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Abstract: We present the design and experimental demonstration of an efficient holographic metasur-
face aperture that focuses microwaves in the Fresnel zone. The proposed circular structure consists
of two stacked plates with their periphery terminated in a conductive layer. Microwaves are injected
into the bottom plate, which forms the feed layer, and are coupled to the top holographic metasurface
layer via an annular ring. This coupling results in an inward traveling cylindrical wave in the
top layer, which serves as the reference wave for a hologram. The radiating elements consist of a
slot pair with their orientations designed to couple efficiently with the cylindrical reference wave
while maintaining a linearly polarized focused beam. A general condition on the slot pairs radiated
power is proposed to ensure low sidelobe level (SLL) and is validated with full-wave simulation.
An aperture that is 20 cm in diameter, operates at 20 GHz in the K-band frequency, and forms a
diffraction-limited focal spot at a distance of 10 cm is experimentally demonstrated. The proposed
near-field focusing metasurface has high antenna efficiency and can find application as a compact
source for Fresnel-zone wireless power transfer and remote sensing schemes.

Keywords: focusing; near-field; holographic metasurface; wireless power transfer

1. Introduction

Near field focused antennas are of interest in the microwave and millimeter wave
frequencies for a variety of applications such as remote sensing, medical targeting devices,
internet of things and wireless power transfer [1–13]. They are referred to as near-field
focusing structures since they concentrate electromagnetic fields to a spot in the Fresnel
region, i.e., at distances d < 2D2/λ, where D is the aperture dimension and λ is the
wavelength. Their operation is based on forming an aperture field distribution that con-
structively interferes at a given focal spot located in the Fresnel region. Various methods
have been proposed to realize such behavior. The common practice is to use antenna arrays
with elements whose amplitudes and phases are selected to approximate the aperture
distribution [10,11]. The required complex amplitude is usually realized via an intricately
designed feed network or a phased array [8,12,14–16]. In the former case, the feeding net-
work can become too complicated as the aperture size grows or the frequency of operation
is increased. The latter case suffers from cost, high power consumption, and complications
associated with phase shifters. Another method is to use the Fresnel zone plate (FZP)
where promising results have been demonstrated, but the large form factor inevitable in
such structures limits their use in most applications [17].

Leaky-wave (LW) and modulated-impedance surface antennas have also been pro-
posed and experimentally demonstrated to generate desired focal spots [18–29]. Their
operation is based on gradual perturbation of a guided mode to form converging leaky
modes that interfere constructively at a focal spot. Realizing this condition usually requires
a degree of cylindrical symmetry, which tends to result in a longitudinal electric field at
the focal spot, a property that can complicate receiver design. In addition, a leaky-wave
antenna’s ability to steer the focus is reliant on changing the driving frequency, another
factor that may complicate the source and detector circuitry.

Electronics 2021, 10, 1837. https://doi.org/10.3390/electronics10151837 https://www.mdpi.com/journal/electronics

https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://doi.org/10.3390/electronics10151837
https://doi.org/10.3390/electronics10151837
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/electronics10151837
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics10151837?type=check_update&version=2


Electronics 2021, 10, 1837 2 of 15

Metasurface holograms designed to interact with a guided wave are another hardware
system suggested for near-field focusing applications [13,30,31]. These structures consist
of an array of metamaterial elements forming a hologram that approximates the field
distribution, which results in the desired focus. In this framework, the element distribution
and orientation can be arbitrary and are not limited to configurations that generate con-
verging leaky modes. As a result, metasurface holograms offer more freedom in designing
focal spots with desired attributes. For example, in contrast to the leaky-wave structures
of [20,27], metasurface holograms do not need to be cylindrically symmetric, allowing them
to avoid undesired longitudinal components at the focal spot. Meanwhile, metasurface
holograms offer the same practical advantages of leaky-wave antennas, i.e., they have
low manufacturing costs and a planar form factor, making them a suitable candidate for
applications related to beam forming and wavefront shaping [32–37].

