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Abstract: In this paper, a rectifier integrated Luneburg lens is designed at K band for
wireless power transfer (WPT) applications. The lens consists of two metallic layers with
a gap of 0.3 mm between them and has been made by employing the glide symmetry
technique. A flare is tailored to match the outer impedance of the lens to the free space
impedance. Five microstrip tapers are used at intervals of 180 at the periphery of the lens
to collect the energy from it. The rectifying circuits are co-designed and are integrated with
these five tapered launchers so as to make the entire structure suitable for capturing the
transmitted power from the solar power satellite wirelessly, and to convert it to the equivalent
voltage. Finally, all the ports are connected with a common load for DC power combining,
and the overall performance of the lens integrated rectifier as an energy harvesting system
is reported in terms of its power conversion efficiency (PCE).

Index Terms: Electronics, glide symmetry, k-band, luneburg lens, rectenna, sensing,
wireless power transfer.

1. Introduction
Lenses are being used in various applications apart from optics such as acoustics [1], radars [2],
medical systems [3] etc. More recently the lenses are being explored for potential applications
for 5G communication systems [4]. Among the various classes of lens, Luneburg lenses are
being implemented for a variety of applications from microwave to optical frequencies [5]–[12]. By
selectively rotating the feed along the periphery of the lens a wider range can be scanned. Luneburg
lenses require materials that can provide a graded-index (GRIN) and can be implemented using
metamaterials or metasurfaces [13]. The refractive index η for a Luneburg lens decreases radially
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from the center to the outer surface according to equation (1) [14]

η = √
εr =

√
2 − (r/R)2 (1)

where r is the current radius and R is the radius of the lens. The refractive index variation can
be achieved by modulating the geometry of the lens. Very recently, higher symmetries like twist,
glide, or polar glide symmetry have been explored to design periodic structures such as Luneburg
Lenses [15]. When the Luneburg lenses are combined with these symmetries, they can produce
wide scan angles over wide band. Glide symmetry is more advantageous since the lenses designed
using it, can produce low frequency dispersion and higher equivalent refractive indices over a
wide band. Also, as the dependency of the structural parameters is less in glide symmetry, narrow
bandwidth problem can be overcome for fixed material properties [16]. Recently in order to avoid
the effects of dielectric losses at higher frequencies, all-metal parallel plate waveguide (PPW)
structures are being explored to make artificial dielectrics with high values of refractive index [17].

At high frequencies, when the lenses are designed using the dielectrics, the propagation of
electromagnetic waves along the surface of the dielectric substrate leads to high dielectric loss
and, in some cases, limited bandwidth due to the unsupported TEM waves [13]. To avoid these,
alternatively, metals are being considered as they are good conductors with large and imaginary
dielectric constant at microwave frequencies and can handle high power too. In [18], a full metal
flat ultrawideband Luneburg lens is proposed using two layers of glide symmetry.

In the recent past, wireless power transfer (WPT) and energy harvesting are widely studied to
remove the dependency on the use of chemical batteries, thereby going for eco-friendly technolo-
gies. The harvesting node of a WPT system consists of a receiver antenna connected to a rectifying
circuit, that is capable to convert the incident RF power to DC power. Several such systems have
been developed in the last decade in both commercial and ISM bands, particularly, in the sub-6 GHz
bands and above the K-band. A significant amount of research is being carried out to realize these
systems, known as rectennas where an antenna and a corresponding rectifying circuit have to be
co-designed in the same platform. Literature reports various works that paved way for the modern
implementations of Wireless power transfer rectennas [19], [20].

Multibeam and directive antennas are preferred when a wider range of areas need to be covered
as it becomes relatively difficult for a single antenna to cover multiple directions with high gain. In
such cases, the area to be covered is divided into various sectors, and the antennas are designed
with high directional gain to cover the sectors [21]. In [22] a driven dipole fed by an integrated
balun is used as the antenna with a truncated ground plane reflector. Five such antennas with
integrated rectifier circuits designed to operate at 2.45 GHz are used to cover 3600. A cylindrical
antenna array with five vertical antenna arrays operating at 2.4 GHz is designed in [23] with each
antenna port connected to the single series diode rectifier through a Butler Matrix. A hemispherical
multiband coupled-resonator monopole antenna is used in [24] to work at 900 MHz, 1.8 GHz, and
2.4 GHz. More recently, an integrated omnidirectional Vivaldi rectenna array is designed for sensor
nodes of the Internet of things [25]. But so far, metasurface inspired multi beam lens as shared
WPT medium has not been explored for harvesting the energy from the solar power transmission
wirelessly [26]–[28].

