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Abstract—Borrowing the idea of the graded-index (GRIN) fiber,
we propose an all-dielectric porous structure with a unique surface
focusing feature to improve the performance of the rectenna for
millimeter-wave (mm-Wave) wireless power transfer (WPT) appli-
cations in this letter. The on- and off-axis focusing properties of the
proposed structure are analyzed by the full-wave electromagnetic
simulation. Moreover, benefitting from the low-cost 3-D printing
technique, the designed GRIN structure prototype with different
pore densities of the polylactic acid material is fabricated. The
near-field phase transform experiment at 28 GHz was carried out
to verify the excellent focusing performance of the fabricated struc-
ture prototype. Besides, the characteristics of multifocal spots on
the surface of the proposed structure are further confirmed by the
mm-Wave WPT experiments with a GaAs monolithic microwave
integrated circuit rectenna using a 0.5 pm enhancement-mode
pseudomorphic-HEMT gated anode diode, which reveals the great
potential of the proposed structure for improving the applicability
of the rectenna array in practical mm-Wave WPT applications by
reducing its sensitivity to an incident angle of the transmitted beam.

Index Terms—Additive manufacturing, double voltage rectifier,
millimeter-wave, wireless power transfer.

1. INTRODUCTION

ITH the explosive growth of Internet-of-Things (IoT)
devices supported by the millimeter-wave (mm-Wave)
technology beyond 5G and 6G networks, there is a growing need
for wireless power transfer (WPT) techniques to provide a con-
venient solution to power and recharge these devices. Compared
to the traditional WPT systems [1], [2], [3], [4] operating at 2.45
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and 5.8 GHz, mm-Wave WPT systems offer some advantages
such as ultrahigh-speed communications while charging [5], [6]
and a higher end-to-end wireless energy transfer efficiency at
mm-Wave bands.

But, as one of the most important components in the mmWave
WPT system, the performance of the rectenna is easily affected
by the variation of the load resistance and the input power level,
which still limits the overall performance of the mm-Wave WPT
system [7] at present. Various impedance-matching network
topologies [8], [9], [10] can be developed to maintain stable
efficiency within a certain load range. However, due to the
divergence characteristic of the transmitted radiation beam in
the free space, higher spillover loss occurs [11] for long-range
transmission. It means the RF power of the transmitted radiation
beam captured by the rectenna is very low and varies with
locations in practical long-range WPT applications. Besides, the
misalignment between the transmitting antenna and receiving
rectenna also further reduces the performance of the rectenna.
Several focusing components, such as homogenous lens [12] and
metasurface [13], [14], have been proposed to solve these prob-
lems by concentrating divergent transmitted beams to enhance
the incident RF power at the rectenna. Although metasurface has
the advantages of being lightweight and low profile compared
to dielectric lenses, the focusing principles behind these two
methods are the same and based on the concepts of optical lenses.
By manipulating the wavefront on the antenna aperture, both of
these can achieve the superposition of the field in phase at the
focal point. It also means additional space is required to place
the rectenna in these two methods, which can result in larger
device sizes and less system integration. As a special type of
optical lens, the graded-index (GRIN) lens represented by the
Luneburg lens has a nonuniform and special refractive index
profile, resulting in unique focusing properties. The Luneburg
lens can focus the transmitted beam from all directions equally
well on its surface. However, the spherical shape feature of the
Luneburg lens [15] brings difficulties in integrating the planar
array rectenna on its surface. An additional and complex trans-
formation optics (TO) method is required to flatten its spherical
shape.

