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ABSTRACT: A novel flexible hybrid rectenna for simultaneous RF energy harvesting (RF-EH) and dedicated wireless power transfer
(WPT) is proposed in this study. The rectenna comprises a notched broadband omnidirectional microstrip antenna (2.8—-6.3 GHz with a
4.7 GHz notch) and a 4.7 GHz directional dielectric resonator antenna (DRA) located on the microstrip antenna. At the 4.7 GHz notch
band, electromagnetic energy is confined around an L-shaped strip and a split-ring slot of the microstrip antenna, exciting the TM5,
resonant mode in the DRA, which produces a narrow radiation beam at 4.7 GHz. This enables a frequency-domain complementary
operation: ambient energy is harvested across the broadband region for low-power applications, whereas dedicated power is efficiently
received at 4.7 GHz for high-power operation. A broadband rectifier employing a dual-channel impedance matching architecture is
proposed, in which two parallel branches cooperatively extend the rectification bandwidth. Measurements demonstrate that the rectenna
achieves efficiencies above 45% across 2.8—-6.3 GHz, with a peak efficiency of 57.9%. In addition, the use of polydimethylsiloxane
(PDMS) as the substrate provides high flexibility and excellent conformability, making the proposed rectenna well-suited for powering
electronics on curved surfaces, compact devices, and curved-surface Internet-of-Things (IoT) nodes, such as robots, drones, in-vehicle
applications, and industrial robotic arm units, enabling reliable conformal deployment on non-planar equipment and distributed IoT
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systems.

1. INTRODUCTION

he rapid growth of the Internet of Things (IoT) has driven

the massive proliferation of interconnected electronic de-
vices and sensors [1]. In the future, billions of wireless sen-
sors are expected to operate in a self-powered and batteryless
manner, making radio frequency energy harvesting (RF-EH)
and wireless power transfer (WPT) promising solutions [2].
Many of these sensors are deployed on curved or non-planar
surfaces (e.g., robots, drones, in-vehicle applications, and in-
dustrial robotic arm units), requiring conformal antenna inte-
gration to preserve mechanical flexibility and system perfor-
mance.

The performance requirements for receiving antennas vary
significantly between RF-EH and WPT systems. Ambient
RF energy is widely distributed across major communication
bands, such as the 2G/3G/4G/5G and ISM bands. However,
they are characterized by low power density and unpredictable
incident directions. Accordingly, antennas for RF-EH sys-
tems have been extensively studied to improve energy capture
through various approaches, such as bandwidth expansion [3—
8], polarization diversity [9, 10], and enhanced spatial cover-
age [11-14]. In contrast, WPT operates with a dedicated source
at a specific frequency and direction, requiring antennas with
high gain [15, 16] and strong directivity [17—-19] to efficiently
focus the energy on the receiving devices.
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The integration of RF-EH with WPT enables simultane-
ous wide area ambient energy harvesting and efficient direc-
tional power transfer, providing a continuous, stable, and adap-
tive hybrid power solution for IoT devices and wireless sen-
sor nodes. From the perspective of a receiving antenna de-
sign, the integration of RF-EH and WPT has been investigated
in [20-22]. In both [20] and [21], receiving antennas utilize
a broadband omnidirectional mode for RF-EH (2.03—4.08 GHz
and 1.55-3.66 GHz, respectively), along with an independent
high-directivity mode at 5.8 GHz for directional WPT. In [20],
RF-EH and WPT modes are simultaneously achieved by load-
ing patches and shorting vias on a back-to-back microstrip an-
tenna, whereas [21] realizes dual radiation modes by combining
two orthogonal antennas. However, the RF-EH receiving an-
tenna typically operates over a limited frequency band. Exces-
sive bandwidth expansion will overlap with the WPT operating
band, leading to radiation pattern interference. In [22], a multi-
band dual-polarized hybrid antenna is suggested as a solution
to this problem. Spatially complementary beams are produced
by placing the directional beam within the null of the omnidi-
rectional pattern, enabling RF-EH and WPT to coexist within
the shared 2.45 GHz band. However, the beam-nested design is
challenged by structural complexity and inherent interference
between omnidirectional and directional beams. To address
this challenge, this paper proposes a frequency-domain com-
plementary approach that employs a notched broadband omni-
directional microstrip antenna for RF-EH and a directional di-
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FIGURE 1. The geometric structure of the antenna. (a) Top view, (b) 3D view.
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FIGURE 2. The design process of the antenna. (a) Antenna 1, (b) Antenna 2, (c) Antenna 3.