Since the operation of a metasurface hologram requires the interaction of a guided
wave with an arrangement of metamaterial elements, the guided wave inevitably atten-
uates, which can lead to severe deviation of the resulting pattern from the desired focal
pattern (e.g., undesired large sidelobes). To combat this problem, previous holographic
metasurface designs used a configuration commonly referred to as radial line slot array an-
tenna (RLSA) [22,38–51]. The dual-layer RLSA design [38–42] uses a converging cylindrical
guided wave. The field amplitude of a converging cylindrical wave increases as it travels
along the waveguide towards the center. This increase in the field amplitude can be used
to compensate for the decay of the field amplitude due to the radiation losses, resulting
in a more uniform amplitude distribution on the aperture. This configuration has been
widely used before to generate directive field patterns in the far field useful in satellite
communication [39,40]. A table showing the different architectures from literature which
are used in realizing a focused aperture along with their advantages and disadvantages is
mentioned in comparison with the current manuscript is presented in Table 1. This table is
essentially the visualization of the introduction of the manuscript.

In this work, we also use a double layer RLSA configuration to excite a hologram to focus
on the Fresnel zone at 20 GHz which is in the K-band frequency regime (18–27 GHz). This
is distinct from previous works that used RLSA structures to generate Bessel or Gaussian
beams in the near field [28,29,50]. Here, we revisit the holographic design process of [30]
and make two important modifications to address its shortcomings. First, inspired by the
common practice in the literature, we replace the single slot with a slot pair to improve
efficiency while ensuring desired polarization at the focal spot [43,51,52]. Next, we outline a
simple intuitive method to compensate the field radiated by the slot pair by the converging
field of the guided wave, demonstrating a mechanism to tailor the properties of the focal
patterns. Both proposed modifications are demonstrated in full wave simulation and
experiments. The simulated combined efficiency of the aperture is higher than previous
works (≈48%) will the SLLs below −10 dB. Side lobe level (SLL) which is defined as of
the amplitude at the peak of the main lobe to the amplitude at the peak of a side lobe as
mentioned in the literature [53].

Table 1. Advantages and disadvantages of different architectures used for Focused apertures.

Phased Array
[8,12] FZP [16,17] LW Antennas [18,20] RLSA [38–42,51] Current

Manuscript

Advantages

* Fabrication easy
* Near perfect

beam forming with
low SLL

* Easy to design
* High Gain

* Fabrication easy
* Planar

* Easy to design
* Planar

* Directive
* Less weight

* Planar Low cost
* Fabrication easy

* Simple feed
* Less weight

Disadvantages

* Complex feed
networks

* High cost
* Power hungry

* Large form factor
* Mechanical

motion required
for a dynamic

aperture

* Focus changes with
frequency

* Longitudinal component
of focus complicates

receiver design

* Spiral feed
complicates

dynamic
aperture design

* Slots used as
radiating elements

(hard to design
dynamic aperture)
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2. Materials and Methods
2.1. Focusing Holographic Metasurface Design

We follow a similar design process as in [30] but with a few modifications. First,
we design a phase hologram disregarding the amplitude variation on the surface of the
hologram. Then we investigate mechanisms to tailor the amplitude profile at the surface of
the hologram (and consequentially the focal spot characteristics) without modifying the
phase hologram.

Design of the phase hologram starts by computing the field profile produced across the
metasurface due to a virtual point source at the location of the desired focus. Considering
the center of the aperture as the origin of the coordinate system, a point source generates a
field profile on the aperture given by [30]:

A = C
e−ik(|rs−rs0|)

|rs − rs0|
, (1)

where k is the wavenumber in freespace, rs0 is the desired focal point and C is a normaliza-
tion constant.

The quantity A here is assumed to be unit-less and to represent the field varia-
tion across the aperture. We next design a hologram to generate such a field variation.
To do that, we note the widths of the slots constituting the hologram are relatively small
(compared to the free space wavelength). Thus, their electromagnetic response is well
approximated by a magnetic dipole by means of the surface equivalence principle [54–56].
As a result, the slots couple primarily to the magnetic field of the guided wave, whose
phase and amplitude variation are given by the Hankel function of the first kind (assuming
e−iωt convention):

Hφ = H(1)
1 (kgrs), (2)

where kg is the wavenumber within the waveguide, φ is the rotation angle in the transverse
plane (x − y) of the aperture defined with respect to the x-axis and rs is the position of
the discretized point on the aperture. For simplicity, we have considered Hφ as a unitless
variable. This choice is justified as we are interested in designing a phase-only hologram.
That is to say, we disregard the amplitude variation of A and Hφ. To form a focus, the
guided wave inside the waveguide should excite metasurface elements such that they
realize the phase profile given by A. This condition is met at locations where the product
of the complex conjugate of A and Hφ yields a zero phase.