Inspired by the autofocusing GRIN fiber as shown in Fig. 1,
a surface-focusing dielectric structure at 28 GHz is proposed
for solving these problems in this letter. The period of the
rays inside the fiber is defined as pitch (P). Surface-focusing
features can be obtained by selecting P = 0.25 according to
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Fig. 1. Characteristic of autofocusing GRIN optical fiber. P = 0.25: surface
focusing.
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Fig. 2. (a) Discretization of a 1-D continuous permittivity profile of the

proposed surface focusing structure. (b) 2-D discrete permittivity distribution of
the proposed structure: 71 = 4mm, r9 = 8mm, ro = 12mm, 74 = 16 mm,
r5 = 20mm, rg = 24 mm, and r7 = 28 mm.

the principle of light reversibility. Unlike the Luneburg lens,
the proposed structure has a flat shape with a unique surface
focusing feature, which does not require complex approaches,
such as TO [16], [17], to flatten its original shape. Moreover,
compared with ahomogenous lens and a metasurface, the planar
rectenna array can be also easily integrated on the surface of the
proposed structure to shrink the space of the entire received
system, and each rectenna in the array would receive highly
concentrated RF power from a specific direction. Besides, unlike
the conventional rectifier circuit design based on GaAs Schottky
barrier diodes (SBDs), the 0.5 um GaAs enhancement-mode
pseudomorphic-HEMT (E-pHEMT) gated anode diode (GAD)
is utilized for achieving high-power rectification. In order to
simplify the rectifier circuit design, the impedance-matching
circuit is removed by directly conjugate matching the impedance
of the patch antenna with the rectifier.

II. DESIGN OF SURFACE FOCUSING POROUS STRUCTURE

A. Porous Structure Realization Using 3-D Printing

The transverse permittivity profile (hyperbolic cosine) of the
surface focusing structure as shown in Fig. 2(a) is defined by the
following equation [18]:

(y) =

€0
cosh? (ay) %

where ¢ is the central permittivity. v = 27 P/w is the gradient
parameter. wis the width of the designed focusing structure. P
is the pitch.
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Fig.3. Design procedure of the proposed surface focusing structure at 28 GHz.
(a) Seven hollow cylinders model preparation. (b) 3-D slicing. (c) 3-D printing
process. (d) Fabricated prototype.

Here, the desired permittivity profile of the proposed surface-
focusing structure can be easily achieved by using porous layers
with different infill ratios. The pitch (P), aperture diameter (D),
and width (w) of the proposed structure are 0.25, 56 mm, and
52 mm, respectively. The 1-D continuous permittivity profile
of the proposed structure needs to be first discretized into seven
discrete points with the corresponding permittivity of 1.55, 1.84,
2.13,2.38, 2.59, 2.73, and 2.7, as shown in Fig. 2(a). The 2-D
discrete permittivity distribution with a uniform spacing of 4 mm
is illustrated in Fig. 2(b). The different colors represent the cor-
responding discrete values of permittivity. Then, by controlling
the infill ratios (v) of 3-D printing dielectric materials, the values
of equivalent permittivity (e.¢) for different discrete layers can
be obtained by [18]

eff = 1 +v(Em — 1) 2

where €, is the relative permittivity of the polylactic acid (PLA)
plastic material ( €,,, =~ 2.8, tand =~ 0.019).

Fig. 3 illustrates the specific design procedure of the proposed
surface focusing structure at 28 GHz. First, the open-source
Ultimaker Cura 3-D slicing software is utilized to combine seven
hollow cylinders with different radii into one model and form
a 3-D slicing model with different ratios (from layer No. 1 to
7:99.3%, 96%, 88.3%, 76.8%, 62.6%, 46.7%, and 30.3%) for
each hollow cylinder, as shown in Fig. 3(a) and (b). The setting of
layer height is 0.06 mm, and the print time is about 10 h. Fig. 3(c)
and (d) shows the fabricated prototype of the proposed structure
operating at 28 GHz with an aperture diameter of 56 mm and a
length of 52 mm.

