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Abstract— In this work we present the design, numerical and
experimental results for an ultrathin Soret fishnet metamaterial
lens working at fep = 96.45 GHz. The fishnet metamaterial with
effective refractive index close to zero (n =-0.06) is introduced on
the back side of the classical Soret lens in order to improve its
efficiency. The experimental results are in good agreement with
simulation results and demonstrate half-wavelength focal length
and spot size. In a lens antenna configuration a high gain of 10.64
dB was measured at the operation frequency. The presented lens
has a low-cost compact design, and may find applications in
integrated lens antenna systems.

Index Terms—antenna, metamaterial, propagation, Fresnel
zone.

1. INTRODUCTION

A Soret lens, like any member of Fresnel zone plate lenses,
consists of alternating concentric opaque and transparent zones
[1]. Opaque zones block the part of the incident wave that
otherwise would interfere destructively at the focal point.
Unfortunately, the efficiency of this lens is low because half of
the power is blocked [2], [3]. A possible solution to increase
the efficiency is to replace opaque areas by dielectric, which
provides an additional phase shift of « to the transmitted wave.
In such design a constructive interference between all zones
occurs at the focal point. However, such technique increases
the thickness of lenses and complicates the manufacturing
process [2]-[4].

A smarter solution could be to use metamaterials [5] in the
lens design, replacing the conventional dielectrics. Given the
possibility of manipulating the values of permittivity and
permeability independently, metamaterials provide more
possibilities for control of electromagnetic waves [6]. One of
the most promising metamaterials for the millimeter range is
the fishnet structure (stacked subwavelength hole arrays),
which has low losses in this range [7], [8]. The fishnet
metamaterial has been successfully used to design lenses for
the millimeter range [9]-[12]. Surface currents, excited on the
surface of the plates of the fishnet improve the adaptation of
the lens and its illumination efficiency [13], [14]. Moreover,
designing the fishnet metamaterial to behave as a medium with
index of refraction close to zero provides a quasi-plane-wave
front on its surface [15], [16], improving the gain and sidelobe
levels of an Soret metalens antenna.

In this work a Soret lens based on a fishnet metamaterial is
designed, fabricated and measured [17]. The experimental
focus is placed at 1.973 mm (0.6)) in good agreement with
the numerical results. The metalens-antenna shows an
experimental gain of 10.64 dB at the frequency fo, = 96.45
GHz.

II.  LENS DESIGN

A. Fishnet metamaterial

The unit cell of a fishnet metamaterial implemented in the
Soret lens consists of a metal plate (aluminum of thickness
0.017 mm) embedded between two dielectric plates (Rogers
RO5880™ with thickness 0.19 mm) of permittivity &, = 2.2
and loss tangent tand = 9 x 10, Therefore, the dimensions of
the unit cell are: d, = 1.26 mm, d, = 2.1 mm, d. = 0.398 mm,
hole diameter a = d,/4 = 0.525 mm; see Fig. 1(a). For these
parameters, the cut-off frequency of the hole fundamental TE;,
mode is 112 GHz. The effective refractive index is evaluated
from the dispersion diagram computed with the eigen-mode
solver of CST Microwave Studio™. At the design frequency f
= 95 GHz, the fishnet metamaterial behaves as a medium with
n=-0.06.

a)

Fig.1. (a) Fishnet metamaterial unit cell. (b) Photograph of the fabricated
metalens (without first protective layer)

B. Fresnel zones

Fresnel zone plate lens consists of circular zones whose
radii are calculated by the following equation [2], [3]:
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where A is the wavelength at the working frequency, FL is the
focal length, i is the number of Fresnel zones and p is the
number of phase quantization levels. In the designed lens i =7
is used, with outer radius r; = 12.5 mm. The other parameters
are: FL = 1.58 mm (0.5)), p = 2. The fabricated prototype
with these design parameters is shown in Fig. 1(b). The overall
dimensions are 32 mm * 32 mm x 1.973 mm.