U = HφA∗. (3)

The (phase) hologram can then be realized by placing a radiating element at each
position where the phase of U is zero. Practically, locations that satisfy this condition are too
close to each other, preventing us from placing finite size metamaterial radiating elements.
To accommodate this consideration we discretize the aperture and place radiating elements
at locations where the phase of U in Equation (3) is less than π/24 radians (obtained
empirically). It is important to note that in the above, we have assumed the radiating
elements perturb neither the guided wave’s phase progression nor its magnitude. This
condition can be approximately satisfied in practice by using radiating elements away from
their resonances.

As discussed earlier, we use a double-layer metasurface configuration shown schemat-
ically in Figure 1. In this configuration, a coaxial connector produces an outward cylindrical
wave in the bottom layer which is transformed into an inward traveling wave in the top
layer by an annular ring. As a result, the reference wave for the focusing hologram is
an inward traveling cylindrical wave given by the first order hankel function of the first
kind. To simplify the design process, we consider substrates with thicknesses that are less
than λg/2 (where λg is the guided wavelength) in order to support only a single mode in
each substrate.
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Figure 1. (a) An illustration of the proposed holographic metasurface architecture. (b) Cross-sectional
view of the holographic metasurface.

In [30], single slots oriented parallel to each other and to the y-axis were used as the
radiating elements. This choice guaranteed the electric field at the focal plane was linearly
polarized along the x-direction. This arrangement, while simple in design, suffers from a
practically important drawback: the radiation from the slots depends heavily on the angle
between the slots and the magnetic field of the guided wave. This results in regions where
the slots do not contribute to the focus. This resulted in reducing the effective area of the
aperture, manifested as high sidelobes at the focal plane and low radiation efficiency [30].
To overcome these deficiencies, we employ the slot pair [51] as a single radiating element.
A slot pair is defined as two slots arranged in a manner so that together they couple to the
guided wave at all locations on the aperture while maintaining a single polarization. Later,
we will examine the radiated power from each element and outline conditions to ensure
low SLLs based on the elements’ amplitudes.

2.2. Amplitude Profile and Role of the Inward Traveling Wave

As discussed earlier, the primary reason behind using inward a traveling cylindrical
wave is its ability to compensate for the loss of the guided wave due to radiation. In some
previous works, it was suggested that this condition can only be satisfied in substrates with
dielectric constant between 1.5 to 2.5 [51]. Here, we propose to use the coupling strength of
the radiating element as a means to modify the amplitude profile without any limitation
on the substrate choice or element distribution (which dictates the phase profile). We begin
by examining the power radiated by a slot pair in a parallel plate waveguide using CST
simulations, as shown in Figure 2. The parallel plate waveguide is excited by a cylindrical
source (e.g., a coaxial connector) at the center and perfect matched layers terminate its
periphery. This simulation allows us to examine the overall coupling of the slot pair (i.e.,
decay of the guided wave due to its radiation).
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Figure 2. Simulation configuration used to calculate the power radiated by different elements at
two distinct locations of φ = 0◦ and φ = 90◦ (Slot pair considered for illustration). The phase of the
guided wave (Hφ) is also depicted.

