
Focusing Microwaves in the Fresnel Zone With a Cavity-Backed
Holographic Metasurface

Gowda, V., Imani, M. F., Sleasman, T., Yurduseven, O., & Smith, D. (2018). Focusing Microwaves in the Fresnel
Zone With a Cavity-Backed Holographic Metasurface. IEEE Access, 6.
https://doi.org/10.1109/ACCESS.2018.2802379

Published in:
IEEE Access

Document Version:
Publisher's PDF, also known as Version of record

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

Publisher rights
Copyright 2018 IEEE. This work is made available online in accordance with the publisher’s policies. Please refer to any applicable terms of
use of the publisher.

General rights
Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy
The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Download date:23. May. 2023

https://doi.org/10.1109/ACCESS.2018.2802379
https://pure.qub.ac.uk/en/publications/c9b758d4-9e9a-464e-9c44-fafbdbf5d17e


Received December 10, 2017, accepted January 23, 2018, date of publication February 5, 2018, date of current version March 19, 2018.

Digital Object Identifier 10.1109/ACCESS.2018.2802379

Focusing Microwaves in the Fresnel Zone With
a Cavity-Backed Holographic Metasurface
VINAY R. GOWDA , MOHAMMADREZA F. IMANI, (Member, IEEE),
TIMOTHY SLEASMAN , (Student Member, IEEE),
OKAN YURDUSEVEN , (Senior Member, IEEE), AND DAVID R. SMITH, (Member, IEEE)
Center for Metamaterials and Integrated Plasmonics, Department of Electrical and Computer Engineering, Duke University, Durham, NC 27708, USA.

Corresponding author: Vinay R. Gowda (vinay.ramachandra.gowda@duke.edu)

This work was supported by the Air Force Office of Scientific Research under Grant FA9550-12-1-0491.

ABSTRACT We present the design and experimental demonstration of a cavity-backed, holographic
metasurface capable of focusing microwaves in the Fresnel zone. The circular cavity consists of two stacked
plates: microwaves are injected into the bottom plate via a coaxial connector, which forms the feed layer,
and are coupled to the top holographic metasurface layer via an annular ring on the periphery of the cavity.
This coupling results in an inward traveling cylindrical wave in the top layer, which serves as the reference
wave for the hologram. A sparse array of slots, patterned into the upper plate, constitutes the hologram
that produces the focal spot. To mitigate high sidelobe levels and improve performance, a tapered design,
facilitated by varying the slot size, is also introduced. The proposed designs—which have a 10-cm diameter,
operate at 20 GHz, and form a focal spot at a distance of 10 cm—are validated using full-wave simulations
as well as measurements of fabricated samples. The proposed focusing metasurface may find application as
a compact source for Fresnel zone wireless power transfer and remote sensing schemes.

INDEX TERMS Focusing, Fresnel zone, cavity-backed, holography, metasurfaces, microwaves.

I. INTRODUCTION
Apertures that focus microwave energy in the Fresnel zone
(sometimes referred to as the radiative near-field, where
d < 2D2/λ0, D is the aperture dimension, λ0 is the free
space operating wavelength, and d is the distance from the
antenna) are of interest for a variety of applications such
as medical imaging and therapy [1], remote sensing [2], [3]
and wireless power transfer [4], [5]. For example, Fresnel
zone focusing is vital to achieving microwave-induced hyper-
thermia [6], where electromagnetic fields are confined to
cancerous regions without harming nearby tissue. Focusing
antennas have also gained traction for wireless charging
of biomedical implants [4], [5]. In remote sensing [2], [3]
focusing apertures are essential to provide precise sensing
information (for example, the temperature of food products
in a production facility) without direct contact.

Among the many applications of focusing electromag-
netic waves, wireless power transfer—a century-old concept
pioneered by Tesla [7]—has been of considerable interest
recently. Modern approaches have largely been dominated
by schemes involving inductive coupling between res-
onators [8], [9], which severely restricts power transfer to

short (near contact) operating distances. Interest in wireless
power transfer was revived about a decade ago by the work
of Kurs et al. [8] where the authors showed that the oper-
ating distance can be increased by employing coupled res-
onators [9], [10].More recently, it was shown that opportunity
exists for wireless power transfer at even larger operating dis-
tances by employing Fresnel zone focusing [11]–[14], which
is particularly necessary in applications where the required
separation between the source and receiver precludes induc-
tive, near-field approaches. Structures like patch antenna
arrays, retro-directive arrays, and corrugated waveguides
have been pursued as a means for focusing electromag-
netic fields in the Fresnel zone for power transfer applica-
tions [15]–[19]. However, such structures usually result in
complicated feed networks, in the case of patch arrays, and
unfavorable configurations for realizing dynamic beamform-
ing, in the case of corrugated structures. Forming a local
hotspot by shaping the waveforms in a large cavity [20], [21]
and using a MIMO configuration [22] have also been
proposed.

