wave at a single
frequency. That feature is useful especially when each unit cell
can be addressed independently for adaptive beamstearing.

In contrast, the proposed metasurface is capable of switch-
ing the polarisation rotation on and off but at the same time the
phase of the rotated polarisation can be controlled. The 180°
phase difference is obtained not only at a single frequency
but across the usable band. Finally, the incident field can be
both vertically and horizontally polarised. The disadvantage
of the proposed metasurface is that each unit cell cannot be
independently addressed. This issue is discussed further in the
article with possible solutions.

The functionality of a polarisation rotator in combination
with the switchable phase change of 180° increases the prac-
tical usage greatly. For instance, it can be used for switchable
circularly/linearly polarised antennas for satellite communi-
cation which allow the minimization of Faraday’s effect and
increase of polarisation diversity at the same time. This leads
to higher spectral efficiency and reduced signal leakage due to
polarisation mismatch and thus there is higher link reliability
[21], [22]. The promoted polarisation rotator can also be used
as a polarisation modulator [23], [24]. Also, secure wireless
communication systems [25], [26] could benefit from this
design. Another application is beamforming [27]. Overall, the
proposed metasurface offers an alternative for cases where
both polarisation rotation and a phase control are required.

The electromagnetic simulations were performed using full-
wave analysis in the frequency domain considering unit cell
boundary conditions in CST Microwave Studio. The results
were validated by manufacturing and measuring both passive
and active polarisation rotators.

The paper is structured as follows. Section II summarises
the theory and presents the used notation. Section III stud-
ies several geometries of a passive rotator and measured
results of the manufactured metasurface are compared with
the simulations. Section IV deals with our design of an
active polarisation rotator based on the principles presented in
Section III. Section V shows a possible use of the metasurface.
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II. THEORY

In general, the reflection coefficient is defined as a ratio
between the scattered field £° and incident field E°:
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For simplicity, the electric field is considered as a plane wave
propagating in z direction:
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where 4P° is the polarisation direction, F is the magnitude
of electric field, k is the wave number (27/)) and w is the
angular frequency (27 f). Electric field £ can be decomposed
into two orthogonal polarisations and the scattering matrix S

is defined as:
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In this case the electric field is oriented along the z- and y-
axes. The components S, and Sy, are called co-polarised
reflection coefficients and similarly, S,, and S, are cross-
polarised reflection coefficients. The co-polarised reflection
coefficients are defined as:
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and the cross-polarised reflection coefficients are defined as:
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where E, E; is the incident x-polarised, y-polarised electric
field, respectively, and E7, E; is the scattered z-polarised,
y-polarised electric field [28].

III. STUDY OF PASSIVE POLARISATION ROTATOR

A polarisation rotator based on VIA connecting a top
patch with a ground plane [13] was studied and modified
(Fig. 1). It was assumed that by changing the position of
the VIA from one corner of the patch to the other one,
the surface currents induced by the incoming electromagnetic
wave would be forced to change their direction and thus the
vector of the rotated electromagnetic field should have the
same magnitude but the opposite sign (direction). Thus, the
change of position of VIA should provide phase difference of
180° of the reflected wave.

State A and B in Fig. 1 define the position of the VIA (right
or left) and simulate an ideal switch. The physical dimensions
of the rectangular unit cell are as follows, the width w is
9.4 mm, thickness of the dielectric h (FR-4, ¢, = 4.3) is
6.4 mm and the length of each side of the patch [ is 5.4 mm.
The diameter of VIA is 0.8 mm.

VIA

X y B

Fig. 1: Unit cell design of a passive rotator, state A: VIA is
located on the right, state B: VIA is located on the left.

The diagonal symmetry allows the studied surface to be
sufficient for both vertical and horizontal polarisation. As it
is shown in Fig. 2, the passive rotator was tuned around
the center frequency of 4.5 GHz where the cross-polarised
reflection (red curve) and co-polarised reduction (blue curve)
can be observed. Furthermore, state A and B does not have
any effect on the magnitude of the reflection coefficient.
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Fig. 2: Magnitude of the reflection coefficient for x-polarised

wave at normal incidence (simulation).