First, we confirm the proposition that the power radiated by a slot pair configuration
is indeed linearly polarized. To this end, we have calculated the power radiated in both the
co-polarization (co-pol) and cross-polarization (cross-pol) as a percentage of the incident
power on the element at two different locations on the aperture (φ = 0◦ and φ = 90◦) as
shown in Figure 2. For this simulation, we have used a substrate with a dielectric constant
εr = 2.2 and tan δ = 0.0009 (similar to the one used later in experimental studies). The
incident power Pinc on the slots pair is calculated by multiplying the accepted power by the
coaxial connector, Pacc, with the angle subtending the element, ∆φ, as denoted in Figure 2
(for more information, see Appendix B of [57]):

Pinc = Pacc
∆φ

2π
. (4)

The radiated power in each polarization Ppol
rad is computed by CST (pol can be co-pol

or cross pol). For comparison, we have done this study using both a single slot and a slot
pair, results are shown in Figure 2.

SAs shown in Table 2, when the element is placed at φ = 0◦, both the single slot and
the slot pair radiate similar and sufficient power in the co-pol, while they both radiate
minimal amount of power in the cross pol. However, when the radiating element is placed
at φ = 90◦, the coupling of the single slot is minimal since it is orthogonal to the exciting
magnetic field. In contrast, the slot pair generates the desired co-pol radiation with the
radiated power close to that observed when the element is at φ = 0◦. The radiated power
into the cross polarization from the slot pair is minimal in this location as well. It is worth
noting that for all locations in between these two extreme cases, the power radiated by
either elements is between the values reported in Table 2. It is important to note that similar
results can be obtained for slots designed for substrates with dielectric constants out of
1.5–2.5 range. Those results are presented in Section 3.1.1 (dielectric constant of 4 which is
out of the ranger of 1.5–2.5) where the design of a focusing metasurface aperture with low
SLL using the condition in (6) is successfully presented.
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Table 2. Power radiated in Co-Pol and Cross-Pol, reported as percentage of incident Power on the
corresponding element. The results are for element implemented on a Rogers 5880 substrate εr = 2.2,
such as the one used in Section 3.3.

φ = 0◦ φ = 90◦

Co-Pol Cross-Pol Co-Pol Cross-Pol

Single Slot 13.86 0.02 0.76 0.24
Slot Pair 13.95 0.03 11.65 2.3

Next, we examine the possibility to modify the amplitude profile across the hologram
and consequently tailor the characteristics of the focus. Among various aspects of the focus,
ensuring low SLLs is critical for focusing applications and we set our objective to realize low
SLLs. High SLLs occur when the radiated fields closer to the edge are higher than the ones
near the center. This happens when the increase in the field density of the inward traveling
wave cannot compensate the decay due to radiation from slot pairs. Using the results in
Table 2 as our guide, we can see the maximum of radiation losses happen when φ = 0◦.
We then define a design parameter ∆p that accounts for the percentage of the inward
traveling wave that passes through a slot pair without being radiated. Mathematically, this
parameter can be described as:

∆p =
Pinc − Ppol

rad
Pinc

. (5)

The values reported in Table 2 are essentially 1− ∆p for different elements in percentage.
As the wave traverses from the outermost ring, located at r, and arrives at the second

ring, located at r − ∆r, the power incident on the slot pair increases by r
r−∆r due to the

inward traveling wave—this is based on the assumption that r is large enough that we can
use large argument approximation for the Hankel function describing the reference wave.
To realize low SLLs, we need to ensure that the inward traveling wave compensates for the
power decay due to radiation losses, i.e.,

r
r− ∆r

∆p > 1. (6)

In our design, ∆r is usually on the order of a guided wavelength (λg). It is worth
noting that according to Table 2, we only need to compute this ratio for the element at
φ = 0◦, where the power radiated is strongest. Furthermore, if we guarantee the condition
provided in (6) for the outermost elements, it automatically ensures it for all other elements
located at inner rings. In this manner, we guarantee the aperture field distribution is
relatively uniform, ensuring low SLLs. It is also worth emphasizing that (6) provides us
with a design mechanism: for a given substrate (even if it is out of the range of 1.5 to 2.5)
and phase profile, we can manipulate the slot’s lengths to ensure the desired amplitude
profile. This proposal is verified in the next section by examining a substrate with a large
dielectric constant.