A systematic approach to the design of a Fresnel zonewire-
less power transfer aperture follows naturally from the basic
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principles of holography [13]. In this framework, a holo-
gram is designed to form a focal spot at a desired location
under the excitation of a reference wave. The hologram is
formed by implementing a phase distribution that results from
the interference of the back propagated focusing field and
the field of the reference wave over a planar surface. From
the perspective of antenna engineering, such a Fresnel zone
focusing aperture supports a field (or current) distribution
that constructively interferes at a spot within the Fresnel
zone. Over the years, various approaches have been proposed
to realize such focusing apertures that can be dynamically
reconfigured. One approach is that of phased arrays or elec-
tronically scanned antennas (ESAs), which consist of arrays
of independently tunable antenna elements. The amplitude
and phase of each element can be varied to produce virtually
arbitrary aperture field distributions, including those required
for Fresnel focusing. Passive phased arrays make use of a
single microwave source that is subdivided via a feed net-
work to the radiating elements, each of which has a phase
shifter [23], [24]. This sets the phase of each radiating site,
much like in the case of a phase hologram. ESAs consist of
arrays of transmit modules, each containing a phase shifter
as well as one or more amplifiers, which enable arbitrary
waveforms to be synthesized [25]. Use of such structures
provides enough degrees of freedom to generate any desired
aperture distribution; however, this comprehensive control
comes at the cost of hardware complexity. In the passive case,
the feed network can become complicated as the aperture size
grows. In either the passive or active case the cost, high power
consumption of phase shifters and amplifiers, and other com-
plications associated with arrays of active components can be
barriers for many potential applications [23], [24].

Particularly for narrowband applications, an alternative to
phased arrays and ESAs are quasi-optical lenses such as
Fresnel zone plates [26], [27]. These plates are illuminated
by a source in the near field of the aperture and are pat-
terned to form a focal spot on the opposite side of the plate
(in transmission mode). While the focal spots produced by
this approach are promising, the device has a large form
factor—due to the use of free space propagation—that may
not be suitable in many scenarios. The architecture proposed
in [27] also relied on mechanical motion to provide beam
steering. More recently, near-field focusing plates and leaky-
wave antennas have been proposed and have experimentally
demonstrated the ability to generate focal spots [28]–[36].
However, the operating distance of near-field focusing plates
is usually limited due to the confined nature of the reactive
near field. Most leaky-wave antenna designs generate a focal
pattern consisting of a longitudinal electric field, which sig-
nificantly complicates receiver design and does not have a
favorable form factor [36]. In [28], a leaky-wave antenna was
designed to generate a circularly polarized focal spot, but
its ability to shift the focal point along the range direction
was reliant on changing the driving frequency. Dependence
on frequency to produce distinct radiation patterns severely
complicates the source and detector circuitry. In a similar

manner, the authors’ in [34] present a holographic, radially-
polarized, annular leakywave antenna for Fresnel zone focus-
ing; however, the annular slots used in [34] do not offer an
easy path to a reconfigurable aperture. Furthermore, similar
to the device presented in [28], the generated focal spot
consists of a longitudinal electric field, which complicates
receiver design.

Metasurface design concepts provide a simple and effi-
cient avenue for realizing the desired hologram for focusing
applications. One particularly attractive version of a metasur-
face antenna consists of an array of metamaterial resonators
excited by a guided mode. Each metamaterial element leaks
a portion of the guided wave into free space [37]. The overall
radiation pattern is thus the superposition of the contributions
from each element. By properly designing the electromag-
netic response of each metamaterial element (for example
by altering their geometrical properties), waveforms with
desired characteristics can be sculpted. Metasurface anten-
nas [38]–[40] have low manufacturing costs and planar form-
factors, making them suitable candidates for applications
related to beamforming and wavefront shaping. While arbi-
trary control over the phase and amplitude of each radiating
element is not easily obtained in this metasurface architec-
ture, sufficient control can be achieved to enable focusing
using a variety of phase and/or amplitude holographic design
approaches [41]–[43].