A. Measurement

The measurement was performed in an anechoic chamber
equipped with an NRL (Naval Research Laboratory) Arch
which is a free-space measurement system for testing the
reflectivity of materials. As shown in Fig. 3, it is equipped
with two single polarised horn antennas oriented towards
the metasurface. Furthermore, the antennas can be rotated
by 90° which allows both co-polarised and cross-polarised
measurements. For normal incidence, this configuration does
not allow the pure monostatic measurement due to the width
of the antennas. Therefore, the antennas are located close
to each other to keep the bistatic angle as low as possible
[28]. The physical separation between the horn antennas was
approximately 1 cm. The antennas were connected by coaxial
cables to Hewlett Packard 8720D network analyzer placed
outside the chamber.
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- Absorbers

“—Horn antennas

Ve Metasurface

Support pedestal —\

Fig. 3: NRL Arch - measurement setup.

For co-polarised measurement the bottom layer (flat plate)
of the metasurface was used for calibration, so the reference
plane was established at the front face of the metasurface.
A long thin rod rotated by 45° in xy plane was used as a
reference for the cross-polarised measurement. In the calibra-
tion procedure the empty chamber (isolation) was also taken
into account. Furthermore, time gating was used for reduction
of antenna coupling and residual reflections in the anechoic
chamber.

Fig. 4 shows the manufactured metasurface. Dimensions of
the PCB (Printed Circuit Board) were 404 x 404 mm and it
consisted of 1849 unit cells, which were periodically placed
in 43 columns and 43 rows. Top patches were connected with
the bottom ground plane with VIAs. The diameter of VIAs
(0.8 mm) was chosen based on our PCB manufacturer and its
technical requirements.

Y

Q0E0EEE0000GLG

Fig. 4: Manufactured passive polarisation rotator.

The results are shown in Fig. 5. Subscripts A and B indicate
the position of VIAs (right or left) for both measurement
and simulation. (The surface had to be physically rotated
by 90° to get from state A to state B.) It can be seen that
the measurements of |r;.|4 and |r..|p differ even though
the results should ideally be the same (as presented in the
simulated results). The differences between the simulations
and measurements can be caused by a few factors and most

likely by their combination such as slightly curved surface,
inhomogeneous substrate (FR-4), different permittivity of the
substrate than it was considered in the simulation, non-constant
thickness of the manufactured PCB and measurement error
caused by physical rotation of the metasurface and due to the
small bistatic angle of the horn antennas. On the other hand,
this metasurface was made to prove the concept for our new
design, so the small differences between our simulations and
measurements were not an issue.

_15 4
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Magnitude (dB)
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—25] | xxlB
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_as Sim. |rxxla & |rxxls

...... Sim. [ryxla & [ryxls

-40 : ‘ ' : '

2 3 4 > 6 ’ °

Frequency (GHz)

Fig. 5: Measured magnitude of the reflection coefficient for
z-polarised wave at normal incidence for both state A and B.
The simulated results are presented for comparison.

Fig. 6 shows the simulated and measured relative phase
difference Ay between ry, 4 and r,, . The phase error of
the measured surface was between 4° and 6° in the usable
band in comparison to our results from simulation. In most of
the practical applications the small phase error has a negligible
effect on the performance.

182
—— Measurement

—— Simulation
180 1

178

Ap (°)

1761

1741

172

4.00 4.25 450 4.75 5.00 525 5.50 5.75
Frequency (GHz)

Fig. 6: Measured and simulated phase difference of the reflec-
tion coefficient between state A (1, 4) and B (ryz B).

The measured results proved that the rotated electromag-
netic field is reflected in anti-phase when the state is changed
from A to B and vice versa. This principle is further used for
the design of a switchable metasurface.
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B. Geometry of the polarisation rotator

This section deals with the shape of the top patch in terms
of the overall performance of the rotator. As can be seen in
Fig. 7 four different shapes were compared.

Roeo

(a) Rotator 1 (b) Rotator 2 (c) Rotator 3 (d) Rotator 4

Fig. 7: Study of four geometries of the top patches and their
effect on the performance of polarisation rotation.

The physical dimensions (unit cell) of the studied rotators
were as follows, the width (w) was 9.1 mm and thickness of the
grounded dielectric was 5.5 mm. The length (I) of each side of
the square patch (Fig. 7a) was 6.1 mm and the thickness ()
of the square loop (Fig. 7b) was 1.3 mm. The radius ()
of the circular patch (Fig. 7c) was 3.5 mm and the inner
radius (r2) of the circular loop (Fig. 7d) was 2.65 mm. Position
of the connection with ground plane can be seen as the white
dots which were placed 3 mm away from the centre (R). The
diameter of VIA was the same for all four unit cells (0.8 mm).

