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In the paper, a design of an ultra-thin quarter wave plate using a fishnet metasurface is described. The
metasurface is arranged as a periodic array of compound supercells with subwavelength circular holes.
Even though the holes are polarization insensitive, it is shown that one can control polarization response
manipulating with metasurface supercell asymmetry. A specific phase difference between the x and y com-
ponents of the transmitted field can be obtained by manipulating with hole locations in the supercell as
well as with periodic supercell dimensions. In the design, magnitude and phase of two orthogonal compo-
nents for the transmitted field can be controlled independently, hence enabling efficient and robust polari-
zation conversion. It is explained that the effect of conversion of a linearly polarized wave into a circularly
polarized one is due to enhanced transmission phenomenon through subwavelength holes and coupling
with orthogonal eigenmodes of the metasurface. In the case of subwavelength holes, a whole periodic
supercell behaves as a scatterer, which combines impacts of the individual elements leading to the strong
polarization sensitivity, which cannot be observed in the case of resonant ones. It is analytically shown
that the effect of polarization conversion for ultra-thin metasurfaces appears when two orthogonal
eigenmodes with closely spaced eigenfrequencies are coupled to the incident field. Analytical formulas to
describe the polarization effects as a function of eigenfrequencies are obtained, and the conditions to get
the maximum level of the conversion efficiency possible for ultra-thin single layer structures are discussed.
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1. INTRODUCTION ize a regime of coupling of the incident wave with dif-
ferent type symmetry eigenmodes [21, 22], leading to

Polarization state is an intrinsic property of elec- polarization sensitive enhanced transmission.

tromagnetic waves, and the conversion between polari-
zation states is very often highly desirable for many
modern microwave and optical applications [1]. Even
though the electromagnetic wave intensity may be con-
stant, valuable information can be conveyed in the po-
larization state.

To manipulate polarization, various approaches can
be applied, which include both conventional structures
[1] and recently discovered metamaterials [2, 3]. Dur-
ing recent years, conversion among polarization states
using metamaterials has attracted increasing interest
due to their design flexibility and compactness. Differ-
ent artificial structures having 3D or 2D chirality [4-9],
asymmetric fishnet metamaterials [10-18] have been
investigated for the goal. It has been reported struc-
tures, which are formed with periodically arranged
scatterers of different geometric shapes. Some of them
have complicated geometry, for example, mutually
turned crosses, fractals, gammadions, split-ring reso-
nators. Others have more simple geometry, for exam-
ple, elliptic or rectangular shapes. It should be noted
that for all these designs, polarization state conversion

Fig. 1 — A metasurface arranged as a periodic array of com-
pound supercells with subwavelength circular holes in PEC
metal. The metasurface is illuminated with a normally
incident plane wave polarized at an angle 8= 45° to the x-axis,

is due to coupling of the incident wave with polariza-
tion sensitive scatterers. Manipulating with their
shape, one can control polarization response.

However, it has been recently shown [14, 15] that
periodic structures with very simple polarization in-
sensitive scatterers such as subwavelength circular
holes can be applied to control polarization response.
The origin of the effect is enhanced transmission phe-
nomenon [19-20], which can lead to enhanced polariza-
tion conversion [14, 15]. For the goal one need to real-
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converting it into a circularly polarized transmitted wave. The
upper-left inset shows a supercell with four circular holes and
the corresponding geometrical parameters

Here we consider, computationally, a design of the
device consisting of an array of subwavelength circular
holes arranged in compound periodic supercells to be
applied as an ultra-thin quarter wave plate. The specif-
ic phase difference between the x and y components of
the transmitted field for the case, in contrast to the one
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considered in [15], can be introduced manipulating
with asymmetry of the whole periodic supercell or with
appropriate hole locations in it. By introducing more
degrees of freedom into the supercell geometry, one can
obtain the desired polarization response with less
asymmetry in periodic supercell dimensions. Therefore,
it allows to get a more compact device due to the more
complex filling of the periodic supercell.

2. THE PROBLEM STATEMENT AND
NUMERICAL SIMULATION RESULTS

Consider a metasurface arranged as a periodic ar-
ray of compound supercells with subwavelength circu-
lar holes in perfect electrically conducting (PEC) metal
(Fig. 1) of thickness h with the center plane at z=0.
The metasurface periodic supercell has dimensions dx
and dy along the x-axis and y-axis directions, respec-
tively (Fig. 1). It contains four identical holes of radius
r which are shifted from the supercell center at dis-
tance [ along the x- or y-axis.