In [13], the general concept of using metasurface holo-
grams for focusing electromagnetic waves and wireless
power transfer was investigated in detail. Here, we design
and implement a holographic metasurface aperture that can
generate focal spots at prescribed locations in the Fresnel
zone. The proposed design is a dual-layer cavity which con-
sists of a holographic metasurface layer and a feed layer,
as depicted in Fig. 1. The reference wave of the hologram
is the guided mode of the planar waveguide structure rather
than a plane wave excitation (as in [43]), making the entire
structure highly compact. A pattern of slots on the metasur-
face layer of the structure serves as the hologram, allowing
microwaves to radiate out of the cavity and form a focus at
desired locations. The holographic pattern is formed from
the interference of the field from a hypothetical point source
(located at the desired focal spot) backpropagated to the
aperture plane, with the reference mode of the cavity. The
hologram is realized by carefully positioning slots, placed
in such a manner that the hologram field distribution is well
approximated. When the slots are excited by the guided mode
of the cavity, a diffraction-limited focus is produced at the
position of the hypothetical point source.

The dual-layer structure depicted in Fig. 1 is a well-known
structure in antenna engineering. It is usually referred to as
a radial line slot array (RLSA) and its characteristics and
design process are well established in the literature [44]–[46].
Single and dual layer designs have been presented, both of
which have mainly been used to generate a directive far
field beam at desired directions. These designs were ini-
tially proposed for satellite communication. We utilize the

12816 VOLUME 6, 2018



V. R. Gowda et al.: Focusing Microwaves in the Fresnel Zone With a Cavity-Backed Holographic Metasurface

FIGURE 1. An Illustration of the focused metasurface aperture
(a) cross-sectional view (b) side view.

RLSA configuration here because it ensures high aperture
efficiency; the RLSA has a converging wave pattern which
balances the substrate/radiation losses to create a more uni-
form aperture distribution [44], [45]. The high efficiency of
the RLSA can be contrasted with that of a single parallel
plate waveguide, in which the outward-traveling cylindrical
wave rapidly decays as a function of radius and excites only
a small portion of the aperture. The dual layer structure used
here effectively provides a circumferentially uniform feed,
creating an incoming cylindrical wave. Furthermore, the rate
of leakage, or coupling strength, of each element can be
varied as a function of radius to harness further control over
the energy radiated by the device [47]–[50]. Such a tapering
of the aperture’s radiating sources can be used to reduce
sidelobe levels.

In this paper, we describe the operation of the proposed
dual-layer holographic metasurface and outline its design
procedure. Full-wave simulations and experimental results
confirming the proposed design’s operation are presented.
Samples with and without tapered coupling strengths are
demonstrated and a reduction in sidelobe level is observed
as a result of the tapering. We also discuss the tradeoffs
governing the size of the aperture and their impacts on the
focal spot characteristics. The proposed design creates a focus
with a linear polarization, but a focus in both polarizations
could be achieved by patterning the hologram with different
element orientations—a prospect which is beyond the scope

of this paper and will be examined in future works. While we
present only passive designs here, we note that the proposed
architecture is compact, planar, and can be made reconfig-
urable by introducing independently-addressable switchable
components, such as diodes, into each radiator [51], [52].
The passive holographic aperture, nevertheless, represents a
step in the direction of creating a compact source aperture
that can produce focused fields in the Fresnel zone—one of
the key components of the ultimate wireless power system
envisioned in [13].

II. DUAL-LAYER METASURFACE HOLOGRAM DESIGN
Figure 1 shows the cross-sectional and side view of the
proposed cavity-backed metasurface aperture. The dual layer
cavity design consists of a feed layer and a holographic
metasurface layer. Microwaves are injected into the bottom
plate through a coaxial adaptor and are coupled into the above
metasurface layer—patterned with carefully arranged radiat-
ing slots—via an annular ring on the periphery of the cavity.
The diameter of the entire structure is D. The annular ring
connecting the two layers, as shown in Fig. 1 (a), has an inner
diameter of DRing and the outer diameter is the edge of the
cavity. This leaves a gap of (D - DRing)/2 from the metal wall,
allowing the microwaves to be coupled from the feed layer to
the holographic metasurface layer. The appropriate size for
the annular ring was selected by running a parametric sweep
in a full-wave solver to minimize reflection at the desired
frequency of 20 GHz (|S11| < −10 dB). The thickness
of the waveguide is selected to be less than h < λg/2 so
that only a single mode is supported in the cavity-backed
structure.