The polarisation rotator takes advantage of multiple reso-
nances, which can be carefully tuned. Every resonance has
limited bandwidth given by the Q-factor of the structure.
Therefore, the overall usable bandwidth is determined by
the requirements on the conversion ratio. The greater the
conversion ratio is required, the narrower bandwidth can be
expected. In this case three resonances were tuned close to
each other to get one compact band with a high attenuation
of the co-polarised reflection rather than having several single
frequencies. Tuning can be performed by changing the phys-
ical dimensions of the unit cell and the position of VIA. The
results from the simulations are presented in Fig. 8.

0

o — 0 = —
—— Rot. 1t |rx] & |ryyl — Rot. 3t |rgd &yl
10 --= Rot. 1: |rey| & |ryxl 10 ===+ Rot. 3: |rey| & [ryx|
g ’/ —— Rot. 2: |yl &yl g — Rot. 4: |red & Jryy|
> / - Rot. 2: |ry| &ryl | o / - Rot. 41 |ry | &|ry
ke .. ° / .,
S-200 / 220
= / = /
c 7 [
S / = /
@ / c /
= 304/ = _30¢
—40 -40
3 4 5 6 7 8 3 4 5 6 7

Frequency (GHz) Frequency (GHz)

(a) Rotator 1 and 2 (b) Rotator 3 and 4

Fig. 8: Simulation of magnitude of the reflection coefficient at
normal incidence for all four geometries of the top patches.

It can be seen that if the patch (rectangular or circular)
is modified to a loop, the rotator with loop is slightly more
broadband but the co-polarised attenuation is decreased ap-
proximately by 5 dB.

Based on these simulations we concluded that the shape
of the top patch is not critical in terms of the response of
the rotator and that the main functionality is provided by

the position of VIA which creates an asymmetry allowing
polarisation rotation.

C. Resonant modes of passive polarisation rotator

For better understanding of the converting mechanism,
Fig. 9 shows the averaged surface currents for three resonant
frequencies of Rotator 1. The rotator worked as a resonation
circuit that was energized by y(x)-polarised incident field.
An electric field oriented in z direction was created between
the top patch and ground. Its averaged intensity correlated
with the presented time-averaged current distributions. VIA
placed in the corner of the patch created different potentials
between neighbouring patches in the z(y) direction. This
effect can be seen in Fig. 10 where the surface was illuminated
by y-polarised plane wave while the x component of the
electric field appears between the top patches. This mechanism
allowed to re-radiate the incident fields into the opposite
polarisation.

| |
|,

(a) 4.1 GHz

(b) 4.8 GHz (c) 5.6 GHz  (d) Scale

Fig. 9: Surface currents (averaged) presenting three resonant
modes at frequency (a) 4.1 GHz, (b) 4.8 GHz and (c) 5.6 GHz.
The scale is presented in (d).

80
76
72
68
&4
&0
56
52
48
+4
40

(d) Scale

e

(a) 4.1 GHz

(b) 4.8 GHz

(c) 5.6 GHz

Fig. 10: E-filed plot presenting three resonant modes at fre-
quency (a) 4.1 GHz, (b) 4.8 GHz and (c) 5.6 GHz. The scale
is presented in (d).

D. Angular sensitivity and parametric study

This section presents the co-polarised and cross-polarised
reflection coefficients for the angle of incidence © from
20° to 60° (Fig. 11) for both transverse electric (TE) and
transverse magnetic (TM) polarised plane waves. The plane of
incidence corresponds to zy plane. As the angle of incidence ©
increases, a small shift towards the higher frequencies can be
observed as well as reduction of the conversion ratio (Fig. 12).
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x y

Fig. 11: Illustration of the incident angle O, k is the prop-
agation vector and the plane of incidence corresponds to zy
plane.
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Fig. 12: Magnitude of reflection coefficients of Rotator 1 for
the angle of incidence © from 20° to 60°.
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Fig. 13: Magnitude of co-polarised reflection coefficients of
Rotator 1, simulated results for different parameter values.

Furthermore, to see how the geometrical dimensions of the
structure affect the resonant frequencies, a parametric study
was performed.