B. Surface Focusing Analysis

Because the geometrical optics is the asymptotic solution
of Maxwell’s equations, the focusing performance of the pro-
posed structure is verified by using full-wave simulation in
CST Microwave Studio instead of the ray-tracing method [20]
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Fig. 4. Surface focusing analysis based on full-wave simulation for different
incidence angles of (a) 0°. (b) 15°. (c) 30°. (d) —15°. (e) —30°.
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Fig.5. Schematic view of measurement setups for a near-field phase transform
experiment at 28 GHz.

in our case. The simulation model for the proposed focusing
structure at 28 GHz consists of seven concentric dielectric
cylinders with permittivity of 1.55, 1.84, 2.13, 2.38, 2.59, 2.73,
and 2.79, respectively. The plane wave excitation with different
incident angles is set. Considering that the proposed structure
is symmetry around the center axis, Fig. 4(a)—(e) only gives
five examples of the simulated 2-D electric field distribution
inside the proposed structure at 28 GHz with different incident
angles of 0°, +£15°, and +30° for the sake of brevity. After
propagating through the proposed structure, the plane waves
can be well concentrated into a focusing spot on the surface of
the proposed structure (z = 52 mm). Besides, other phenomena
such as interface reflection at plane of z = 0 mm can also be well
observed. Overall, the simulated results indicate that proposed
structure design at 28 GHz can be a good phase transformer
to convert plane waves with different incident angles into the
different focusing spots on the surface of the proposed structure.

C. Near-Field Phase Transform Experimental Verification

Fig. 5 shows measurement setups of the near-field phase
transform experiment for validating the surface-focusing char-
acteristic of the proposed structure. A plano-convex hyperbolic
dielectric lens [21] with a WR-34 standard horn antenna feeding
source is utilized to generate an approximate plane wave in
the near field. The waveguide probe is fixed on the mechan-
ical scanner and can be moved along horizontal and vertical
directions step by step to obtain the E-field at the rear surface
of the proposed structure. In our case, to shorten the test time,
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Fig. 6. Measured normalized 2-D electric field distribution at the rear surface
of the proposed focusing structure at 28GHz with different incident angles of a
generated approximate plane wave. Note that the white dotted circle represents
the actual physical aperture (56 mm) of the proposed focusing structure.

the size of the entire scanning area is 80 mm x 80 mm, and
the distance of each movement for the 2-D linear guide rail is
set to 2 mm. Besides, the plano-convex hyperbolic lens and horn
antenna are rotated simultaneously around the y-axis to generate
the plane wave with different incident angles. When the lens
and horn antenna simultaneously rotate counterclockwise, the
focusing spot starts from the initial position x = 0 and moves
along the positive half of the x-axis, as shown in Fig. 6(a)—(c).
Likewise, the clockwise rotation of the lens and horn antenna
produces a focusing spot that moves along the negative half of
the x-axis, as shown in Fig. 6(e) and (f). This indirectly indicates
the proposed structure can converge electromagnetic waves from
a long distance with different incident directions in free space.

III. WIRELESS POWER TRANSFER EXPERIMENT

To further demonstrate that the surface-focusing feature of
the proposed structure can improve the performance of the
rectenna, we conducted a wireless power transfer experiment
with a GaAs monolithic microwave integrated circuit (MMIC)
rectenna at 28 GHz. Fig. 7 illustrates measurement setups of
the wireless power transfer experiment. The RF signal gen-
erator (Keysight N5173B) can generate CW signals up to 40
GHz. The generated RF signals are increased by an RF power
amplifier (AMP6034-40, Exodus Advanced Communications)
to provide RF input signals with different powers. Here, the
WR-34 standard horn antenna and lens are combined to form
a transmitting antenna. The fabricated GaAs MMIC rectenna
prototype [22] at 28 GHz is deployed on the dielectric substrate
with a relative permittivity of 3.6, a loss tangent of 0.0015,
and a thickness of 0.625 mm. It consists of two main parts:
1) double voltage rectifier and 2) inductive patch antenna with
high impedance. Both parts are integrated on the GaAs chip
with a size of 1.8 mm x 1.8 mm x 0.1 mm. In order to achieve
high-power and high-efficiency rectification, unlike the rectifier
circuit design based on conventional GaAs SBDs in previous
studies, the 0.5 pm GaAs E-pHEMT GAD [22], [23] is applied
in the rectifier circuit. Besides, there are no impedance-matching
circuits between the radiated patch antenna and the rectifier
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Fig. 7. Photograph of the measurement setups of the wireless power transfer
experiment with a GaAs MMIC rectenna at 28 GHz.
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Fig. 8. (a) Measured dc output voltage for different input powers with and

without the proposed structure. (b) Measured dc output voltage for different
positions on the x-axis with the proposed structure under different input powers.