To design the focusing metasurface hologram, the first step
is to select our desired focal spot F(x0, y0, z0) located in the
Fresnel region. To further simplify the problem, we want
the fields at the focus to form a linearly polarized electric
field along the y-direction. In the next step, we backpropa-
gate the fields from a hypothetical point source at the focal
spot to the aperture to determine the fields on the hologram
plane. The reference wave within the waveguide is multiplied
by the complex conjugate of the desired field distribution
on the aperture to obtain a hologram, which ideally creates
the radiating sources with the correct phase and magnitude
to form the desired spot. Since the metasurface architecture
we employ (a distribution of simple slots) does not allow
for independent control over phase and amplitude at each
point in the aperture, we focus on reproducing the phase
the hologram, which predominantly governs the performance
of the hologram. The result of multiplying the point source
fields with the reference wave (the inward-traveling cylin-
drical wave) is thus a distribution of phase values that range
between 0 and 2π . Our available phase values to realize this
phase hologram are due to two factors: the guided mode
and the response of each of the elements. Because the phase
introduced by the slots is generally constrained to a narrow
set of values, we only make use of the phase associated with
the propagation of the guided mode. At locations where the
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phase difference between the desired focusing hologram and
the guided mode is less than a threshold value a radiating
slot is placed. Although the phase is utilized to form the
hologram, we will later implement a taper on the aperture to
create an amplitude window which mitigates large sidelobe
levels. In future works, the use of subwavelength metamate-
rial elements with dynamically tunable properties [51], [52]
can enable further control over the phase and magnitude
distribution on the aperture.

Elongated slots are used as radiating elements in the meta-
surface aperture in this paper. Such elements guarantee that
the radiated fields exhibit the desired linear polarization.
Given the subwavelength width of the slots, they can be
modeled as magnetic dipoles polarized along their lengthwise
axis [53], [54]. As a result, only magnetic fields parallel to
the length dimension can excite the slots. Given our goal to
form focal spots with a y-polarized field, we only use the
x component of the magnetic field of the reference wave
(inward-traveling cylindrical wave) in our calculations of
the hologram. The x component of this field is given by
the Hankel function of the first kind [55] (assuming e−iωt

convention):

Hx = H (1)
1 (kρ) cos(φ) (1)

where ρ =
√
x2 + y2, k is the wavenumber within the

waveguide, and φ is the azimuth angle in the aperture plane
(x-y) measured from the x-axis (see Fig. 1). Considering the
center of the aperture as the origin of the coordinate system,
a point source located at F(x0, y0, z0) will generate fields on
the aperture, which are given by:

E (x, y, 0) ∝
eik

√
(x−x0)2+(y−y0)2+z20√

(x − x0)2 + (y− y0)2 + z20

(2)

The reference wave is divided by the fields from the point
source on the aperture plane, E, to produce a hologramwhich,
when stimulated by the inward traveling cylindrical wave,
will result in a diffraction-limited focused spot at the location
F(x0, y0, z0). Since our goal is to generate a phase hologram,
we only insert slots in the hologram at locations where the
phase difference is below a tolerance, as found from

U = 6 Hx − 6 E(x, y, 0). (3)

In the calculation of the hologram, phase differences less
than the threshold π/24 radians are considered acceptable.
At positions satisfying this criterion, a slot is introduced along
the x-axis. The π/24 threshold value was selected by trial and
error to properly approximate the desired aperture field dis-
tribution. A higher threshold value would result in defocusing
due to imperfect constructive interference at the focal point;
a lower threshold value would increase the phase accuracy of
the hologram but can result in too few slots on themetasurface
layer, causing higher sidelobe levels and aliasing. Using the
calculated hologram (U) after thresholding, an illustration of
the slot locations required to generate an on-axis focal spot is
shown in Fig. 1 (a).

