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Abstract — Fresnel-zone plate lenses provide focusing performance while having low profile. Unfortunately, they

metalens.

Key words: Fishnet metamaterial, Fresnel zone, Lens.

1 Introduction

The Wood-type or phase corrected zone plate is a member
of the Fresnel-zone plate lens (FZPL) family and is free from
the main drawback of the Soret-type lenses — high reflections
from the even (odd) zones, which are made of opaque rings
[1, 2]. It is done by reversing the phase of the wave in these
zones instead of blocking them. This idea was first suggested
by Rayleigh [3] and implemented by Wood [4]. Hence, the
zone plate with different phase retardation for odd (even)
and even (odd) zones is also known as Rayleigh-Wood lens
or Wood zone plate lens (WZPL) and outperforms the Soret
lens in diffraction efficiency. However, the thickness of the
WZPL depends on the difference between the refractive indi-
ces of the materials used for even and odd zones, and for mate-
rials with close values of refractive index the lens becomes too
thick and heavy. Conversely, for high values of the refractive
index the transmission coefficient decreases rapidly, reducing
the focusing efficiency of the lens [1, 2].

One possible way to improve the focusing efficiency while
maintaining the low profile and light weight is to apply a

*e-mail: b.orazbayev@unavarra.es

usually display higher reflection losses than conventional dielectric lenses. Here, we demonstrate a low-profile
Wood zone plate metalens based on the fishnet metamaterial working in a near-zero regime with an equivalent
refractive index less than unity (n,= 0.51). The metalens is made of alternating dielectric and fishnet metamaterial
concentric rings. The use of fishnet metamaterial allows reducing the reflections from the lens, while maintaining
low profile, low cost and ease of manufacturing. The lens is designed to work at the W-band of the millimeter-waves
range with a focal length FL = 22.8 mm (7.5 1¢) aiming at antenna or radar system applications. The focusing per-
formance of the lens along with its radiation characteristics in a lens antenna configuration have been studied
numerically and confirmed experimentally, showing a gain improvement of ~2.5 dB with respect to a fishnet Soret

metamaterial for even or odd zones. Metamaterials, descen-
dants of the artificial dielectrics [5], enable the engineering
of extreme values of refractive index, unattainable with natural
materials, while tailoring simultaneously the effective imped-
ance [6]. The latter avoids insertion losses due to reflection,
which results in increasing overall efficiency in the case of
lenses. The negative index of refraction permits reducing sig-
nificantly the thickness of the WZPL, since the phase differ-
ence of m between odd and even zones can be obtained with
small thickness (<1y/4).

A promising metamaterial for microwave and millimeter
wave range is a fishnet metamaterial, which consists of
closely-packed subwavelength hole arrays working under
extraordinary optical transmission [7-9]. Such metamaterial
has been used for advanced lens design and its good perfor-
mance has been confirmed in previous works [10-17]. Due
to the leaky-wave mechanism present in the fishnet metamate-
rial, it has the potential to lower insertion loss [8, 16].

In this work we propose a hybrid half-wavelength WZP
fishnet metalens with enhanced matching with free space. This
hybrid design utilizes the advantages of the fishnet metamate-
rial to overcome the drawbacks of the classical WZPL. The
proposed WZP fishnet metalens has been designed, fabricated

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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and experimentally analyzed at the W-band of the millimeter-
wave range. The experimental results of the radiation pattern
show a gain of 16.6 dB at the operation frequency /= 99 GHz
(Ao = 3.03 mm). These results are supported by numerical
simulations.