3. Results
3.1. Full-Wave Simulation Results
3.1.1. High Dielectric Constant Substrate

First, we demonstrate that our proposed condition, (6), guarantees low SLLs. We
design an aperture using a substrate with dielectric constant of 4. This value is out of
the range of 1.5–2.5 suggested by [51]. We design this structure to operate at 20 GHz.
Considering the limitations of simulation time, the aperture size (D) was chosen to be a
modest 10 cm in diameter. The resonant frequency (≈23 GHz) of the slots was intentionally
selected to be shifted from the operating frequency (20 GHz) so that the elements are weakly
coupled to the guided mode. Highly resonant elements can perturb the guided wave, which
would violate our design assumptions. The slot length and width corresponding to this
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resonant frequency are 4.2 mm and 0.5 mm, respectively. Using the design procedure
outlined in Section 2 for a phase hologram, this structure is designed and simulated using
CST. The resulting focal pattern is shown in Figure 3a. It should be emphasized that the
apertures examined throughout this manuscript have relatively low Fresnel number which
leads to a phenomenon called focal shift where the peak intensity is not at the intended
focal plane. This phenomenon is well studied in the literature and an explanation is not
repeated here [30,58–61].

While the focus for the designed aperture is evident in Figure 3, we can see high
sidelobes. If we compute the ratio given by (6) for this structure it is 0.94, which is
below 1 (see Table 3). This can be explained by noting the fact, as the substrate dielectric
constant increases, the spacing between the rings, (∆r ≈ λg), decreases. As a result, the
compensation of the guided wave field density due to the convergence decreases.

To combat this issue, as proposed in the previous section, we need to design elements
with lower coupling, i.e., higher ∆p. To do this, the slot length is varied until the desired
level of ∆p is achieved and we meet the condition of (6). The new slot length is 3.85 mm
(which is resonant at around 24 GHz). The exact values for the design ratio is presented in
Table 3. This slot length is then used to implement the holographic aperture. The simulated
focal pattern generated by this design using CST is also shown in Figure 3, clearly exhibiting
lower SLLs compared to the case where the design condition (6) was not satisfied. The
lower limit in the cross range plots shown are set to 0.1 (corresponding to −10 dB) to
further highlight the low SLLs. The results in Figure 3 clearly verify the importance of the
condition given by (6) in designing the focusing holographic metasurface.

Table 3. Design parameters pertaining to SLLs condition, (6), for different substrates.

εr = 2.2 εr = 4.0 (Case 1) εr = 4.0 (Case 2)

∆p 0.85 0.80 0.87
r

r−∆r 1.25 1.176 1.176
r

r−∆r ∆p 1.062 0.94 1.023
Slot length (mm) 4.8 4.2 3.85

(a) (b)

Figure 3. Normalized focal patterns generated in CST simulation by an aperture with an εr = 4 substrate. (a) SLL condition
given by (6) not satisfied. (b) SLL condition given by (6) satisfied.
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As mentioned earlier in the paper, having a fairly uniform field distribution on the
aperture will alleviate the side lobe levels at the focal plane. Figure 4 shows the 1-D plot of
the normalized electric field value along the horizontal axis (x-axis) which is indicated by
the white line. The electric field values at the elements are obtained from CST simulations
and later normalized to its maximum value as shown in the figure. The fairly uniform field
values are evident for the case satisfying the condition in Equation (6), while the design
where the elements are not satisfying the power condition show high variations. The field
distributions for the case satisfying the power condition can be further improved by fine
tuning the radiating elements to achieve a SLL lower than reported in Table 3 using more
advanced modeling of the slots (for example using coupled dipole model [55,56]) and is
the topic of our future investigations.

Figure 4. Normalized electric field strength values along the center line (white) on the aperture plane
for εr = 4 before (orange) and after (blue) satisfying the power condition in Equation (6).