Though phase is traditionally more important in hologram
design, the amplitude distribution across an antenna aperture
is known to have significant effects on beam width and side
lobes levels [55]. For a focused aperture, it is important
to have all the power focused in the main beam or main
lobe. Reduction of the sidelobe levels in aperture design is
a well-known problem, which can be overcome by using
tapering of the coupling strength of the slots to the reference
wave through varying the element geometry [47]–[50]. The
coupling distribution in a phase-only hologram metasurface
aperture design would be flat; all the elements are identical
and couple the same percentage of incident power to free
space. To reduce the sidelobe levels, we can apply a taper
to the coupling distribution, which will directly affect the
effective magnetic surface current distribution on the aper-
ture. The coupling distribution we consider here has lower
coupling at the edge of the aperture and gradually increases
as we approach the center of the aperture. This tapering
resembles the well-known triangle tapering in antenna engi-
neering. If the elements near the edge have greater coupling
strength, the reference wave will be depleted before reaching
the central elements causing aliasing and higher sidelobes.
It is also important to make sure the coupling is not too small
overall because the guided mode would not decay before it
reaches the center of the aperture (causing the guided wave
to significantly vary from themodel in Eq. (1)). It is important
to emphasize that a more intelligent design can be found if the
complete interactions between the slots and the guided wave
is incorporated in the design model. This problem, which
can be vital to designing electrically large holograms, will be
addressed in future works.

III. RESULTS
To validate the proposed design and operation, we develop
two different samples: one with tapering and the other
without. The bilayer structure was designed using low-loss,
1.524-mm-thick Rogers 3003 copper-clad circuit board sub-
strate (εr = 3.00 and tan δ = 0.001). The aperture was
designed to operate at 20 GHz in the K-band. Accounting
for the limitations of in-house fabrication and simulation
time, the aperture size was chosen to be a modest 10 cm in
diameter (D). The inner diameter of the annular ring (DRing)
coupling the two layers is selected to be 8.9 cm. Larger
apertures can easily be manufactured by more advanced fab-
rication facilities or can be assembled by tiling many smaller
apertures with precision alignment.

Here, we consider a focal spot located along the optical axis
at F (0 cm, 0 cm, 10 cm). The slot dimensions were chosen by
simulating a single slot in CSTMicrowave Studio, in a similar
fashion as in [56]. The slot was designed in a parallel plate
geometry where a 1.524-mm-thick Rogers 3003 substrate is
sandwiched between two copper plates as shown in the inset
of Fig. 2. The resonant frequencies (21–23GHz) of the slots
are intentionally selected to be shifted from the operating
frequency (20 GHz) so that the elements are not strongly
coupled to the guided mode. Strongly coupled elements can
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FIGURE 2. a) Coupling distribution for the metasurface aperture with and
without tapering b) Power radiated for different slot dimension used for
the design with taper (schematic of the unit cell in the inset).

perturb the waveguide mode and interact strongly with each
other. The slot length of 4.5 mm and width of 0.5 mm was
selected for the design without tapering. For the design with
tapering, the slot length and width are jointly varied from
4.1 to 4.6 mm and 0.1 to 0.5 mm. A coupling distribution,
which results in a gradual increase in the coupling towards the
center of the aperture, is presented in Fig. 2(a). The coupling
distribution is found by calculating the power radiated from
each slot in the full wave simulations, as shown in Fig. 2(b).
The plots in Fig. 2 report the normalized radiated power for
the different slot widths and lengths used for the tapering
design. The same coloring scheme is used for both plots of
Fig. 2. During the process of designing the slots, it is ensured

FIGURE 3. Assembled fabricated sample with copper tape covering the
edges a) on-axis untapered b) tapered aperture.

that the resonant frequencies of the slots are away from the
operating frequency (20 GHz).

To fabricate the metasurface focusing apertures, we pat-
terned the desired collection of slots on the top copper layer
of a one-sided, copper-clad Roger 3003 substrate using a
U3 LPKF laser milling system. Figure 3 shows the assembled
designs. For each design, the metasurface and the feed layer
are aligned along their edges. The edges are covered using
a copper tape to provide a cavity structure and clamps are
employed around the aperture’s edge to ensure that there is
no gap between the two layers. While this is sufficient for
the proof-of-concept structures presented here, future devices
can use binding mechanisms to attach the two layers together.

We first measured the reflection coefficients of both the
untapered and tapered designs and found them to be−16.1 dB
and −18.5 dB respectively. The percentage bandwidth over
which the reflection coefficients stay below −10 dB are
0.78% and 0.9% respectively for the untapered and tapered
designs (assuming operating frequency of 20 GHz). It is
important to note that the shape of the focal spot changes as
the driving frequency moves away from the design frequency.
The narrowband operation observed here is in fact desired
in many applications involving near field focusing to avoid
interference concerns.