Fig. 13a presents a parametric study for three distances
(R) of VIA from the centre of the patch. It can be seen that
with this parameter the overall bandwidth can be controlled.
Moreover, the effect of adjusting the height (), width of the
unit cell (w) or length of the square patch (/) individually
is presented in Fig. 13b-13d. In this case only co-polarised
reflection coefficients are presented where the differences are
more noticeable.

IV. ACTIVE POLARISATION ROTATOR

Following the passive rotator, the analysis was extended to
the reconfigurable case, which provides a number of practical
challenges and is presented in this section.

A. Design and Simulations

Design of the active surface is based on the passive structure
presented in the previous section. The aim was to modify the
surface in such a way that the surface is capable of electrical
rotation by 90° around its z-axis. This leads to the phase
difference of the reflected wave of 180°.

PIN diodes

/\

VIA between layer 2 and 3

Layer 3 — Patch

h Layer 2 — DC bias
z \
y
% VIA between layer 1 and 3 Layer 1 — Ground

Fig. 14: Unit cell design of the switchable polarisation rotator.
PIN diodes were simulated as RLC lumped elements and the
black blocks (PIN diodes) were added for illustration purposes.

The metasurface was designed as a 3-layer PCB (Fig. 14)
with the overall thickness & of the PCB 4 mm. The thickness
between the bottom layer (Layer 1) and the middle one
(Layer 2) was 0.4 mm and between the middle layer (Layer 2)
and the top layer (Layer 3) was 3.6 mm. The blind VIA in the
center of the unit cell worked as a DC bias and connected the
top patch with Layer 2. Diameter of all VIAs was 0.8 mm.

Yy
C b [ ’
x N
a b o N
c 1gd
< e S §
a

Fig. 15: Dimensions of the switchable polarisation rotator (top

view).
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Dimensions of the unit cell (Fig. 15) are shown in Tab. L.
The top patch was placed to the centre of the unit cell and
FR-4 substrate was considered for our design.

TABLE I: Dimensions of the switchable polarisation rotator.

Symbol | Dimension (mm) Symbol | Dimension (mm)
a 14 b 8.5

[ 2.75 d 1

e 1.24 f 0.9

g 0.6 h 4

Fig. 16: Illustration of the metasurface containing 16 unit cells.

As can be seen the VIAs connected with ground (Layer 1)
were moved into the corners of the unit cell. This allowed to
share one VIA between two unit cells (Fig. 16) while only one
patch was electrically connected to one VIA at a time. This
solution simplified the design rapidly as each connection to the
ground plane changed the field distribution on the metasurface.

PIN diodes were chosen for switching the structure as
they are capable to provide large impedance changes at the
frequencies of interest. Unfortunately, in comparison with an
ideal switch they contain parasitic inductances, capacitances
and resistances. This leads to finite isolation in OFF state and
insertion losses in ON state. The PIN diodes were simulated
as RLC lumped elements (Fig. 17). For ON state inductance
L 0.6 nH and resistance R 2.1 2 was considered. For OFF
state inductance L 0.6 nH and capacitance C' 0.17 pF was
considered based on datasheet for PIN diode BAR64-02V.

R L C L
—] Fr— —_—]

(a) ON state (b) OFF state

Fig. 17: RLC equivalent circuits of PIN diode used in the
simulations for ON and OFF state.

Fig. 18: Polarity of PIN diodes on the metasurface.

The electrical connection can be seen in Fig. 18. The diodes
are connected with the central patch and with the ground plane

through VIA located either on the right (state A) or on the left
(state B). This design ensures that when diodes D1 and D2 are
in ON state, diodes D3 and D4 are closed by a reverse voltage.
It helps to obtain the correct functionality of the RF (Radio
Frequency) switch as there is no floating voltage. Furthermore,
because of the limited attenuation of PIN diodes in OFF state,
two diodes were used in series, so the parasitic capacitance is
halved. Hence the impedance of diodes D3 and D4 increases
and so the isolation.

The simulated results are presented in Fig. 19a. It can be
seen that the behaviour of the structure is slightly different for
z- and y-polarised electromagnetic waves. The reason is that
this structure unlike the passive one is not equal along x- and
y-axis. It has a negligible effect on the rotated polarisation
(cross-polarisation). Furthermore, the phase change of 180°
was obtained across the entire usable band as shown in
Fig. 19b.
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Fig. 19: Simulated results: (a) Magnitude of the reflection
coefficient at normal incidence. (b) Phase difference of the
reflection coefficient between state A and B for both x- and
y-polarised incident waves.