It can be inferred from the Frii’s transmission equation [29] that a higher aperture area of the
receiving antenna results in a higher power to be captured by the antenna, which contributes to
the increase in the WPT efficiency [30]. Hence it is desirable that the antennas designed for the
WPT applications at higher frequencies have a larger area of the aperture and hence the directivity.
Luneburg lenses being directive in nature can become a good alternative for the WPT application
as they meet the all design requirements.

Various topologies of the rectifier circuits have been studied widely in the literature like single
series, single shunt, voltage doubler, Grienacher rectifier, etc. [31]. Single series topology is the
simplest among all of them as only one diode is required for designing the rectifier circuit. Since
operating frequency of the design is 24 GHz, it is usually convenient to keep the number of external
lumped components as low as possible due to the possible effects of fabrication tolerances on the
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final circuit performance. At this frequency, very few works [32]–[38] have been explored for WPT.
Most recently, [39] proposed a flexible mm-wave rotman lens on a Liquid Crystal Polymer (LCP)
substrate for WPT at 28 GHz. The rotman lens architecture presented, is electrically large and
covers a wide area of space to harvest energy for a 5 G wireless power grid for IoT devices.

In this work, a rectifier integrated multibeam 2D graded refractive index (GRIN) Luneburg lens
as a WPT medium with DC Combining feature is implemented and investigated numerically to
operate at 24 GHz. A single series diode mounted compact feed is co-designed with it at the same
frequency. The novelty of the manuscript is twofold. Firstly, the lens consists of all metallic structures
which reduces the dielectric loss. For such high frequencies, using dielectrics in design might result
in dielectric breakdown. Another noteworthy point is that the proposed structure is having low loss,
low cost and can be deployed anywhere as the metal is robust and provides mechanical strength.

Secondly, the diode mounted compact planar feeding arrangement allows seamless integration
with the lens. The rectifier integrated feed connected at the one end of the aperture helps to
combine the voltage available at each port. The same artificial dielectric metasurface can act as a
shared radiating medium or an aperture, which can collect the power from different directions at the
same time. To the best of authors’ knowledge, till now very few works used dispersive metasurface
as 5 G wireless power grid. In addition, at a time 5 ports can share the radiating medium without
increasing the overall footprint of the antenna.

The manuscript is organized as follows. The details of the Luneburg lens are presented in Section
2 together with the unit cell analysis and the lens synthesizing. Section 3 reports the rectifier design,
its integration with lens and its final performance. Finally the conclusion is drawn in Section 4.

2. Luneburg Lens Design
The Luneburg lens is synthesized in the following sequence. In the first step, the refractive indices
are characterized. In the next step, these unit cells are arranged in the form of a GRIN metasurface
to realize the entire lens. In the subsequent stage, a suitable flare and rectifier integrated tapered
microstrip feeding structure are designed to excite the lens and the performance of the overall
structure is tested.

2.1 Unit Cell Design and Analysis

The proposed periodic structure is shown in Fig. 1(a) and (b). The bottom layer of unit cell
represented in Fig. 1(a) consists four diagonal extrusions from the four corners of the square
unit cell. The variation of the extruded length reduces the phase velocity impacting the effective
refractive index of the overall unit cell. This impact can be studied by carrying out the electro-
magnetic simulations. The periodic boundary condition is applied to the unit cell along the plane
tangential to it and it is imposed with an appropriate phase shift on opposite sides of the unit cell
corresponding to the propagation constant, β, under investigation. The eigen mode analysis is
used to plot the relation between frequency and the propagation constants for Mode 1 and the
effective refractive index is extracted. In [17], [40], to change the refractive index, only the height
of the unit cell is varied. In the present work, the length of the diagonal extrusions (s) is varied
to get the refractive index up to 1.2, and in order to further lower the refractive index, the height
of the unit cell (h) is varied while fixing the diagonal corrugation at a fixed value. So, a hybrid
unit cell strategy is employed in the present study to cover the full range of Luneburg refractive
index profile (1.0 to 1.4). The top layer of the unit cell is obtained by applying the glide symmetry
((x, y, z) → (x + p/2, y + p/2, z)) on the bottom layer. The gap between the two parallel plates of
the lens is g = 0.3 mm. The over-all height of the unit cell is limited by the excitation of the higher
order PPW (Parallel Plate Waveguide) modes and should be selected less than λ/2 where λ is
the free space wavelength at the highest operating frequency. Once the height is selected, we
commence by defining the period (p) of the unit cell. Lower value of p is recommended since it
can give closer approximation to an artificial dielectric. But at the same time it increases ohmic
losses and increases the demand on manufacturing tolerances. The dimensions used to shape the
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Fig. 1. Geometry of Unit Cell (a) Bottom Layer (b) Top and Bottom Layers; E-field distribution on the
unit cell for (c) s = 1.85 mm; h = 2.2 mm (d) s = 0.7 mm; h = 0.5 mm.

