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A Dual-Band Dual-Sense Circularly Polarized
Rectenna for Millimeter-Wave Power Transmission
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Abstract—This paper puts forth a novel dual-band dual-sense
(DBDS) circularly polarized (CP) rectenna operating at 24 GHz
and 28 GHz for millimeter-wave power transmission (MMPT).
An arc-shaped parasitic patch is loaded near a single-layer
circular patch to induce chirality. The chiral structure transforms
linearly polarized (LP) waves, coupled from a slot, into left-
hand CP (LHCP) and right-hand CP (RHCP) waves at the
two respective operating frequencies. The DBDS CP antenna
array, consisting of four antenna elements, each integrated with
a substrate-integrated waveguide (SIW) cavity, achieves gains of
17.1 dBic and 17.0 dBic at 24 GHz and 28 GHz, respectively. A
dual-band rectifying circuit, comprising two L-section impedance
transformers and three fan-shaped low-pass filters, is designed
and integrated with the antenna array to form the DBDS CP
rectenna. The proposed rectenna achieves maximum conversion
efficiencies of 49.1% and 47.8% at 24 GHz and 28 GHz,
respectively, both at an input power of 18 dBm. The compact
structure and low profile make it suitable for large-scale array
applications in MMPT systems.

Index Terms—Chirality, circular polarization, dual-band dual-
sense, millimeter wave, rectenna, wireless power transmission.

I. INTRODUCTION

M ILLIMETER-WAVE power transmission (MMPT) of-
fers numerous advantages, including compact size and

large absolute bandwidth, making it suitable for diverse ap-
plications such as Internet of Things (IoT) sensor networks,
microrobots, drones, and solar satellites [1]. A rectenna, a key
component of wireless power transmission systems, captures
electromagnetic wave energy and converts it into direct current
(DC) [2].

Circularly polarized (CP) antennas have significant ad-
vantages over linearly polarized (LP) antennas in reducing
polarization mismatch losses and suppressing multipath in-
terference. In MMPT systems, CP rectennas can receive any
polarized wave except for CP waves with orthogonal rotation,
thereby reducing microwave energy loss due to polarization
misalignment. For instance, in 2014, [3] designed a substrate-
integrated waveguide (SIW) CP rectenna, achieving CP op-
eration by diagonally slotting a circular patch. The design
achieved a gain of 12.6 dBic by incorporating the SIW cavity
and array configuration, along with a conversion efficiency
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(CE) of 42% at an input power of 12.6 dBm. In 2016, [4]
designed a CP rectenna using a Fabry-Pérot resonant cavity
antenna fed by a cut-corner rectangular patch CP antenna,
loaded with a polarization-insensitive superstrate, achieving
a gain of 20 dBic and a CE of 63.8% at an input power of
18.9 dBm. However, this structure included a thick air layer of
0.54λ between the feed antenna and the superstrate, increasing
the antenna profile and complicating the design. More recently,
[5] designed a metamaterial-based CP rectenna, achieving CP
operation through cross-feeding slots of different lengths. By
loading metallic perforations, they obtained a gain of 11.3 dBic
and a CE of 63% at an input power of 15.2 dBm. Despite
these advancements, single-band millimeter-wave (MMW) CP
rectennas generally suffer from relatively low receiving an-
tenna gains or limited bandwidth.

Multiband rectennas, capable of capturing microwave en-
ergy across multiple frequency bands, can address this lim-
itation. For example, in 2010, [6] designed a 35/94 GHz
dual-band rectenna to enable simultaneous rectification in
two frequency bands with low atmospheric attenuation. The
rectenna was designed in a CMOS process, comprising a
linear tapered slot antenna, a slotline to finite-width ground
coplanar waveguide transition, and a full-wave rectifying cir-
cuit, achieving CEs of 53% and 37% at the two frequencies,
respectively, for a power density of 30 mW/cm2. In 2020,
[7] designed a triple-frequency rectifying circuit for an MMPT
system operating at 24 GHz, 28 GHz, and 38 GHz, achieving
rectifying efficiencies of 44%, 41.3%, and 39.7%, respectively,
at an input power of 17.5 dBm. Nevertheless, the integration
of CP properties with dual-band or multiband rectification in
MMW rectennas remains underexplored.