2 Design

2.1 Fishnet metamaterial dispersion

To create different optical paths in even and odd zones we
use two materials: a standard dielectric (from a commercial
substrate) and a fishnet metamaterial, which has a dispersive
nature and whose index of refraction can be adjusted by vary-
ing, for instance, the separation between the plates d, and the
diameter a of the subwavelength holes (see inset of Figure 1a).
In this work we use the commercial substrate Rogers
RO5880™, with thickness 7, = 0.381 mm, dielectric permit-
tivity €, = 2.2 and loss tangent tand = 9 x 10~*. The unit cell
of the fishnet metamaterial (inset of Figure 1a) has the follow-
ing dimensions: d, = 1.26 mm, d,, = 2.1 mm, 4. = 0.398 mm
which corresponds to a metal thickness #,, = 0.017 mm (yel-
low layer in the inset of Figure la) and a dielectric thickness
of dielectric z;, = 0.381 mm (semitransparent blue layer in
the inset of Figure la), and variable hole diameter a. The
equivalent refractive index for a finite number of plates varies
with the number of periods due to the inhomogeneity of the
fishnet metamaterial [18-20]. Considering our previous experi-
ence we use four plates (plus one dielectric plate as a protec-
tion cover), since it is a good trade-off between total
thickness and electromagnetic performance in terms of inser-
tion loss [10—16]. Therefore, the total thickness of the structure
is w=4t, + 5t; = 1.97 mm (~0.62 /). From the equation of
the thickness of the WZPL w = Ao/(y/&, — /&) (Where &/ is
the equivalent permittivity of the fishnet metamaterial) we find
the required refractive index n,= 0.51 of the fishnet metamate-
rial for the given thickness of the metalens. Here we should
note that the equivalent refractive index n,<1 allows to
decrease the total thickness of the metalens w.

The equivalent refractive index of the finite fishnet meta-
material was obtained using the transient solver of CST Micro-
wave Studio™ in the range 85-110 GHz. Periodic boundary
conditions were used and the metal was modelled as copper
(6ca =5.96 x 10" S/m). A fine hexahedral mesh was used,
with minimum and maximum edge lengths of 0.007 mm
(~0.003 %¢) and 0.64 mm (~0.2 ), respectively. The equiva-
lent index of refraction for four plates was calculated as
n,, = Ap/(koAd), where A¢ is the phase variation along the
total thickness, Ad, and k, is the wave number in free-space.
The resulting color-map for equivalent index of refraction for
four cascaded plates as a function of frequency and radius of
the hole is shown in Figure la. Also it is important to ensure
a high transmission coefficient at the design frequency. To this
end the transmission coefficient S,; was obtained as a function
of frequency and radius of the holes and is plotted in Figure 1b.
From these color-maps we chose 99 GHz (/g ~ 3.03 mm) as
the operation frequency and a = 1.08 mm as the diameter of
the holes where the index of refraction is n,= 0.51.
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Figure 1. (a) Equivalent refractive index, n; for a fishnet metama-
terial made of four plates. Vertical and horizontal black dashed lines
correspond to the working frequency f, =99 GHz and hole
diameter a = 0.54 respectively. Parameter definition of fishnet
metamaterial unit cell (Inset); (b) Transmission coefficient S,; for
a four-plate fishnet metamaterial; (c) Fabricated WZP fishnet
metamaterial lens and its seven Fresnel zones.

2.2 Fresnel zones

The radii of the Fresnel zones r; of the WZPL can be cal-
culated using the next design equation [1, 2]:

n\/ZFZ-p}vo-iJr(i-;O)Z W

where FL is the focal length of the WZPL, / is the operation
wavelength, i is an integer denoting zone number and p is the
number of phase quantization levels. The performance of the
WZPL can be improved by increasing the number of quanti-
zation levels, i.e. going from half-wavelength to multilevel
zone plates [21]. However, given the comparable size of
the fishnet in-plane periods d, and d, with the radii of the
Fresnel zones, the maximum number of quantization levels
is p = 2. The total performance of the WZP fishnet metalens
also depends on the filling ratio of the Fresnel zones, i.e. how
well the zones are filled with holes. This, in turn, depends on
multiple design parameters, such as FLL, A, i. For this reason,
a three-dimensional analytical calculation was done initially
by means of the Huygens-Fresnel principle for a fast
prototyping.

After the optimization procedure the following parameters
were chosen: FL = 22.8 mm (~7.5 A), i = 7, p = 2. The final
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lens profile and fabricated WZP fishnet metalens is shown in
Figure lc. The radius of the last zone was r, = 24.5 mm.
The positive (odd) zones were made of holes of the same
dimension as the fishnet (see Figure 1a). Thus, the whole struc-
ture has dimensions of 50 mm X 50 mm X 1.973 mm along
the x-, y- and z-axis, respectively. The WZP fishnet metalens
was fabricated using the commercial substrate Rogers
RO5880™ with thickness 7, = 0.381 mm coated with a copper
layer of thickness #,, = 0.017, by milling the holes and rings in
the metal, keeping the dielectric substrate untouched. Then all
layers and an additional protective outer layer were fastened
with screws.