TABLE I

Refractive Indices and the Corresponding Dimensions of the Final Unit Cells

Fig. 2. Eigen Mode Analysis: Variation of (a) effective refractive index (b) mode 1 generated with various
unit cell configurations used in the lens design.

various refractive index profiles are shown in Table I. The impact of the diagonal extrusions and
the height of the pins on the cross-section of the lens on the refractive indices can be noticed from
Fig. 1(c) and (d) along with the Mode graph which is used to calculate the refractive indices.

From Fig. 2(a) and (b) it can be seen that at the absence of the large corrugations and with
smaller depth of the unit cell (h = 0.5 mm) the phase velocity does not reduce much and it coincides
almost with the uniform PPW mode. On the contrary, with the large corrugations and large depth
of the unit cell (h = 2.2 mm) a relatively high dispersion is observed as compared to the previous
cases and the extracted refractive value reaches to 1.4 from 1.05. It is noted that another degree
of freedom (DOF), the gap between the two layer (g) does not have much impact on the dispersion.
The unit cell for the present study is isotropic in nature and hence its electromagnetic interaction
with respect to different direction remains unchanged. Therefore for glide symmetry unit cell design,
it is sufficient to investigate the dispersion diagram along the X- direction. The equation showing
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Fig. 3. Transient Analysis: Variation of (a) Permittivity (b) Permeability with the various unit cell
configurations used in the lens design (c) Effective refractive index variation with frequency.

the propagation of wave mode in an infinite plane in X-direction is given as [41]

−→
E (x, y, z) =

∞∑
n=−∞

−→
En (y, z) · e− j

−→
βn ·−→x · e jωt (2)

where βn(ω) = β(ω) + n, β is the phase constant, p is the periodicity of the unit cell. The relation
between β and ω is given in the dispersion diagram plot, obtained by eigenmode analysis. For the
present case, the variation is given in Fig. 2(b) for various parametric variations.

Fig. 1(c) further verifies the impact of the diagonal extrusions on both the top and the bottom
layer in terms of its transverse electric field distribution. When the depth of the unit cell and the
diagonal extrusions are large, strong concentration of E field is observed at the transverse plane
causing high value of permittivity and refractive index. Reverse trend is observed when the depth
and the extrusions are small as shown in Fig. 1(d).

To gain a better understanding about the constitutive parameters corresponding to the excited
PPW mode of the lens, the method explained in [42] is employed. The results of which are reported
in terms of the permittivity, permeability, and the effective refractive index. The same dimensions
of the unit cells studied with the eigen mode analysis are used and are plotted in Fig. 3. From
the figure, it can be noted that, when the length (s) of diagonal extrusion is increased with a fixed
height, the extracted permittivity decreases but the extracted permeability increases as shown in
Fig. 3(a) and (b). The extruded diagonal corrugation gives the surface current in the wall of the unit
cell a longer path to traverse which reduces the electrical response (permittivity) of the unit cell
and induces a magnetic property (permeability) into it. In the same figure, it can be seen that when
s is fixed, and the height is varied, a negligible variation is observed in the extracted permittivity,
and only the permeability changes. An interesting observation here is that the permeability tends
to decrease, as seen from Fig. 3(b), when the height alone is increased as compared to the
increased permeability when only the diagonal corrugations are changed with fixed height. The
effective refractive indices obtained from these analysis match with the ones previously calculated
from the eigenmode analysis.