The metasurface is excited by a normally incident
plane wave with an electric field

Einc _ Cosgei(ZH/i)Z—iaI R+Sin6ei(2ﬂ/i)2—ial y , (1)

where 6 is the polarization angle in the xOy plane and
A is the free space wavelength.

The electric field of the transmitted plane wave can
be written as

ETaNS =T, (k) ! G/ A 4 T (1) @Ay (9)

where Tw(x) and Ty(x) are the complex magnitudes of
x- and y-polarized plane waves, respectively; k= di/1 is
the relative frequency. To solve the problem, the mode
matching method was applied.
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Fig. 2 — Transmission through the metasurface of thickness
h = 0.05d. patterned with circular holes of radius r = 0.19dx for
a normally incident plane wave polarized in the y-direction:
magnitude (a) and phase (b) of the transmitted wave

We start with Fig. 2, where it is shown a plot of the
magnitude (Fig. 2a) and phase (Fig. 2b) for a plane
wave transmitted through the metasurface of thickness
h = 0.05dx with supercell patterned with four circular
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holes of radius r=0.19d: which are shifted from the
cell center at [ = 0.295d.. The periodicity dx is constant
and the periodicity dy varies from dy = dx to dy = 1.04dx.
The incident field is polarized in the y-axis direction.
One can see that the magnitude (Fig. 2a) and phase
(Fig. 2b) of the transmitted wave strongly depend on d,.
When d, increases, the magnitude maximum value
accompanied by a characteristic phase shift moves to
the lower boundary of the frequency band.

We exploit this observation to manipulate with the
polarization state of the transmitted wave. We use dif-
ferent values of periodicities dx and dy to realize differ-
ent polarization responses for waves incident on the
metasurface. If we are able independently manipulate
with transmission responses of the waves along the x
and y axes, then it will be possible to obtain different
phase delay between them, and as consequence to con-
trol the polarization state of the transmitted wave for
an arbitrary incident wave orientation 6. Fig. 3 illus-
trates such a possibility.

Fig. 3 shows the transmission magnitudes of two or-
thogonal linearly polarized waves normally incident on
the metasurface. It can be observed that the incident
wave polarized along the x-axis (Fig. 3a) is insensitive
to dy changes. For the orthogonal polarization (Fig. 3b),
however, the transmission maximum shifts to lower
frequencies as dy increases.
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Fig. 3 — Transmission magnitude of plane waves polarized
along the x and y axes through the metasurface of thickness
h =0.05dx patterned with circular holes (r=0.19d.) for
different values of periodicity d,: transmission magnitude of
the x-polarized (a) and y-polarized (b) waves

It follows from Fig. 2 and Fig. 3 that two orthogonal
components along the x-axis and y-axis for an incident
wave polarized at an arbitrary angle 6 resonate largely
independently. Therefore, one can choose geometry
parameters to manipulate with magnitudes and phases
of the transmitted waves in the x and y directions for
the metasurface to behave like a quarter wave plate.

Fig. 4 shows a plot of the magnitude (Fig. 4a) and
the ellipticity angle y (Fig. 4b) for a plane wave trans-
mitted through the metasurface with geometry param-
eters h = 0.05dx and r = 0.19dx. It is shown the depend-
ence of the transmission response from periodicity dy,
which varies from dy = dx to dy=1.04dx. The incident
wave is polarized at 6= 45° to the x-axis.
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Fig. 4 — Transmission of plane waves polarized at 6= 45° to
the x-axis through the metasurface of thickness A = 0.05dx
patterned with circular holes of radius r=0.19d: when
periodicity d. is fixed and d, varies: magnitude of the
transmitted wave (a), elipticity angle y (b)

The ellipticity angle is defined as

Z:%arcsin(sir(Za)sin(&)), &)

where « :arctaany / TX|) and &=arg(T,/T,) are auxil-

iary angles representing the ratio of magnitudes and
phases for two orthogonal components of the wave
transmitted along the x-axis and y-axis, respectively.

The ellipticity angle varies in the range —45° < y <45’

and takes values y =145 for the case of transmitted

wave to be right or left circularly polarized one.