At lower frequency bands, the design methods and the-
oretical analyses of rectennas are relatively mature, with
numerous studies on CP rectennas [1], [2], [8], multiband
rectifying circuits [9], and multiband rectennas [1], [2], [10].
Several studies have explored integrating CP with dual-band
performance, such as [11], [12]. Dual-band dual-sense (DBDS)
CP rectennas can further reduce energy loss due to polarization
mismatch between transmitting and receiving antennas while
simultaneously harvesting energy from multiple frequencies to
generate more DC power. A DBDS CP rectenna consists of
a DBDS CP receiving antenna and a dual-band or wideband
rectifying circuit covering the operating frequencies.

DBDS CP antennas need to produce +90° and -90° phase
differences in the two bands. A straightforward method for
achieving DBDS CP operation is direct integration, where
two radiating elements with different bands and CP rotation
directions are arranged either horizontally [13] or stacked
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vertically [14]. However, this approach increases the antenna
size or profile. Alternatively, dual-band orthogonal modes
or dual-band feed networks can be designed. For example,
[15] proposed a four-element square patch array that excites
two pairs of orthogonal degenerate modes, TM10/TM01 and
TM30/TM03, with different branches to achieve left-hand CP
(LHCP) and right-hand CP (RHCP) operation at 2.53 GHz
and 3.59 GHz, respectively. However, the 3-dB axial ratio
(AR) bandwidths were only 0.67% and 0.6%, respectively.
Similarly, [16] designed a dual-band branch-line coupler to
generate +90° and -90° phase differences at 0.92 GHz and
2.45 GHz, respectively. The 3 dB AR bandwidths at these
frequencies were 4.4% and 8.2%, respectively, but the feed
network was complex. Note that these DBDS CP antennas
often feature complex radiating structures or feed networks,
making them difficult to miniaturize and integrate into arrays
as the operating frequency increases.

Chiral structures, characterized by their inability to be
superimposed on their mirror images and the absence of
any plane of symmetry, emerge as a potential solution [17].
Chiral structures can rotate the polarization plane of an LP
wave as it passes through and can operate at two distinct
frequency bands, including opposite circular rotations (LHCP
and RHCP), due to their bidirectional anisotropy with respect
to electromagnetic waves. Some studies have applied chiral
structures to single or dual circular polarizers and supersur-
faces. For example, [18] and [19] proposed a DBDS CP horn
antenna and a Fabry–Pérot resonator antenna, respectively.
These designs consisted of an LP feed antenna and a chiral
superstrate with a double-layer structure, resulting in large
sizes and high profiles. In our previous work [20], an MMW
DBDS CP antenna utilizing a chiral structure was designed,
achieving gains of 6.9 dBic with LHCP operation and 7.1 dBic
with RHCP operation at 24 GHz and 28 GHz, respectively.

Despite these advancements, the potential of DBDS CP
rectennas in the MMW band has not been fully explored.
Compared to lower-frequency rectenna designs, achieving
precise diode input impedance matching and designing high-
gain antennas with further miniaturization and scalability for
larger applications are more challenging at millimeter-wave
frequencies. Due to factors such as higher propagation losses,
shorter wavelengths, and stricter fabrication tolerances, effi-
cient impedance matching and miniaturization become more
difficult at these frequencies.

To address these challenges, this paper proposes the first
DBDS CP rectenna design for MMPT applications. The main
contributions of this work are as follows:

� Design of a Dual-Band Dual-Sense CP MMW
Rectenna: The proposed MMW rectenna supports dual
bands (24 GHz and 28 GHz) and dual-sense circular
polarization (LHCP at 24 GHz and RHCP at 28 GHz).
This combination enhances power reception efficiency
and reduces polarization mismatch, making it highly
suitable for MMPT applications such as IoT systems and
6G communications.

� Chirality-Based, High-Gain, and Compact Antenna
Design: Building upon our previous work [20], the an-
tenna achieves dual-sense CP operation with a simple

Fig. 1. Structure of the antenna element: (a) top view and (b) perspective
view.

single-layer design by introducing an arc-shaped parasitic
patch near a circular patch to form a chiral structure. In
this work, further integration with SIW cavities and an
array configuration enables the receiving antenna array to
achieve high gains of 17.1 dBic at 24 GHz and 17.0 dBic
at 28 GHz, while maintaining a compact form factor that
is scalable for larger applications.