2.2 Feeding Geometry and Flare Design

A suitably designed feeding network is necessary to feed the Luneburg lens or to collect the energy
from the antenna. To connect the feed, a sectoral arc like portion has been removed from the lens
as depicted in the Fig. 6(d). The arc is removed from the best focal point region of the lens so as
to make the radiation directive in nature. Too bigger arc can cause degradation in the radiation and
too smaller one will defeat the purpose. To ensure the proper working of the feed, shown in Fig. 4(a)
it is first tested with the absence of the lens and in a metallic parallel plate mode configuration as
shown in Fig. 4(c). The feed is placed in the gap g at the selected point for the proper excitation
of the PPW mode. The feed is designed on an RT Duroid substrate of thickness 0.254 mm to

Vol. 13, No. 3, June 2021 5500314



IEEE Photonics Journal Rectifier Integrated Multibeam Luneburg Lens

Fig. 4. (a) Feed geometry (b) Flare geometry (c) Parallel plate with flare and feed (d) S11 of the structure
(e) E-field distribution of the structure at 24 GHz.

Fig. 5. Refractive index profile of the lens in a quadrant (a) 2D variation (b) Equivalent dielectric
realization of lens: r1= 13 mm, r2=27 mm, r3=37 mm, r4=42 mm, r5= 50 mm, r6=59 mm (c) Simulated
electric field distribution of the equivalent lens at 24 GHz (d) Discretized lens construction.

Fig. 6. Realized Antenna (a) Bottom Layer (b) Exploded view of the lens (c) A section of the unit cells
(d) Top view of the Lens.
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TABLE II

Lens Design Parameters

fit inside the air gap between the top and bottom layers of the lens. The feed consists of a 50 �

transmission line, where the input SMA connector is connected, followed by a tapered transmission
line connected to the parallel plate.

To minimize the elevated reflections from the edge of the PPW due to its abrupt ending, it is
matched to that of free space using an exponential flare, and this flare provides a better transition
to free space in terms of the impedance matching. The symmetrical exponential flare shown in
Fig. 4(b) and inset of Fig. 4(d) consists of a taper of the parallel-plates whose shape exponentially
increases. The symmetry axis for the flares is the z-axis, and the y = g/2 is the symmetry plane.
g is the thickness of the air gap of the lens. The equation for constructing the upper flare for x ≥ 0
and z ≥ 0 is [43]

z(x ) =
{

g if 0 ≤ x ≤ R,

g + u′(e( x−R−v
w

) − e( v
w

)) if R ≤ x ≤ R + v,
(3)

where u′ = u(1 − e(−v/w) ) and u, v and w are the geometrical parameters of the flare. These
parameters are optimized for use in the required frequency range to u=6 mm, v=24 mm, and
w=5 mm. It can be seen from the Fig. 4(d)-4(e) that with the absence of the lens the matched PPW
with the designed compact feed can produce good impedance matching along with the spherical
electric field distribution.

2.3 Synthesizing the Lens

The feeding and the flare studied above are now integrated with the structure of the lens designed
to realize the over-all antenna structure. Some literature reported Horn antennas [40] and tapered
waveguide [41] as a feed for the lens. However, feeding with tapered waveguide and horn antennas
would require additional and complex waveguide to microstrip transition to integrate the rectifier at
the back-end, which would reduce the design flexibility, compactness and add more demanding
manufacturing tolerances as far as WPT application is concerned. The ports for the compact feed
make an angle of 180 at the center of the lens. The angle of the feed is selected optimally so that
the coupling between the feeding arrangements are less and pattern does not degrade. To design
the lens, first the 2D Luneburg refractive index profile is generated as shown in Fig. 5(a). Following
this, an equivalent dielectric lens is realized from the extracted material properties from Fig. 3, to
obtain the required refractive index and the corresponding dimensions in terms of radius, shown in
Fig. 5(b). The simulated E-field at 24 GHz for the equivalent dielectric lens is plotted in Fig. 5(c),
which depicts the transformation of spherical wavefront to a planar wavefront. In the next step, the
lens is constructed from the unit cell by discretizing the generated RI profile for a single quadrant
similar to the procedure shown in [40]. The periodicity p of the unit cell is 3.5 mm and the diameter
of the lens D is 118 mm. Therefore, after discretization there are approximately D/2p = 17 cells
obtained that are placed along the X and Y axis periodically according to refractive index profiles
calculated from Fig. 2 and from the dimensions obtained in Fig. 5(b). The area of the quadrant
is calculated to be R2 where R = D/2. Then, the lens from the quadrant is expanded using the
mirror and circular symmetries to construct the final structure as depicted by the exploded view in
Fig. 6(b). The overall deign parameters of the antenna are sumarized in Table II. After designing
the lens, it is simulated in a High-Performance Computing (HPC) environment. From Fig. 7(a), it
can be observed that port 1 has a −10 dB impedance bandwidth from 20.5 GHz to 24.5 GHz,
covering a band of 4 GHz. Similarly, ports 2 and 4 cover 21.5 GHz to 24.5 GHz, and ports 3 and
5 are consistently below -10 dB for the entire range of interest. The possible cross-talk between
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Fig. 7. Antenna results (a) S11 vs Frequency (b) Cross talk between any two ports.