circuit to simplify the design. The patch antenna impedance
is directly conjugate-matched with the rectifier. The calculated
maximum rectification efficiency for the rectifier circuit is 55%
with an input power of 27.9 dBm for a 3.0 k2 load. Note
that the purple arrow represents the polarization direction of
the rectenna. The proposed GaAs MMIC rectenna is fixed on
a high-precision linear motor (ALZ-4011-GOM, CHUO Preci-
sion Industrial) and can be moved back and forth along the x-axis
from z = —7.5mmto x = 7.5 mm. The dc output voltage from
the rectifier circuit is measured by a digital multimeter.

Fig. 8(a) shows the measured dc output voltage under different
input powers for the horn antenna from 22.8 dBm to 37.1 dBm
with and without the proposed structure. In both cases, the dc
output voltage increases with the input power. However, owing
to the focusing feature of the proposed structure, the received
power density of the rectenna is increased, which significantly
further increases the dc output voltage. For example, when the
input power and the resistive load is 37.1 dBm and 3.0 kf2,
the dc output voltage is 6.76 V with the proposed structure,
which is about 13 times that of the case (502 mV) without the
proposed structure. Besides, to verify the focusing performance
of the proposed structure, the rectenna is moved along the x-axis
from z = —7.5mmto z = 7.5mm by controlling the linear
motor. The measured dc output voltage for different positions
on the x-axis with different input powers is given in Fig. 8(b).
Obviously, the dc output voltage has only one peak along the
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Fig. 9. (a) Photograph of measurement setups of the WPT experiment with
dual transmitters at 28 GHz. (b) Measured dc output voltage for different
positions on the x-axis under different input powers.

x-axis. It also demonstrates that the focusing performance is
well obtained owing to the good phase transformation function
of the proposed structure. Besides, as mentioned in Section II,
the position of the focal spot changes with the incident angles of
the transmitted beam. To verify the characteristics of multifocal
spots of the proposed structure, two same transmitters with
different orientations are used in the WPT experiment, as shown
in Fig. 9(a). The two-way power divider is utilized to connect
these two transmitters. Two transmitted beams generated by two
transmitters have different incident angles. After propagating
through the proposed structure, these two beams are focused,
and formed into two separate focal spots on the surface of the
proposed structure, respectively. Fig. 9(b) shows the measured
dc output voltage for different positions on the x-axis with
different RF input powers. As expected, there are two separate
peaks in the dc output voltage curves as the rectenna moves
along the x-axis. Two focusing spots generated by the proposed
structure greatly increase the input power density level for the
rectenna, which leads to the formation of two peaks of the output
dc voltage. This proves the possibility for a rectenna array to
reduce sensitivity to an incident angle of the radiated beam by
using the proposed structure.

IV. CONCLUSION

An all-dielectric porous structure with a unique surface fo-
cusing at 28 GHz was proposed and fabricated to improve the
performance of the rectenna for mm-Wave WPT applications
in this letter. The near-field phase transform experiment was
carried out to demonstrate the excellent phase transformation
function of the proposed structure with different incident angles
of the generated plane wave at 28 GHz. Besides, in the mm-Wave
WPT experiment, a GaAs MMIC rectenna using (E-pHEMT)
GAD at 28 GHz is utilized. The measurement results indicate
the transmitted RF beam can be well focused on the surface
of the rectenna and the dc output voltage can be significantly
increased. Most importantly, the characteristics of multifocal
spots of the proposed structure can be achieved.
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