� Efficient Dual-Band Rectifying Circuit: A 24/28 GHz
dual-band rectifying circuit is designed, comprising two
L-section impedance transformers and three fan-shaped
low-pass filters to enable impedance matching and har-
monic suppression while eliminating the need for lumped
components. Integrating the rectifying circuit with the
antenna array forms a compact and efficient DBDS CP
rectenna suitable for MMPT systems, achieving conver-
sion efficiencies of 49.1% at 24 GHz and 47.8% at
28 GHz, both at an input power of 18 dBm.

The rest of this paper is organized as follows. Section II
details the DBDS CP receiving antenna design. Section III
presents the dual-band rectifying circuit design. Section IV de-
scribes the integration of the DBDS CP rectenna and presents
the experimental results of the fabricated prototype. Finally,
Section V concludes this paper.

II. DBDS CP RECEIVING ANTENNA DESIGN

A. Antenna Element Structure

This section presents a DBDS CP antenna based on a chiral
structure operating at 24 GHz and 28 GHz, as shown in
Fig. 1. The antenna element is composed of two substrates and
three metal layers. The substrates are Rogers RT/duroid 5880
with a relative dielectric constant εr of 2.2, a loss tangent of
0.0009, and thicknesses h1 and h2 for the upper and lower
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Fig. 2. Electric field distributions of the antenna element.

layers, respectively. The chiral structure is composed of a
circular patch with a radius of Rc and an arc-shaped parasitic
patch with a radius of Ra, width of Wa, central angle of
θ1, and deviation angle from the x-axis of θ2. The distance
between the circular patch and the arc-shaped patch is 0.1 mm,
forming a capacitive arc-shaped gap that induces electric
field coupling between the two patches, which influences the
antenna’s resonant behavior. The feeding layer consists of a
50 
 microstrip line and an impedance matching branch with
a length of Lf and width of Wf .

B. Operation Principle

1) Dual-Band Operation Principle: The dual-band oper-
ation is achieved by combining the resonant modes of the
circular patch and the arc-shaped parasitic patch. The electric
field distributions of the antenna element at the two operating
frequencies are shown in Fig. 2. The lower band resonance
is primarily generated by the TM21 mode of the arc-shaped
patch, while the upper band resonance is generated by the
TM11 mode of the circular patch.

When the lower band resonates, electromagnetic energy is
coupled to the radiation patch through the rectangular slot and
then fed into the arc-shaped patch via the capacitive arc-shaped
gap. The electric field concentrates at both ends of the arc-
shaped patch, behaving similarly to a quarter-ring patch. The
electric field distribution on the arc-shaped patch corresponds
to the TM21 mode excited by a ring patch.

In contrast, when the upper band resonates, electromagnetic
energy is primarily coupled directly to the circular patch
from the rectangular slot. The electric field distribution on the
circular patch conforms to the TM11 mode. The resonance
frequencies of the arc-shaped and circular patches can be
approximated according to (1) [21] and (2) [22], respectively,
as follows:

f(arc) =
cχ;

21

2πRa
p
εr

, χ;
21 = 1.61, (1)

f(circle) =
cχ;

11

2πRc
p
εr

, χ;
11 = 1.84, (2)
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Fig. 3. Simulated reflection coefficient S11 of the antenna element.

Fig. 4. Surface current distribution of the antenna element at (a) 24 GHz and
(b) 28 GHz.

where c is the speed of light in vacuum.
The simulated reflection coefficient of the antenna element

is shown in Fig. 3. When only the circular patch is excited,
a resonance occurs in the upper band. Incorporating the arc-
shaped patch introduces the lower band resonance, and the
coupling effect of the capacitive arc-shaped gap causes the
upper band resonance to shift downward, resulting in a mid-
band resonance. The final antenna element exhibits a reflection
coefficient of less than -15 dB within the frequency range of
22.3–28.7 GHz.

2) Dual-Sense CP Principle: The arc-shaped patch breaks
the central symmetry of the circular patch, making the patch
chiral. When an electromagnetic wave passes through the arc-
shaped patch, cross-coupling between the magnetic and elec-
tric fields occurs, characterized by the following constitutive
relationship: (

D

B

)
=

(
ε0εr iκ/c
�iκ/c µ0µr

)(
E

H

)
, (3)

where ε0εr, iκ/c, �iκ/c, and µ0µr are scalar constitutive
parameters, indicating that the chirality is bi-isotropic. The
chirality parameter κ characterizes the strength of the cross-
coupling between the magnetic and electric fields. Electric and
magnetic currents exist simultaneously, appearing in parallel
or antiparallel directions.
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Fig. 5. Frequency response curves for the (a) amplitude and (b) phase.