3 Results

3.1 Analytical results

The designed lens was analyzed using the Huygens-Fresnel
principle. From this method the power distribution was calcu-
lated as a function of frequency and position along the optical
axis of the lens (Figure 2a). The absolute maximum in this case
occurs at 96 GHz, with focal length FL; = 22.3 mm (~7.4 A).
A secondary focus is observed at FL, =41 mm (~13.5 X).
Like any diffractive optical element, the WZPL suffers from
chromatic aberration which results in a shift of the focal point
with frequency. Finally, the power distribution color-maps were
calculated at the design frequency for both xz- and yz-plane
and presented in Figures 3a and 3b, respectively. In this figure
clear foci can be observed with a transverse dimension 0.66 A,
for both xz- and yz-plane.

3.2 Simulation results

Next, a full-wave numerical analysis of the realistic 3D
model of the fishnet WZPL was done using the transient solver
of the CST Microwave Studio ™. In the simulations, the metal
copper layer was modelled using a lossy metal with the bulk
conductivity of copper (6, = 5.96 x 107 S/m). A fine hexahe-
dral mesh was used with minimum and maximum mesh cell
sizes of 0.12 mm (~0.04 4¢) and 0.43 mm (~0.14 /), respec-
tively. A vertically polarized (£)) plane wave with normal inci-
dence was used to illuminate the lens. To emulate a lens in free
space, perfectly matched layers were used at the boundaries of
the simulation box. Given the two-fold symmetry of the prob-
lem, electric and magnetic symmetries were imposed in the
xz-plane (y = 0) and yz-plane (x = 0), respectively, to reduce
computation time. The simulation was run for a sufficiently
long time to ensure steady-state regime so that the continu-
ous-wave information computed by Fourier transformations
was valid. The color-map of the power spectrum as a function
of z position was obtained by placing E-field and H-field
probes along the optical axis (z-axis) with a 0.5 mm step.
These probes record the waveform at their positions and by
Fourier transformation the E- and H-field spectra are obtained.

The transmitted power enhancement can be obtained as the
ratio between the intensity with and without lens for each z
position: E.,, = 1010g;o(PiensPiiec), Where Py, is the power
received with the lens and Py is the power received when

z (mm)
8 8 8 8

=]
T8 9 9 100104108 88 92 9 100104106 85 92 96 100 104 108
Frequency (GHz) Frequency (GHz) Frequency (GHz)

Figure 2. Normalized power distribution along z axis for the
frequency range 85-110 GHz: (a) analytical results, (b) simulation
and (c) experimental results.

z (mm)

20

Figure 3. Normalized spatial power distribution on the xz-plane
(left column) and yz-plane (right column) for: (a, b) analytical
results at 99 GHz; (c, d) simulation results at 99 GHz; (e, f)
experimental results at 99 GHz.

no lens is present. The obtained power spectrum is shown in
Figure 2b. The focal point shifts within the frequency range
92-108 GHz, from 20 mm (6.6 Ap) up to 25 mm (8.2 )
along the z-axis. These results resemble the analytical results,
with some differences. Firstly, a blueshift is noticeable. This
arises from the fact that in the analytical model the dispersion
of the fishnet metamaterial was not taken into account for the
sake of simplicity. Secondly, the secondary focal spot in
simulations is more pronounced. The power enhancement
corresponding to the first maximum is 19 dB at 99 GHz
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Figure 4. Scheme of experimental setup for the focal measure-
ments (radiation measurements) with a waveguide probe as a
receiver (transmitter) and a standard high gain horn antenna as a
transmitter (receiver).

(Ao ~3.04 mm) with a focal distance FL =22.5 mm
(~7.4 Jg). Finally, in Figures 3¢ and 3d the power distribution
at 99 GHz is shown for xz- and yz-planes respectively, with
transverse dimension of the foci 0.66 Ay for xz- and yz-plane.
These color-maps also match the analytical results with some
minor, yet expected, differences.