Various levels of magnitude as well as polarization
states for the transmitted wave are possible to obtain
depending on the metasurface geometry parameters.
As one can see from Fig. 4, the ellipticity angle y con-
tinuously changes from 0° to 45°, and therefore, there
are values of the periodicity dy for the metasurface to
behave like a quarter wave plate. The case is illustrat-
ed with Fig. 5.

Fig. 5 shows polarization characteristics of the wave
transmitted through the metasurface for the case of an
incident wave polarized at 6= 45° to the x-axis, when
the screen periodicity dy is equal to dy = 1.023dx. One
can see that near the frequency xcp = 0.95963 the axil-
lary angles a (Fig. 5d) and & (Fig. 5c), describing rela-
tions of magnitudes and phases of the orthogonal com-
ponents along the x-axis and y-axis, are equal to a = 45°
and 8= 90°, respectively. This corresponds to the value
of the ellipticity angle y which is equal to 45° (Fig. 5b).
This means that the incident wave is converted into a
right-handed circularly polarized one. The conversion
efficiency near the frequency xcp, as one can see from
Fig. 5a, takes the maximum possible value for thin
single-layer structures, which is 50 %.
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Fig. 5 — Transmission response characteristics of plane waves
polarized at 6=45° to the x-axis for the case of periodicities
related to each other as dy = 1.023d.: transmission magnitude
(a), the ellipticity angle y (b), the auxiliary angle & (c), the
auxiliary angle a (d)

3. SCREEN EIGENMODES AND CONDITION OF
THE MAXIMUM CONVERSION EFFICIENCY

The described polarization behavior can be ex-
plained as a result of coupling of the incident wave
with metasurface eigenmodes, which are nontrivial
solutions of source free Maxwell equations [21, 22].

For the case, due to the metasurface symmetry with
respect to the xOy plane, there are two types of eigen-

modes with symmetric Ep(x, y,Z) = Ep(x, y,—Z) and anti-
symmetric Ep(x, Y,2) :—Ep(x, y,—z) electric field pat-

terns. Due to the metasurface mirror symmetries with
respect to the xOz and yOz planes, those eigenmodes
can be presented as two orthogonal sets with electric
field distributions oriented along the x-axis or y-axis,
respectively. Moreover, any geometry modification,
leading to asymmetry of the supercell along one of the
axes, has valuable impact only on eigenmodes with
distributions along the corresponding axis, whereas
eigenmodes with orthogonal distributions are practical-
ly insensitive to such modifications. This happens even
if one changes supercell dimensions without any
change in supercell filling. In other words, it provides
the possibility to control eigenfrequencies and their
locations on the complex plane by manipulating with
supercell dimensions only.
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Fig. 6 — The motion of eigenfrequencies on the first sheet of
the Riemann surface with changing periodicity d,. The dashed
line marks the branch cut

Fig. 6 illustrates the motion of eigenfrequencies on
the first sheet of the Riemann surface when the perio-
dicity dy changes from dy = dx to dy = 1.04dx. The values
of dy corresponding to eigenfrequency values are
marked on the curves. It is shown trajectories of two

(m) (m)

eigenfrequencies x; ' and x, ’ of symmetric eigen-

modes with eigenfields oriented along the x-axis and
y-axis, respectively. We do not take into account the
eigenfrequencies of the antisymmetric eigenmodes be-
cause of their high @-factor, leading to a negligible im-
pact of eigenmodes on the scattering field.

shows

The real part of the eigenfrequency Kl(m)

practically no variation on the sheet. The eigenfrequen-

(m)

cy k3 ', on the contrary, varies more significantly. Its

trajectory starts in the vicinity of Kl(m) and moves to a

lower frequency domain when d, changes from dy = dx
to dy = 1.04dx. Therefore, by changing the periodicity dy
one can manipulate with the contribution of those
eigenmodes to the scattered field to obtain the desired
polarization response at certain frequencies.

For the case shown in Fig. 5, the effect of total con-
version of a linearly polarized wave into a circularly
polarized one in the vicinity of frequency x=0.95963 is
due to the coupling of the incident wave with orthogo-
nal symmetric eigenmodes. Their eigenfrequencies are

K™ =0.9773-10.0067 and x{™ =0.9568-i 0.008.