TABLE 1. Dimensions of the designed antenna (unit: mm).

Parameters | Value | Parameters | Value | Parameters | Value
Waub 30 Ly 25 Wetrip 11
Weround 21 Lground 21 Lygyip 0.8
Watch 16 Lpatch 12 Hyp 0.6
Wy 5 Ly 4.7 Lot 9.2
War L 9 Hra 3

electric resonator antenna (DRA) excited at the notch band for
WPT.

Furthermore, although traditional rigid antennas offer ex-
cellent electrical performance, they fail to satisfy the flexibil-
ity requirements of complex geometries and distributed IoT
nodes. Polydimethylsiloxane (PDMS) is an attractive sub-
strate for conformal and lightweight antennas [23-26]. Accord-
ingly, the proposed RF-EH/WPT system was implemented on a
PDMS substrate, enabling enhanced adaptability and deploya-
bility on complex and irregular surfaces, with promising poten-
tial in emerging applications, such as smart [oT, robotics, and
aerospace.

In this study, a coplanar waveguide (CPW)-fed microstrip
antenna incorporating an L-shaped strip and a split-ring slot
is designed to achieve an omnidirectional radiation pattern
and a notched broadband response (2.8-6.3 GHz with a
4.7 GHz notch). The DRA is positioned above the L-shaped
strip and split-ring slot. The concentrated near-field distri-
bution at 4.7 GHz excited the TM5,; resonant mode in the
DRA, producing a narrow directional radiation pattern. This
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frequency-domain complementary operation enables wideband
ambient RF-EH using the microstrip antenna while supporting
dedicated, efficient WPT at 4.7 GHz via the DRA. The gains
of the broadband microstrip antenna at 3.6 GHz, 4.0 GHz, and
5.8GHz are 3.18dBi, 3.02dBi, and 6.12dBi, respectively,
and the antenna exhibits a gain of 4.28 dBi at the 4.7 GHz
notch frequency. A broadband rectifier based on dual-channel
impedance matching is proposed, employing two parallel
branches to extend the rectification bandwidth. The efficiency
of the rectenna in the 2.8-6.3 GHz frequency band exceeded
45%, with a peak efficiency of 57.9%. In addition, the rectenna
was fabricated on a PDMS substrate, which provides high
flexibility and excellent conformability.

2. ANTENNA DESIGN

2.1. The Structure of Antenna

The overall shape of the proposed antenna element, which uses
a “microstrip-DR” composite antenna structure, is shown in
Fig. 1. The antenna was fabricated on a flexible PDMS sub-
strate that measures 30 x 25 x 0.6mm? (¢, = 2.7, tand =
0.03). The radiating patch has a rectangular monopole con-
figuration fed via a CPW. The rectangular DRA (e, = 12.3,
tan § = 0.00014) had dimensions of 9 x 8 x 3mm?®. The opti-
mized key structural parameters are listed in Table 1.

2.2. Design Process of the Antenna

Figure 2 shows the antenna’s evolutionary design, while Fig. 3
plots the accompanying 511, gain, and radiation efficiency re-
sults. Initially, a CPW-fed rectangular patch performs as a
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FIGURE 5. Current distribution of (a) Antenna 1, (b) Antenna 3.

broadband monopole antenna. Introducing the slot produces a
notched broadband antenna with a notch at 4.7 GHz. To obtain
directional radiation at 4.7 GHz, a DRA is placed directly above
the slot, forming the antenna shown in Fig. 2(b). The S3; and
gain in Fig. 3 confirm that the DRA is slot-fed and resonates
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at 4.7 GHz, but its directivity is insufficient to meet the strong
directional requirements for WPT.

To address this, an L-shaped strip is introduced at the top
of the notch antenna, forming Antenna 3 shown in Fig. 2(c).
At 4.7 GHz, coupling via the slot and the gap between the L-
shaped strip and the radiating edge excites the DRA, yield-
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FIGURE 7. Working principle of magnetic dipole array antenna.

ing a more directional radiation pattern and increasing the gain
from —2.7 dBi (notch-band) to 4.6 dBi, and improving the cor-
responding radiation efficiency of the antenna from 53.5% to
92.6%. This enables Antenna 3 to perform directional WPT at
4.7 GHz while maintaining near-omnidirectional RF-EH across
the remaining frequency bands, successfully integrating both
functions. The results are shown in Fig. 4.