To measure the field radiated from the metasurface
aperture we used a planar near-field scanning system
(NSI 200 V–3x3). The near-field scan of the aperture is per-
formed at the focal plane (located at z0 = 10 cm) using a
WR-42 open-ended rectangular waveguide. The field mea-
surement in this manner can be used to generate the fields
everywhere in the Fresnel zone and far field of the aper-
ture [57]. For example, to produce fields at a different dis-
tance, we first backpropagate the measured near field scan to
the aperture plane and subsequently forward propagate to all
locations in the range.

We first examine the field profile at the focal plane
(z0 = 10 cm) in the cross-range direction. This field intensity
is plotted in Fig. 4 for the different structures and for three
different cases: analytical, simulated, and experimental. In the
analytical case, wemodel the slots as magnetic dipoles whose
complex amplitudes are determined by the x-component of
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FIGURE 4. Normalized cross-range electric field intensity (linear scale)
patterns of the metasurface aperture at the focal plane z0 = 10cm
(a) analytical (untapered) (b) CST microwave studio (untapered)
(c) experimental (untapered) (d) analytical (tapered) (e) CST microwave
studio (tapered) (f) experimental (tapered).

the guided magnetic field, as described in Section II [53]. The
fields from the slots are then propagated and summed to deter-
mine the fields in the focusing region. We note that the decay
of the guided wave due to the radiation from the slots is not
modeled in our current analytical calculations. The mutual
coupling between the slots, which is also not accounted for
in the current analytical modeling, may have additional small
effects on the focal properties. This interaction and the decay
of the guided wave due to radiation from the slots will
be accounted for in future works by incorporating a self-
consistent dipolar formulation [54], [58], [59]. The simulated
case represents the fields from the designed aperture using
the commercial full-wave solver, CST Microwave Studio.
The experimental plot corresponds to the results obtained
using post-processing of near field scanned data (as outlined
above). Examining the cross-range plots in Fig. 4, a focal
spot is evident in both the tapered and the untapered designs.
Figure 4 (a-c) represents the design without tapering, where
it is evident that the experimental results exhibit higher side
lobes when compared to the analytical results. To reduce the
sidelobe levels the coupling distribution described in Fig. 2 is
applied and the resulting reduced sidelobes are seen
in Fig. 4 (d-f).

To quantitatively compare the focusing performance of the
fabricated samples, we define a focusing efficiency as the
amount of power in the focal spot to the total power at the
focal plane. This quantity is calculated to be 40.1% and 52.3%
for the untapered and tapered designs, respectively, clearly
demonstrating the efficiency of the tapered design to confine
the field in the prescribed focal spot.

Next, we present the 1-D point spread function analysis of
the analytical, simulated, and experimental results to quan-
tify the focusing capabilities of the designed holographic
metasurface apertures. The resulting 1-D focal patterns are
plotted in Fig. 5 along the x direction. Close agreement is
seen between the experiments and simulations, verifying the
proposed design for both the tapered and untapered designs.

FIGURE 5. Normalized 1-D cross-range electric intensity (linear scale)
patterns of the untapered (solid line) and tapered (dotted lines)
metasurface aperture.

The sidelobe levels for the tapered design in simulation and
experiment are seen in Fig. 5 (dotted lines) and are consid-
erably lower compared to the untapered design (solid lines).
The beam waist for the tapered design is slightly increased
compared to the untapered design, which is a known and
inevitable consequence for tapered apertures. An increase
in the beam waist can be acceptable as the sidelobes have
been substantially reduced, resulting in more power being
concentrated in the main focus.

It is also worth noting that the focal spot size matches
the predicted value from Gaussian optics [13] for the unta-
pered design, calculated using the aperture dimensions, focal
length, and wavelength of operation as given by

w0 =
4
π

z0λ0
D cos2(θ )

(4)

Here, w0 is the diameter of the spot at the focal plane,
z0 is the on-axis focal distance along the optical axis, λ0 is
the free space wavelength, and θ is the angle between the
optical axis of the aperture and the vector defined from the
aperture center to the position of the focus (0◦ for on-axis
metasurface aperture). Table 1 provides a comparison of the
spot size values obtained with the different methods for both

TABLE 1. Spot size calculations (cm).
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FIGURE 6. Normalized 1-D range electric intensity (linear scale) patterns
of the untapered (solid line) and tapered (dotted lines) metasurface
aperture.

the tapered and untapered design. The 1/e2 points obtained
from Fig. 5 (black horizontal dotted line) correspond to the
spot size of the metasurface aperture.