3.3 Experimental results

The experimental characterization was done using an AB
Millimetre™ quasi-optical vector network analyzer with the
setup illustrated in Figure 4. The metalens was illuminated
with a W-band corrugated horn antenna, placed at distance
L =3000 mm from the lens. At this distance the radius beam
waist of the Gaussian beam is ~ 310 mm, which ensures a uni-
form illumination of the lens. The xz raster scanning was done
using a waveguide probe WR-8.0 as a detector. Millimeter-
wave absorbers were used throughout the setup to mimic anec-
hoic chamber conditions. First, the calibration was done by
recording the transmitted power without the lens. Next, the

Table 1. Focal properties and radiation pattern parameters

power distribution as a function of frequency and z position
was measured by moving the detector from 5 to 50 mm away
from the metalens along z-axis (with 0.5 mm step) while
recording the spectrum in the range 85-110 GHz. The exper-
imentally measured color-map for the power spectrum along
the optical z-axis is shown in Figure 2c. The measurement
results match our previous analytical and numerical results
(Figures 2a and 2b). The maximum power enhancement
1244 dB occurs at 97.75 GHz with a focal distance
FL =23 mm (7.57 Ay). Next, the spatial power distribution
at this frequency was obtained experimentally for the xz-, yz-
planes, see Figures 3e and 3f. The qualitative agreement with
the numerical results is evident. The transverse dimension of
the foci is 0.69 Ay for xz- yz-plane. To facilitate the compari-
son, all the results are gathered in Table 1.

3.4 Lens antenna system

Next we investigate the performance of fishnet WZPL in a
lens-antenna configuration. For the numerical characterization,
the simulations included the realistic waveguide probe WR-8.0
as a feeder, placed at the previously numerically-found focal
position z = 22.5 mm. The rest of the simulation parameters
were those described previously. Far-field monitors were used
to record the radiation pattern of the lens within the frequency
range 85-110 GHz with a step of 0.25 GHz

For the experimental verification, the waveguide probe
WR-8.0 was used as a feeder placed at the experimental focal
length FL = 23 mm (7.6 4¢). A schematic of the experimental
setup is shown in Figure 4. A high gain standard horn antenna
was placed 3800 mm away from the flat face of the zoned lens
to detect the radiated power. The radiation diagram was mea-
sured by rotating the feeder and metalens from —90° to +90°
with 1° step. Absorbing material was also used throughout
the setup for reflection suppression.

Numerical results of co- and cross-polar angular power dis-
tributions for E- and H-plane are displayed in Figures 5a and
5d. The maximum is located at 99 GHz, in agreement with

Frequency, GHz FL!mm  FWHM? mm  DF? mm HPBW*, °© FNBW?, °© FSLLS, °
E-plane  E-plane H-plane  E-plane E-plane H-plane FE-plane H-plane E-plane H-plane
H-plane H-plane
Analytical 99 223 2 2 7.8 - - - - - -
Ao = 3.03 mm 7.4 0.66 o 0.66 2y 2.6 Ao
Simulation 99 22.5 2 2 7.8 4 3.6 14 10 -25 —19
Ao = 3.03 mm 7.4 A 0.66 1o 0.66 2.6 Ao
Experimental 99 23 2.1 2.1 9.64 4 3.6 9.5 9.5 —14 —12
Ao =3.03 mm 7.6 Ao 0.69 4o 0.69 Ay 32 A

' FL is the focal length.

2 FWHM is the full width at half maximum.
3 DF is the depth of focus.

4 HPBW is the half-power beam width.

> FNBW is the first null beam width.