Fig. 8. Electric fields and 2D radiation plots at 24 GHz (a) Port 1 (b) Port 2 (c) Port 3 (d) Port 4 (e) Port
5; (f) Normalized patterns for E plane and H plane.

any two ports is illustrated in Fig. 7(b), and it can be inferred that the cross-talk between any two
ports is less than -15 dB for all the possible cases which suits the application. The electric field
distribution of the ports with corresponding 2D radiation patterns are shown in Fig. 8(a)–(e) which
justifies its directive and beam scanning behaviour. The normalized radiation patterns in both the
principle planes (E and H planes) are also shown in Fig. 8, which shows the scanning capability
and the fan beam property of the lens in the E plane and H Plane, respectively. The radiation
efficiency of the lens is observed above 80% for each of the excitation’s. The simulated directivity
over the impedance bandwidth is observed to be in the range from 15 dB (min) to 17.2 dB (max)
for the designed lens.
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TABLE III

Antenna Designs for K-Band Rectennas at 24 GHz

The performance of the proposed lens is further compared with some of the other reported
antennas designed for rectenna application at K-band in Tab. III. It can be seen that the designed
Luneburg lens has a better gain and is capable of receiving multibeam signals as compared to the
other reported antennas.

3. Rectenna Design
3.1 Rectifier Configuration and Performance

The main components of a rectenna are the antenna and the rectifying circuit. The rectifying circuit
consists of a bandpass filter that acts as an impedance matching network to match the impedance
of the antenna to the circuit, a non-linear device, usually, a Schottky diode to rectify the received
input power, and a low pass filter (LPF) to filter out the higher-order harmonics generated due
to the rectifying diode. The Gallium Arsenide (GaAs) Schottky diodes are preferred over Silicon
(Si) schottky diodes for the frequencies above 20 GHz as the junction cutoff frequencies of Si-
based diodes, which is around 20 GHz, are further reduced due to the packaging parasitics above
20 GHz. For GaAs diodes, the typical cutoff frequency is above 100 GHz; thus, variation in the
cutoff frequency does not have an impact when the diode is used at 24 GHz [30]. For the present
application, the Schottky diode selected is MA4E-1317 by MACOM. The package parasitics for the
diode are taken from the validated model in [46] for simulation. The efficiency of the rectifier is given
by the equation

ηPCE = PDC

Pin
= V 2

DC/RL

Pin
(4)

where PDC is the output DC power, Pin is the power at the input of the rectifier, VDC is the output DC
voltage and RL is the load resistance connected at the end of rectifier.

The rectifier circuit is designed and simulated in Keysight ADS on a low loss, 0.254 mm thick
Rogers RT Duroid 5880 substrate (εr=2.2, tanδ = 0.0009). Following the antenna’s design, for
the five ports at different angles, five rectifiers have to be designed. The significant difference
among these rectifiers is the design of the impedance matching network as the input impedance
of the ports connected with the lens vary. For five ports, ideally, five rectifiers have to be designed.
However, since ports 2,4 and ports 3,5 are symmetric, their S-parameters are symmetric as well;
it is sufficient to design three different matching networks to match the impedance of the rectifier
circuit to that of the respective antenna ports.

The rectifier is designed in following steps. At first, the single series rectifier topology is finalized.
Although multistage topologies like voltage doubler give a higher DC voltage, the number of via
holes required to be drilled on the substrate increases. This causes a significant impact on the
circuit performance at higher frequencies. Also, the substrate thickness being around 0.254 mm,
drilling via holes and soldering too many components could also have an impact in the form of
uneven substrate thickness across the rectifier circuit. This may lead to deviation from the desired
circuit performance. A major advantage of the proposed design is the reduced dependency of
the lumped components in the design of single series topology. The complete network, including
the matching network, is made with distributed realization to remove the challenges due to the
presence of lumped elements such as low self resonant frequency, low quality factor, soldering
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Fig. 9. (a) Realization of rectenna for DC power combining integrated with the feed ports (only a portion
of metasurface lens with feed is shown). (b) Diode model including parasitics [46] (c) EM circuit co-
simulation layout.