Fig. 20a shows the co-polarisation reflection coefficients
for three values of parasitic capacitance of PIN diode. It can
be seen that small difference of capacitance (0.2 pF) can
change the resonation frequency of the polarisation rotator
significantly. Fig. 20b presents the reflection coefficients when
only one diode instead of two was used. When a design with
only single diode was required, a single diode with a lower
parasitic capacitance would need to be used. Typically, the
smaller the parasitic capacitance of a PIN diode, the smaller
the diode package, which can be difficult to solder without
special tools.

o o
z z
L) [
° °
2 2
£ g === nad
g-20 — Iyl C=0.1pF £-20 — Il
o5 — |ryyl, C=0.17 pF _25 === |yl
— Iryl, C=0.3pF — Iyl
30 -30 !
40 45 50 55 6.0 6.5 7.0 40 45 5.0 55 6.0 65 7.0
Frequency (GHz) Frequency (GHz)
(@ (b)

Fig. 20: Simulated results: (a) Reflection coefficients |r,|
versus capacitance C used in the equivalent circuit. (b) Model
with one diode considering capacitance of 0.17 pF.
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Furthermore, a parametric study is presented in the fol-
lowing figures (Fig. 21a-21c) for |r,|. Reflection coefficients
|rzz| work in the same way and therefore are not included.
Practically, the design was limited by the dimensions of
diodes. For example, the unit cell of width 13 mm would
be preferable in terms of performance (Fig. 21b), but this unit
cell would be too small for population of the diodes. For that
reason a compromise had to be reached.

------- Iryl, I =83 mm"| e |ryyl, W= 13 mm A
-5 — |ryyl, I = 85mm -5 — |ryl, w =14 mm

5 ~10 === |ryy'!, | =8.7mm ‘?i ) ===yl w = 15 mm
o o 3
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= =
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Frequency (GHz)

50 55 6.0
Frequency (GHz)

(b) Width of unit cell

65 7.0

(a) Length of patch

Iryyl, h =3.8mm 7
— |ryl,h=4mm

s === |ryl, h =42 mm

Magnitude (dB)

5.0 5.5 6.0
Frequency (GHz)

6.5 7.0

(c) Height of unit cell

Fig. 21: Simulated results for different parameter values of the
switchable polarisation rotator.

B. Measurement

The proposed active polarisation rotator was manufactured
(Fig. 22). It consisted of 121 unit cells located periodically
in 11 rows and columns. The dimensions of the board were
16 x 16 cm.

S

3

f

«
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L

EN

1111

Iy
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Fig. 22: Manufactured active polarisation rotator using three
layer PCB and populated by PIN diodes (four PIN diodes per
one unit cell).

It was measured for both z- (Fig. 23) and y-polarised
(Fig. 24) incident fields. The magnitude of the reflection

coefficients differs when the metasurface is switched from
one state to the other. Ideally, the magnitude of the reflection
coefficients should be the same for both polarities of the DC
voltage. Practically, the difference can be observed especially
in the co-polarised reflection. This effect is probably given
by different resistance of the circuit as the current paths are
different for each state. To compensate this effect, current
levels would need to be set individually for state A and B.
The metasurface can be switched from one state to the other
with a very low current. The presented results are measured
with total board current of 50 mA. The differences between the
simulations and measurements could be introduced by man-
ufacturing tolerances, measurement error and the simulation
error caused especially by the simplified description of PIN
diodes using an RLC equivalent circuit.
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Fig. 23: Measured magnitude of the reflection coefficient for
z-polarised wave at normal incidence for both state A and B.
The simulated results are presented for comparison.
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Fig. 24: Measured magnitude of the reflection coefficient for
y-polarised wave at normal incidence for both state A and B.
The simulated results are presented for comparison.

Fig. 25 shows the phase difference between state A and B
for both x and y polarisations. The maximum phase error of
the measured results was less than 5° for ., and 4° for ry; in
the frequency range from 4.5 GHz to 6.5 GHz in comparison
to our simulation. This validated the simulated results and the
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correct functionality of the designed switchable polarisation
rotator.
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Fig. 25: Measured and simulated phase difference of the
reflection coefficient between state A and B for both z- and
y-polarised incident waves.