Those eigenfrequencies are useful to obtain simple
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CiTtuacra MeTanoBepxHA SK yJIbBTPA TOHKA YBEPTHXBUJIHOBA IJIACTUHKA
A.O. Ilepos

Incmumym padiogpizuru ma enexkmponiru imeni O.A. Yeurwosa HAH Yrpainu,
eysi. axkad. IIpockypu 12, 61085 Xapkis, Yrkpaina

B po6oT1 3amportoHOBaHO KOHCTPYKITIO HAJTOHKOI YBEPTHXBUIIHOBOI IIJIACTHHKH, 110 0a3Y€ETHCS HA BUKO-
prcTaHH] ciT4acrol MeramoBepxHi. MerTamoBepxHsI BJIAIITOBAHA Yy BUIVISAL INEPIOJUYHO PO3TAIIOBAHUX
CKJIAHUX CYIIEPKOMIPOK, SIK1 MICTSITH MaJll B IIOPIBHSHHI 3 JOBKUHOIO XBHJIL Kpyrosi oTBopu. Hespaskaroun
Ha Te, 10 OTBOPY TaK0i POpPMU He UyTJIMBI JI0 IMOJIIPU3Aallil, ITOKAa3aHo, 0 MOYKHA YIIPABJIATH OJIAPU3AITIi-
HUM BIATYKOM, MaHIIYJIIOOYN acHUMeTpieo MeramoBepxHeBoi cymepromipku. [lorpibHa pisHumig das Mix
KOMIIOHEHTAMH B HaIIPsIMKaX OCeH X Ta y IepeJaHoro Mot MosKe OyTH OTpUMaHa 3a JOIIOMOTOK BHOOPY Po-
3TAIlyBAHHS OTBOPIB y CYIIEPKOMIPII, a TAKOMK 3aJIeKUTD BiJ JIHIMHAX PO3MipiB camoi cymepkoMipkn. B 3a-
IIPOIIOHOBAHIN KOHCTPYKII aMIUIITYZol0 Ta (as3oi JBOX OPTOrOHAJIBLHUX KOMIIOHEHTIB II€peTaHOIO II0JIS
MOJKHA KepyBaTH He3aJIeIKHO, OTiKe, 3a0e3medyioun e)eKTUBHE Ta HaiiiHe IepeTBOPEHHS IMoJsgpusarlii. Y
POBOTI HOSICHIOETHCS, 110 e)eKT ITePEeTBOPEHHS JIHIMHO I0JISPHU30BAHOI XBUJIIL B ITUPKYJISIPHO IOJISIPH30BAHY
00yMOBJIEHO SIBHINEM ITi[BUIIEHOTO IIPOIIYyCKAHHSI KPi3b MaJi OTBOPH Ta 30yI:KeHHSIM OPTOTOHAJILHUX BJIAC-
HHUX KOJIMBAHb METAIIOBEPXHI. Y BHUIIAJKY OTBOPIB 3 MaIMMU OTBOPAMU II€PIOANYIHA CYIIEPKOMIPKA SIBJISIE CO-
6010 CKJIAMHUHI po3ciooBady, Skt GopMye BIATYK Ta Kepye BKIAJAMU OKPEMHUX ii eJIEMEeHTIB, II0 IPU3BOJUTD
JI0 CHJIBHOI IOJISIPU3AI[iMHOI YyTIMBOCTI, SIKY HEMOXKJIMBO CIIOCTEPIraTH y BHUMIAAKY KPYIJIMNX PE30HAHCHUX
OTBOPiB. AHAIITHYHO MOKA3aHO, 110 eeKT IePeTBOPEHHS IOJIIPU3AI] I HAJTOHKUX METAIlOBEPXOHb pe-
asi3yeThes Ipu 30yxeHH] JBOX OPTOTOHAJIBHUX BJIACHHX KOJIMBAHD 3 OJIM3BbKO PO3TANIOBAHWMY BJIACHUMU
gacroramu. OTpuMaHo aHATITAYHI (POPMYJIIH IJISI OIKCY HOJIIPU3AIINHUX eeKTiB K PYHKINI BJACHUX Ya-
CTOT Ta OOTOBOPEHO YMOBH [JIsI TOCSTHEHHSI MAKCHUMAaJIbHOTO PIBHS e(PeKTUBHOCTI IepeTBOPEeHHs B HAOTOH-
KHX OJHOIIIAPOBUX CTPYKTYpPAax.

Knrouogi ciosa: [lepersopenns nossipusariii, YseprbxBusboBa mwiactuaka, Masi orsBopu, MeramoBepxHs.
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