From the cross-range analysis shown above, it is evident
that the focus is obtained at the desired focal plane z0.
We now analyze the fields in the range direction (along the
optical axis). The experimental graphs are obtained by post
processing of near field scanned data as outlined before.
The 1-D range plots for the different structures (tapered and
not tapered) and for the three different methods are presented
in Fig. 6. The range plots are shown for distances larger
than 3 cm (2λ0) from the aperture because the fields close
to the aperture (<2λ0) contain evanescent components that
are not considered in the analytical model and measured
data [61]. We see that the fields generated by the holo-
gram interfere constructively along the range to form the
prescribed focus. However, the range plots in Fig. 6 reveal
the fact that the peak intensity in the range does not occur
at the intended focal plane (denoted by the black dotted line).
Several other authors [62], [63] have noted this expected phe-
nomenon. When a reference wave is diffracted by an aperture
of finite dimension the point of maximum intensity is often
not located at the intended geometrical focus but is closer to
the aperture—a phenomenon commonly referred to as focal
shift [62], [63]. In order to better understand the effects of the
finite aperture size, let us denote s(x, y) as the ideal aperture
field or hologram (produced by the hypothetical source at
F(x0, y0, z0)). This ideal aperture field distribution is trun-
cated by the finite size of the metasurface, denoted by t(x, y),
where t(x, y) = 1 for

√
x2 + y2 ≤ D/2 and is zero otherwise.

The fields in the spatial frequency domain are given by the

convolution S(kx , ky)⊗T (kx , ky), where S is the ideal angular
spectrum, T is the aperture angular spectrum and⊗ indicates
the convolution operation. As a result, only certain spectral
components are transmitted and the components truncated
by the finite size of the aperture will result in the shift of
the focus towards the aperture. This explanation means a
larger aperture would result in a smaller focal shift. To better
quantify this problem in the design process, a unitless param-
eter called the Fresnel number can be considered [61]. The
Fresnel number of a system with the largest dimension (D) is
given by N = D2/λ0z0. In the current design, the Fresnel
number N is equal to 6.66 which is relatively low [62].
In future works, the difficulties associated with small Fresnel
number can be overcome by using a larger aperture or by
operating at higher frequencies. It is also worth noting that the
tapering slightly deteriorates the focal shift. This is expected
from the analysis above; for a tapered aperture, t(x,y) is not
1 uniformly, which results in further filtering of the spatial
components.

IV. CONCLUSION
This paper shows the potential to focus electromagnetic fields
to desired spots with linear polarization using metasurface
holograms. The proposed design and operation were con-
firmed via simulations and experiments in the K-band fre-
quency range. To highlight the flexibility of this method, two
different linearly polarized near-field focusing metasurface
apertures were designed, one without tapering and another
with tapering to reduce the sidelobe levels. Full-wave simu-
lations, experimental analysis, and analytical predictions for
the tapered aperture showed substantially smaller sidelobes
when compared with the aperture design without tapering.
The demonstrated focusing metasurface holds promise as the
building block for wireless power transfer in the Fresnel zone,
as suggested in [13].

The proposed design has plenty of room for further devel-
opment. The design can be extended to achieve focusing in
both polarizations and off-axis focusing. In this paper, narrow
slots are used as the radiating elements of the hologram, but
they can be replaced by efficient, reconfigurablemetamaterial
cells [52], [64] paving the path toward a steerable focal spot.
The proposed design can also be scaled to higher frequen-
cies, where electrically large apertures can be easily fabri-
cated without becoming cumbersome. In the current design
process of the metasurface, the element-to-element interac-
tions have not been considered; the discrete dipole approx-
imation [58]–[60] method can be used in future works to
account for such interactions. Lastly, the analytical prediction
of the sidelobe levels at the focal plane can be improved by
means of a self-consistent dipolar formulation to optimize the
coupling distribution across the aperture. The cavity-backed
metasurface aperture proposed here can support tunable
metamaterial structures resulting in dynamically reconfig-
urable metasurfaces that have the potential to be developed
into a powerful source for Fresnel zone wireless power
transfer.
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