V. SWITCHABLE POLARISATION ROTATOR USAGE FOR
PRACTICAL APPLICATIONS

The presented metasurface can be further customised. In the
previous section all the unit cells were connected together, so
the entire metasurface could be changed from state A to state
B just by changing the DC polarity and only two wires were
needed for controlling the entire metasurface. This design can
be easily modified for adaptive beamforming, so each line or
row can be controlled independently based on the requirements
(Fig. 26).

(a) XY (b) X

Fig. 26: Possible configurations (XY, X, Y) of DC bias at the
second layer.
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Fig. 27: Simulated magnitude (co-polarisation) of the reflec-
tion coefficient for three possible configurations (XY, X, Y)
of the DC bias.
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The DC bias placed in the metasurface has a negligible
effect on the performance for both horizontally (y-axis) and
vertically (z-axis) polarised incident fields (Fig. 27). The unit
cells can further be grouped into clusters, so each cluster
(super cell containing several unit cells) can be controlled
independently.

A practical use of the proposed active metasurface can be
an active antenna or modulator that can switch between right-
hand/left-hand circular polarisation (RHCP/LHCP) as well as
linear polarisation (LP). To obtain a circular polarisation, two
components (vertical and horizontal) must exist with the phase
difference of 90°. This can be achieved by placing a simple
dipole antenna in front of the metasurface. As the rotator
was designed for plane-wave interaction, the dipole of length
21 mm was placed 600 mm (12.2 X at 6.1 GHz) in front of
the metasurface to be in the far-field region. The change of
RHCP/LHCP and LP radiation pattern can be done only by
applying the respective DC voltage to the metasurface.
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HEEEEEE R
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Fig. 28: State A: (a) RHCP and (b) LHCP far-field radiation
pattern at 6.1 GHz. The central top patch was connected with
the VIA on the right side. RHCP main beam was produced.
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Fig. 29: State B: (a) RHCP and (b) LHCP far-field radiation
pattern at 6.1 GHz. The central top patch was connected with
the VIA on the left side. LHCP main beam was produced.

Fig. 28 shows the radiation pattern for state A. It can be
seen that this state produced RHCP polarisation while LHCP
polarisation was highly attenuated. When the state is switched
from state A to state B, LHCP polarisation was radiated into
the required direction while RHCP is now attenuated (Fig. 29).

The ratio between the circular polarisations for each state is
shown in Fig. 30. It can be seen that the highest ratio occurs in
the direction of the main beam. This feature may be attractive
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for secure wireless communications where the transmitted
signal can be correctly decoded only in the direction of the
main beam.
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Fig. 30: Ratio RHCP/LHCP for state A and LHCP/RHCP for

state B.

Furthermore, when no current is applied, the metasurface
behaves as a regular reflector without any rotating function-
ality. This off state is presented in Fig. 31. As the dipole
was vertically polarised in front of the metasurface, the whole
antenna system with the metasurface produced only linear
polarisation (vertical).

a
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(a) Vertical polarisation (b) Horizontal polarisation

Fig. 31: Metasurface in off state illuminated by vertically-
polarised wave (dipole antenna).

VI. CONCLUSION

In this article, a reflective switchable polarisation rotator
based on an artificial magnetic conductor with offset VIA was
presented. Following the study of electromagnetic properties
and the effect of different topologies of a passive polarisation
rotator, the analysis was extended to the reconfigurable case.
The final design was capable of rotating the polarisation by
90° and switching the relative phase of the reflected electro-
magnetic wave by 180°. Furthermore, the surface allowed to
behave as a regular conductive reflector in off state. The main
advantage of our design is the fact that the phase of the rotated,
reflected electromagnetic wave can be controlled. The relative
phase difference of 180° was obtained not only at a single
frequency but across the entire usable band for both vertically
and horizontally polarised incident fields.

Based on our simulations and measurements, the surface
worked in the frequency range of 4.8 and 6.2 GHz for co-
polarised attenuation of 10 dB and the overall maximum
measured phase error of the rotator was better than 4° in the
usable bandwidth for both polarisations.

In combination with a simple dipole antenna, a switchable
antenna with right hand circular polarisation, left hand circular
polarisation and linear polarisation can be achieved. This can
be advantageous for polarisation diversity as well as for design
of a polarisation modulator.

The metasurface can be further customised for beamforming
capability by splitting the metasurface into several indepen-
dently controlled sections. Also, this surface could provide
polarisation scrambling useful for secure wireless communi-
cation systems. Overall, the presented metasurface offers an
alternative for cases where both polarisation rotation and a
phase control are required.
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