III. RESULTS

First, the designed lens was numerically analyzed using the
transient solver of CST Microwave Studio™. In order to
reduce the computation time, and considering the symmetry of
the problem, magnetic and electrical symmetries were imposed
on the yz- and xz-planes, respectively; see coordinate axis in
Fig. 1. A vertically polarized wave (Ey) was used to illuminate
the lens from its flat side. In Fig. 2 (a, b) you can see numerical
results for the field distribution in (a) the xz-plane and (b) the
yz-plane at slightly different from the design frequency fin =
98 GHz, where the maximum power at the focal spot is
detected. This shift can be explained by an additional
protective layer in the final prototype which was not taken into
account in the design. The characteristics of the focus in each
of the planes are: focal length FL = 1.94 mm (0.64A), depth of
focus DF = 1.97 mm (0.65X), and FWHM; = 1.39 mm
(0.46)) and FWHM; = 1.58 mm (0.52X) for xz- and yz-planes,

respectively.
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Fig.2. Normalized field distribution in xz-plane (a,c) and yz-plane (b,d) for
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numerical (top) and experimental (below) results.

Next, the lens was experimentally analyzed using the
vector network analyzer ABmm VNA [18]. The distribution of
the experimental electric field amplitude at frequency fo, =
96.45 GHz (where the maximum focus was detected) can be
seen in Fig. 2 (c, d), where (c) shows the xz-plane and (d) the
yz-plane. The parameters of focus are: focal length FL = 1.9
mm (0.64%), depth of focus DF =2 mm (0.64X) and FWHM,
= 1.44 mm (0.46)) and FWHM, = 1.73 mm (0.56)) for xz-
and yz-plane respectively. It is obvious that the numerical and
experimental results are in good agreement.

Finally, the performance of the lens at the working
frequency was analyzed, for the case when the lens is used to
improve the radiation pattern of a low directional antenna. To
this end, at the focal point of the metalens a waveguide probe

(an open rectangular waveguide with chamfered edges to avoid
reflections) was placed, acting as a transmitter. The radiation
pattern of metalens-antenna system was captured by a high
gain horn antenna. The numerical and experimental radiation
patterns are shown in Fig. 3 (a, b) for E- (a) and H-plane (b)
respectively. The disagreement between simulation and
experiment for the E-plane is noticeable and can be explained
by several factors. First, the errors in the measurements, such
as displacement of the waveguide probe, can significantly
widen the beam. Moreover, since the numerical and
experimental focal maxima appear at different frequencies
therefore the experimental and simulation radiation patterns
are also obtained for different frequencies fin and fo,, which
results in the wider beamwidth [17].

High gain of 10.64 dB was measured at frequency fo, =
96.45 GHz while the gain predicted by the simulation was 14.6
dB. The disagreement may be explained by dielectric losses
and air gap between the dielectric plates.
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Fig. 3. Normalized radiation pattern for E-plane (a) and H-plane (b), measured
with waveguide probe.

Additional measurements were performed for the radiation
patterns in order to confirm the performance of the metalens-
antenna. To this end the waveguide probe at the focal position
was replaced by a high gain horn antenna. Due to the changes
in the setup the focal position with maximum power has
shifted slightly from FL,rope = 1.9 mm (0.64ho) to FLjorm = 2.3
mm (0.644) with the frequency fiom = 98.6 GHz, which is
closer to the fi». The normalized numerical and experimental
radiation patterns for this setup are shown in Fig. 4(a,b) for E-
(a) and H-plane (b) respectively. The results (measurement vs.
simulation) are in better agreement than for the case when the
waveguide probe is used. We believe that this is because the



configuration is significantly more robust to misalignment and
we are investigating this issue under this assumption.

Analogously to the case with the waveguide probe, the high
gain of 18.2 dB was measured at frequency fiom = 98.6 GHz.
The higher gain can be explained by closer frequencies and the
higher illumination efficiency when the horn antenna is used as
source.
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Fig. 4. Normalized radiation pattern for E-plane (a) and H-plane (b), measured
with horn antenna.

IV. CONCLUSIONS

In conclusion, the Soret lens based on a fishnet
metamaterial and working in millimeter waves has been
designed, fabricated and measured. A good agreement between
the simulation and experimental results has been shown. The
proposed design, which is low-profile, relatively inexpensive
and easy to manufacture, demonstrates a solution to improve
the radiation characteristics of a Soret fishnet metalens-
antenna. Such compact devices may find applications in
wireless or radar systems.

ACKNOWLEDGMENT

This work is sponsored by Spanish Government under
contracts TEC2014-51902-C2-2-R. B. O. is sponsored by
Spanish Ministerio de Economia y Competitividad under grant
FPI BES-2012-054909. M. B. is sponsored by the Spanish
Government via RYC-2011-08221. V.P.-P. is sponsored by
Spanish Ministerio de Educacion, Cultura y Deporte under
grant FPU AP-2012-3796. M. N.-C. is supported by the
Imperial College Junior Research Fellowship.