Fig. 10. At 24 GHz (a) Power and the corresponding load calculations for highest possible PCE (b)
Load and the corresponding power calculations for highest possible PCE (c) Variation of reflection
coefficients for the ports after adding the impedance matching network (d) Variation of reflection
coefficients with input power for all the ports.

effects etc. In addition, the chosen diode MA4E1317 does not use any external bias for its
operation, further reducing the network complexity. The low pass filter (LPF), required to suppress
the higher order harmonic,s has been designed using two radial stubs and a butterfly-shaped
stub. The stubs’ dimensions along with transmission lines connecting them are tuned to obtain the
required filter response at the selected frequency. In the next step, the diode, including parasitics
and a load, is connected to the respective ends of the designed LPF. The diode’s input port is
connected to a frequency domain power source, acting as a substitute to the antenna. The load
resistance also impacts the RF-DC efficiency (ηPCE) and has to be chosen carefully. The final step is
to design an appropriate matching network to each of the ports. For this, the impedance is obtained
at the rectifier’s input by converting the input reflection coefficient into equivalent Z-parameters. The
overall integration of the lens in Fig. 6 with the rectifier ports is shown in Fig. 9(a) . The equivalent
spice model of the diode including the parasitics is shown in Fig. 9(b). The EM circuit co-simulation
layout is shown in 9(c).

3.2 Rectenna Performance

The antenna’s S-parameters are converted into Z-parameters and are then imported into ADS
using a Data Access Component (DAC). These Z parameters are then associated with the input
impedance of the frequency domain power source to perform the CST-ADS co-simulation [47]
as seen from Fig. 9(c). Further, the parametric analysis is carried out to determine the most
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TABLE IV

Matching Network Dimensions (In MM)

Fig. 11. At 24 GHz, the comparison of PCE and DC voltage with respect to input power for (a) Port 1
(b) Port 2 and Port 4 (c) Port 3 and Port 5.

Fig. 12. Graph showing the PCE as well as output DC voltage with varying input power.

appropriate load resistance for the current scenario, and it is found from Fig. 10(a) and (b) that
approximately at an input power of 10 dBm the higher PCE is possible when the load impedance ZL

is approximately 1600 �. These values are now fixed while designing the corresponding matching
networks to the lens’s individual ports to integrate with the rectifying circuits. The matching network
is designed using a simple open stub technique. The overall matching response of the rectenna
with respect to frequency and the input power is shown in Fig. 10(c) and (d), respectively. The
dimensions of the matching network are presented for the individual ports in Tab. IV. The power
conversion efficiencies and the output DC voltages for all the ports after adding the matching
network are presented in Fig. 11 . It can be inferred that port 1 gives a maximum PCE of 64%
with an output voltage of 3.4 V at 10 dBm. The ports 2, 4 produce a peak PCE of 66% with 3.5 V,
while ports 3,5 give PCE of 69% at 10 dBm with an output DC voltage around 3.4 V. So overall for
all the individual ports a reasonably good PCE is observed.

3.3 DC Power Combining

The parallel additive DC power combining concept is previously explored in the literature in [48],
[49]. The concept is implemented by connecting the output nodes of the individual rectifiers in
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TABLE V

Comparison With Published Rectennas At 24 GHz

parallel and then connecting them to a common load Zeq=ZL/5=320 �. This load and the rectenna
share a common DC ground plane. By connecting in such a way, the currents get added up and
contribute to increasing the overall average DC power of the rectifier. The voltage, however, remains
equal to that of the voltages generated at the terminals of the individual ports. It can be inferred
from Fig. 12 that an overall power conversion efficiency of 63% is obtained at an input power of
9.5 dBm at 24 GHz when the rectenna ports are connected in parallel. The performance of the
designed rectenna is compared with the state of the art in Tab. V.

4. Conclusion
In this paper, a rectenna is proposed for K-band, using a 2D GRIN Luneburg lens with an all-metal
structure. The lens is constructed using two Glide-Symmetric Metasurface layers with a small gap
in between. Five tapered waveguide feedings are used to power the lens for multiple directions.
The peak gain of the lens is 17.2 dB (52 in linear scale) at port 1 and the gain of the other ports
remain between 14 dB and 16 dB. The entire lens is then analyzed for wireless power transfer
application in the K-band at 24 GHz in the context of DC power combining concept. The designed
rectifying circuit gives a power conversion efficiency (PCE) of 63% at an input power of 9.5 dBm.
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