S FSLL is the first side-lobe level.
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Figure 5. Numerical (a—d) experimental (e—h) radiation pattern of
the WZP fishnet metalens antenna in the frequency range
85-110 GHz: co- (a, c, e, g) and cross-polarization (b, d, f, h).
(a, b, e, f) E-plane and (c, d, g, h) H-plane.

the previous numerical study. The normalized experimental
results for co- and cross-polar components as a function of fre-
quency and angle are shown in Figures 5e and 5f E-plane and
Figures 5g—5h H-plane. The experimental maximum is located
at 99 GHz. In Figures 6a and 6b to facilitate the comparison,
the normalized simulation and experimental radiation patterns
for the E- and H-plane are presented. The cross-polar compo-
nents for the numerical results are omitted due to their negligi-
ble values. One can see that the radiation patterns for the main
lobes are in good agreement, whereas side lobes are higher in
the experiment. This is likely due to the fact that the waveguide
WR-8.0 probe and horn antenna are not modelled. That is, the
transmitter and receiver have not been de-embedded from the
experimental results. Moreover, due to the several factors (dis-
cussed above) the experimental ratio main/sidelobe is lower
than numerical, which results in higher lobes in normalized
radiation patterns.

To complete the study, the numerical and experimental
gain for the WZP fishnet metalens antenna is presented in

0
Co-polar sim
% (a) —-=- Co-polar exp
= 104 F\ eee- Cross polar exp
15}
3
S -20 A
c
§=]
:§ -30 A
©
©
¥ -40
-5
0] Conolar si
0O-polar sim
% (b) =-=-= Co-polar exp
=Z-104 I\ eee- Cross polar exp
15}
3
S -20 A
c
2
§ -30 -
e
©
X -40 T
-50 -40
254 (c)
20 4
m
©
£ 15
©
o
10 4
1--—--Sim (gap, losses)
5.,.,.,-]-u-1'l'l'
87 90 93 96 99 102 105 108
Frequency (GHz)

Figure 6. Normalized radiation patterns for: (a) E-plane and
(b) H-plane at frequency 99 GHz (simulation and experimental).
(c) Simulation gain (solid red line), experimental gain (dash dotted
blue line) and simulation gain, considering air gaps, larger diameter
a of subwavelength holes and losses (dash dotted black line).

Figure 6¢. In the experiment, the gain was obtained by compar-
ing our lens antenna with a standard horn antenna following
the gain comparison method [21]. To this end, first, the power
enhancement Py jens = 1010g10(Plens’Pree) 0f the lens-
antenna was recorded, then it was replaced by a standard high
gain horn antenna with gain Gy, = 22 dB and the transmitted
power enhancement Pey, norn = 1010g10(Phom/Prec) Was mea-
sured again. Thus the gain of the metalens-antenna can be
found as: Glens =P, enh_lens — { enh_horn + Ghom- A hlgh gain
of 16.6 dB is found experimentally at 99 GHz (solid red line).
The numerical value of 24.3 dB is found at 99 GHz by using
the software-implemented far-field monitors (dashed blue line).
The lower values of gain in the experiment can be explained as
a result of different factors, such as experimental errors (mis-
alignment, accuracy of distance measurement) and by defects
in the fabrication (non-perfect contact between dielectric and
metallic plates, errors in the radius of the holes) and effective
substrate losses higher than nominal values. In order to confirm
these factors, additional simulations for the complete 3D
model of the metalens-antenna were run with diameter of holes



6 B. Orazbayev et al.: EPJ Appl

a =12 mm, an air gap of 80 um and higher dielectric loss
tangent tand = 0.015. The resulting gain is shown in Figure 6¢
(dashed dotted black line). An error in the diameter of the
holes along with an air gap of 80 um between metallic and
dielectric plates changes the effective permittivity of the fishnet
metamaterial and therefore the phase at the output of each
hole. This leads to the non-optimal phase difference (which
is 7 in the ideal case) between the odd and even rings, therefore
to lower gain and frequency shift of the maximum. Conse-
quently, the numerical gain of the lens with higher losses, error
in the radius of the holes and air gap is closer to the experimen-
tal gain. To facilitate the comparison, all the results are gath-
ered in Table 1.

4 Conclusions

In this paper, a comprehensive analysis of the WZP fishnet
metalens has been performed. The study demonstrates the pos-
sibility of improving focusing and radiation performance of the
phase-corrected lenses by applying the metamaterials. The
experimental results show a good performance of the WZP
fishnet metalens and are in good agreement with analytical
and simulations results. The proposed metalens has low-profile
design, relatively low cost and ease in manufacturing. Such
compact device can find applications in wireless and radar
system applications.
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