3.2. Low-Loss Substrate

In the previous subsection, we used a substrate with high dielectric constant to
demonstrate the importance of our proposed design condition in realizing low SLLs. In this
subsection, we design the aperture using substrates that are practically available. In doing
so, we also illustrate the utility of the proposed slot pair in increasing antenna efficiency.
Toward this goal, we first design an aperture similar to that of [30]. All the parameters,
such as focal length, 10 cm, diameter, 10 cm, and operating frequency, 20 GHz, are the
same with the key difference being the use of a slot pair instead of a single slot [30]. Using
the procedure outlined in Section 2, we have designed the aperture and simulated it using
CST using a low loss Rogers 5880 substrate. The efficiency of the designed aperture with
slot pairs as radiating elements, in comparison to the ones reported in [30], is listed in
Table 4. In the designs used for Table 4 the reflection coefficient (S11) has been kept below
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−10 dB by running a parametric sweep of the size of the annular gap [30]. The combined
efficiency reported in Table 4 is calculated by multiplying the antenna efficiency and the
focal efficiency. The antenna efficiency obtained from CST (referred to as total efficiency
in CST) simulations accounts for the impedance mismatch. The focal efficiency is defined
as the ratio of the power concentrated at the focal spot (an area of 2.25 × 2.25 cm2 is
considered) to the power at the entire focal plane.

Table 4. Simulated efficiencies (antenna, focal and combined), SLL and εr for different focused Apertures.

Uniform [30] Tapered [30] Uniform Uniform

(Single Slot) (Single Slot) (Slot Pair) (Slot Pair)

εr 3.0 3.0 3.0 2.2
ηAntenna (%) 77.1 54.2 84.5 87.6

η f ocal (%) 43.2 50.7 53.2 55.1
ηcombined (%) 33.3 27.5 44.9 48.3

SLL (dB) −6.77 −15.22 −12.70 −12.01

Examining Table 4 it is evident that the proposed design using slot pairs exhibits
much higher efficiency, while keeping the SLL low. While the tapered design of [30] also
has a low SLL, it has a fairly low combined efficiency in contrast to the design presented
here. This is due to the fact that the tapering in [30] was designed without taking into
account the polarization of the converging feed wave, and some radiating elements were
selected to have very low radiated power. By taking into account the converging feed
wave, we have designed the aperture amplitude profile that guarantees low sidelobe level,
while maintaining high overall antenna efficiency. In Table 4, we can also identify that the
improvement achieved in overall efficiency is accomplished by using slot pairs and a lower
loss substrate.

Among the substrates available to us, Rogers 5880 offers the lowest losses and since
low losses are crucial for our ultimate goal of focusing and transfer of power. If a substrate
which has a low loss and a high dielectric constant which is above 2.5, it would be still
be possible to design a focusing metasurface with low SLL. As a result, we redesigned
the aperture using a substrate that has lower losses, i.e., 1.524 mm thick Rogers 5880
substrate with εr = 2.2 and tan δ = 0.0009. The radiating slots are selected to be resonant
at 23 GHz, which for εr = 2.2, results in slots with length and width of 4.8 mm and 0.5 mm,
respectively. Using the procedure outlined in Section 2, this aperture was designed and
simulated using CST. The simulated combined efficiency for this design is also reported
in Table 4 where we can see that using a lower loss dielectric has further increased the
combined efficiency.

Next, we examine the simulated focal pattern, as shown in Figure 5a. A clear focal
spot with low SLLs is evident. This is consistent with our predictions from Table 3 that such
a slot pair satisfies our design condition for low SLLs (see (6)). It is also worth emphasizing
that, as shown in Figure 5a, the designed aperture forms the focal spot with the desired
polarization and the radiation into cross polarization is minimal.
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Figure 5. Normalized focal 2D and 1D patterns of the focused aperture at (0 cm, 0 cm, 10 cm).
Simulated (a) Co-Pol and (b) Cross Pol. Experimental (c) Co-Pol and (d) Cross Pol. (e) 1-D cross-
range plot of the simulated and measured normalized electric field intensity magnitude at the focal
plane for 10 cm aperture (bold) and 20 cm aperture (dash).
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3.3. Experimental Results

In this section, two different samples of the focused metasurface aperture are fabricated
and experimentally examined. To fabricate each sample, the designed hologram was
patterned onto the top layer of a double-sided copper-clad Roger 5880 substrate using a U3
LPKF laser milling system. The feed layer was also fabricated in a similar manner. The
two waveguides were stacked on top of each other and copper tape was used to realize the
cavity walls. The top, middle and the bottom layer of the sample with diameter 10 cm is
shown in Figure 6a–c and another sample with diameter 20 cm is shown in Figure 6d.