Fig. 4 depicts the surface current distributions of the antenna
when a y-polarized wave passes through the chiral structure.
At 24 GHz, the surface current on the circular patch flows in
the +y direction, while that on the arc-shaped patch circulates
counterclockwise, equivalent to the +y and +x directions. This
generates a magnetic field Hy parallel to the electric field
Ey . At 28 GHz, the surface current on the arc-shaped patch
circulates clockwise, resulting in Hy being antiparallel to Ey .
This behavior aligns with (3), where at 24 GHz, the radiation
effect is equivalent to a magnetoelectric dipole in the parallel
direction, and at 28 GHz, it is equivalent to a magnetoelectric
dipole in the antiparallel direction. These magnetoelectric
dipoles in the parallel and antiparallel directions produce -
90° and +90° phase differences, respectively, for the DBDS
CP antenna.

When a y-polarized wave is incident on the proposed chiral
structure through the rectangular slot, the transmitted electric
field can be expressed as:

E = (Txyx⃗� Tyy y⃗)E0, (4)

where Txy and Tyy are the transmittances of the x- and y-

Fig. 6. Structure of the antenna array: (a) top view and (b) perspective view.

TABLE I
PARAMETERS OF THE RECEIVING ANTENNA ARRAY

Parameter W Rc Ra Wa Lf L0

Length (mm) 6.85 1.7 1.85 0.75 1.65 2.8
Parameter Wf W0 Ls Ws Wr ax

Length (mm) 0.34 0.75 2.7 0.2 24 10.4
Parameter ay SIWd SIWp SIWs h1 h2

Length (mm) 10.4 0.6 1.1 1.6 0.79 0.254
Parameter �1 �2

Deg (°) 110 -16

polarized components in the transmitted field, respectively, and
E0 is the amplitude of the incident field. The simulated values
of Txy and Tyy are depicted in Fig. 5. The magnitude ratios
jTxyj / jTyyj are 1.1 at 24 GHz and 1.18 at 28 GHz. Moreover,
the phase differences ϕ (Txy)� ϕ (Tyy) are -92.5° at 24 GHz
and 91.2° at 28 GHz. Consequently, the polarization plane
of the LP wave is transformed into LHCP and RHCP waves
at 24 GHz and 28 GHz, respectively, as it passes through
the proposed chiral structure. For a more comprehensive
description of the proposed antenna elements, please refer to
our previous work [20].

C. Four-Element Receiving Antenna Array

To achieve a high-gain receiving antenna, a four-element
SIW antenna array is designed in this paper, as shown in
Fig. 6. The upper and lower antenna elements are connected
directly through a microstrip feeding line in equal-amplitude
reverse-phase mode, while the left and right 1 × 2 arrays are
connected through a power divider in an equal-amplitude mode
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Fig. 7. Surface current distribution of the receiving antenna array at (a)
24 GHz and (b) 28 GHz.

[23]. Due to the opposite feeding directions of the upper and
lower feeding lines and the 180° phase difference introduced
by the different lengths of the feeding lines, the lower two
elements are oriented in reverse relative to the upper elements.
This configuration ensures that the far-field electric fields of
all the elements are aligned in the same direction, thereby
increasing the overall antenna gain.

The element spacing within this equal-amplitude, in-phase
patch array is 0.8λ0, where λ0 is the free-space wavelength
at 24 GHz. This spacing maximizes gain and prevents grating
lobes. Each antenna element in the array is integrated with
a circular SIW cavity, which helps confine electromagnetic
energy, reduces surface wave dispersion in the medium, and
improves antenna gain. By loading the circular SIW cavity, the

Fig. 8. Photographs of the receiving antenna: (a) front view and (b) back
view.
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Fig. 9. Simulated (sim.) and measured (meas.) reflection coefficients S11 of
the receiving antenna.

gain increases by at least 2 dB at both 24 GHz and 28 GHz.
The parameters of the receiving antenna array are summarized
in Table I.

Fig. 7 shows the surface current distributions of the re-
ceiving antenna array at different phases. At 24 GHz, the
currents circulate clockwise, indicating LHCP operation, while
at 28 GHz, the currents circulate counterclockwise, indicating