REFERENCES

[10]

(1]

[12]

[14]

[15]

J. L. Soret, “Ueber die durch Kreisgitter erzeugten
Diffractionsphdnomene,” Ann. der Phys. und Chemie, vol. 232, no.
9, pp. 99-113, 1875.

H. D. Hristov, Fresnel Zones in Wireless Links, Zone Plate Lenses
and Antennas. Artech House, Norwood, MA, 2000.

1. V Minin and O. Minin, Diffractional Optics of Millimetre Waves.
CRC Press, Bristol, 2004.

H. Hristov and M. Herben, “Millimeter-wave Fresnel-zone plate
lens and antenna,” IEEE Trans. Microw. Theory Tech., vol. 43, no.
12, pp. 2779-2785, 1995.

R. Marqués, F. Martin, and M. Sorolla, Metamaterials with
negative parameter : theory, design, and microwave applications.
John Wiley & Sons, 2008.

A. Demetriadou and Y. Hao, “Slim Luneburg lens for antenna
applications.,” Opt. Express, vol. 19, no. 21, pp. 19925-34, Oct.
2011.

M. Beruete, M. Sorolla Ayza, and 1. Campillo, “Left-handed
extraordinary optical transmission through a photonic crystal of
subwavelength hole arrays,” Opt. Express, vol. 14, no. 12, p. 5445,
2006.

M. Navarro-Cia, M. Beruete, M. Sorolla, I. Campillo, M. Sorolla
Ayza, and 1. Campillo, “Negative refraction in a prism made of
stacked subwavelength hole arrays.,” Opt. Express, vol. 16, no. 2,
pp. 560-566, Jan. 2008.

M. Beruete, M. Navarro-Cia, M. Sorolla Ayza, and I. Campillo,
“Planoconcave lens by negative refraction of stacked
subwavelength hole arrays,” Opt. Express, vol. 16, no. 13, pp.
9677-9683, Jun. 2008.

M. Navarro-Cia, M. Beruete, I. Campillo, and M. Sorolla Ayza,
“Beamforming by Left-Handed Extraordinary Transmission
Metamaterial Bi- and Plano-Concave Lens at Millimeter-Waves,”
IEEE Trans. Antennas Propag., vol. 59, no. 6, pp. 2141-2151, Jun.
2011.

V. Pacheco-Pefia, B. Orazbayev, V. Torres, M. Beruete, and M.
Navarro-Cia, “Ultra-compact planoconcave zoned metallic lens
based on the fishnet metamaterial,” Appl. Phys. Lett., vol. 103, pp.
183507-1-12, 2013.

B. Orazbayev, V. Pacheco-Pefia, M. Beruete, and M. Navarro-Cia,
“Exploiting the dispersion of the double-negative-index fishnet
metamaterial to create a broadband low-profile metallic lens,” Opt.
Express, vol. 23, no. 7, p. 8555, Mar. 2015.

T. Matsui, A. Agrawal, A. Nahata, and Z. V. Vardeny,
“Transmission  resonances through aperiodic arrays of
subwavelength apertures.,” Nature, vol. 446, no. 7135, pp. 517-21,
Mar. 2007.

M. Beruete, M. Navarro-Cia, F. Falcone, M. Sorolla, I. Campillo, J.
E. Rodriguez-Seco, E. Perea, and 1. J. Nunez-Manrique,
“Extraordinary Transmission surfaces as superstrate,” in 2009
Mediterrannean Microwave Symposium (MMS), 2009, pp. 1-4.

A. Alu, M. M. Silveirinha, A. Salandrino, and N. Engheta,
“Epsilon-near-zero metamaterials and electromagnetic sources:
Tailoring the radiation phase pattern,” Phys. Rev. B, vol. 75, no. 15,
p. 155410, Apr. 2007.

M. Navarro-Cia, M. Beruete, 1. Campillo, and M. Sorolla,
“Enhanced lens by & and p near-zero metamaterial boosted by
extraordinary optical transmission,” Phys. Rev. B - Condens. Matter
Mater. Phys., vol. 83, no. 11, pp. 115112—1-5, Mar. 2011.

B. Orazbayev, M. Beruete, V. Pacheco-Peia, G. Crespo, J.
Teniente, and M. Navarro-Cia, “Soret fishnet metalens antenna.,”
Sci. Rep., vol. 4, p. 9988, Jan. 2015.

CST Computer Simulation Technology AG, “CST Microwave
Studio.” http://www.cst.com, 2015.