First, we examine the aperture with D = 10 cm. The measured reflection coefficient,
|S11|, of the focused aperture was below −10 dB at the operating frequency. The fields
generated at the focal plane are measured by performing a near-field scan of the aperture
at a distance of 5 cm. The near field scan data were then propagated to the focal plane
using a plane-to-plane propagator [62]. The experimental focal pattern computed in this
manner is reported in Figure 5c, in comparison to the simulated one in Figure 5a—the
two results exhibit close agreement. We have also measured the power radiated into the
cross polarization, as shown in Figure 5d. Evidently, the aperture focused the power into
the desired polarization. The slightly higher radiation into the cross polarization in the
experimental results can be attributed to fabrication tolerances.

In Figure 5e, 1-D cross-range plots of the simulated and experimental focal spots
are depicted. Excellent agreement between the two is observed, verifying the proposed
design and operation. To highlight the low SLLs, a dashed line marks the −10 dB level in
Figure 5e.

Figure 6. Experimental results: (a) Top layer (b) Middle layer (c) bottom layer of a focusing metasur-
face aperture with diameter of 10 cm (d) assembled fabricated focusing metasurface aperture with
diameter 20 cm.

Table 5 provides a comparison of the spot size values obtained from Gaussian op-
tics [13], CST, and experiments. In our calculation using Gaussian Optics, we used the outer
ring diameter as the aperture size (D). The 1/e2 points on the cross-range plot in Figure 5e
are used for the calculations of the experimental spot size. Clearly, the experimentally
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measured values closely resemble the simulated ones, as well as the predicted values from
Gaussian optics.

Table 5. Spot Size calculated using Gaussian optics formulation, CST simulations, and experiments.

Gaussian Optics CST Experiments

D = 10 cm 2.15 cm 2.2 cm 2.25 cm

D = 20 cm 1.21 cm 1.35 cm 1.45 cm

In most applications, there are harsh constraints on the size of the receiving aperture.
To realize a smaller focal spot while also demonstrating the generality of our proposed
design and operation, we have also designed a 20 cm aperture to generate a focal spot at
10 cm. The cross-range plot of the focal spot generated by this aperture is also shown in
Figure 5e (indicated by the dotted lines). We clearly see a smaller focal spot, while the SLL
has stayed below the−10 dB value. The focal spot examined in this paper is at a distance of
10 cm. Larger distances are desired in some applications. For such scenarios, we need to use
larger physical apertures or higher frequencies (larger electrical size). However, full-wave
simulations of such large structures with large focal distance may be prohibitively time
and memory consuming. The close agreement presented in Figure 5e demonstrates that
the proposed design procedure can be readily scaled.

4. Conclusions

This paper presented an efficient holographic metasurface to focus electromagnetic
field when operating in the K-band frequency range. The functionality of the proposed
aperture was verified with full-wave simulations and experiments. In this paper, carefully
designed slot pairs were used as the radiating element for the metasurface, resulting in
a considerable improvement in the combined efficiency of the aperture compared to the
previously proposed design [30]. A simple condition to reduce the SLL in the focal plane
was proposed and verified by CST simulations.

The radiating elements used in the current design have disadvantages in realizing
a dynamic aperture. The phase introduced by the slots is constrained to a narrow set of
values and hence the current design currently makes use of the phase associated with the
guided mode propagation. However, when a metamaterial is accounted in designing the
focused aperture along with the use of pin diodes makes the proposed architecture dynamic
which is required for indoor application of wireless power transfer, remote sensing.

It should be noted that the design process proposed assumes a theory where the
guided wave is unperturbed. However the entire focused aperture could be designed
using the coupled dipole models where the physics of the aperture can be designed with
higher precision. The physics include mutual interactions between the radiating elements
which have been shown to be crucial in correlation to the radiation patterns [55,56]. Such
rigorous models can be carefully considered in designing apertures with lower sidelobe
levels and higher antenna efficiency. The focused aperture can find application in the field
of wireless power transfer and remote sensing schemes.
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