2.3. Theoretical Analysis

Antenna 1 in Fig. 2(a) was formed, achieving a frequency band
suppression of 4.7 GHz in the broadband range. The notch char-
acteristic is realized by etching a rectangular split-ring slot in
the radiation patch of the monopole antenna. The length of the
slot is usually A/4, determined by the following formula [27]:

B C
4fc “\Eeff

where C' is the velocity of light, f. the center frequency of the
notch band, and e, the effective dielectric constant of the com-
posite.

This slot structure excites a half-wavelength resonance at
4.7GHz. As shown in Fig. 5(a), the current generated by this
resonance is out of phase with the main patch current, result-
ing in mutual cancellation and effective radiation suppression
at this frequency.

L (M

As shown in Fig. 5(b), opposite surface currents are dis-
tributed around the slot and the gap between the L-shaped strip
and the radiating edge, which induces a strong localized elec-
tric field across the slot and the gap. The intense near-field
energy acts as a ‘feed source’, driving the DRA to operate in
the TM35,; mode. Fig. 6 shows the electric and magnetic field
distributions within the DRA. The DRA comprises two electric
field vortices and a corresponding magnetic field, which can be
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FIGURE 8. Effect of different positions of DR on the antenna. (a) Posi-
tion 1, (b) Position 2, (c) Position 3, (d) S11 and 3D radiation pattern
of antennas.
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FIGURE 9. Schematic diagram of the manufacturing process of the patch antenna.

FIGURE 10. The details of the fabricated antenna. (a) Antenna on a
plane surface. (b) Antenna on a curved surface. (c) Experimental setup
for measured S11.

equivalently modeled as two parallel magnetic dipoles (Jy; and
Jmz). With a spacing less than half a wavelength, these dipoles
form a two-element array structure. This ultimately generates
directional narrow-beam radiation, leading to an enhanced di-
rectivity at 4.7 GHz. A schematic of the working principle is
shown in Fig. 7.

To examine the influence of key structural parameters, the ef-
fect of varying the placement of the DRA was analyzed. Fig. 8
reveals that different positions of the DRA produce distinct S11
values and directional patterns at 4.7 GHz, with optimal direc-
tivity achievable only when the DRA is positioned at Position 3.

2.4. Construction and Testing of the Antenna

A microstrip antenna was created and manufactured on a PDMS
substrate with a liquid silver-copper paste. The procedure is
shown in Fig. 9. First, based on the designed model, the an-
tenna pattern was printed onto the PDMS using silkscreen. The
printed antenna pattern was then thermally cured at 120°C for
30 minutes to evaporate the organic solvent, resulting in ap-
propriate electrical characteristics. Finally, the antenna proto-
type was created by connecting the printed antenna pattern to
an SMA connector using a conductive adhesive.
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The DRA was then bonded to the flexible antenna using a
conductive adhesive, forming the final integrated flexible an-
tenna prototype (Fig. 10(a)). The favorable flexibility of the
antenna is shown in Fig. 10(b). Fig. 10(c) illustrates the ex-
perimental setup for measuring S1;. A comparison between
the simulated and measured S7; and gain values is presented
in Fig. 11. It can be observed that the measured and sim-
ulated results of the antenna in the planar state, shown in
Figs. 11(a) and (b), are essentially consistent. Within the fre-
quency range of2.9 to 6.5 GHz, the Sy, is less than —10 dB, and
the gain reaches 3.18 dBi (3.6 GHz), 3.02 dBi (4 GHz), 4.28 dBi
(4.7 GHz), and 6.12 dBi (5.8 GHz). To evaluate the flexibility
of the antenna, its S7; performance was simulated and mea-
sured under different bending radii, as shown in Fig. 11(c).
Compared with the planar state, the impedance bandwidth of
the bent antenna exhibited a slight change, but it still met the
design requirements.

Figure 12 shows that the measured and predicted radiation
patterns at 3.6 and 4 GHz correlate well. At 4.7 and 5.8 GHz,
there are differences between the measured and simulated val-
ues at 6 = 0° and § = 180° for both the F and H-plane
patterns. However, in general, the detected radiation param-
eters met the operating requirements for omnidirectional RF-
EH and specialized WPT. In Figs. 13(a)—(d), the radiation per-
formance of the antenna remains steady for bending radii of
20 mm, 30 mm, and 40 mm.

3. RECTIFIER CIRCUIT ANALYSIS AND DESIGN

3.1. Design of Rectifier Circuit

This paper presents a broadband rectifier based on dual-channel
impedance matching, which operates in the 2.5-6.6 GHz fre-
quency band and is fabricated on a PDMS substrate. Fig. 14(a)
shows a schematic of the proposed rectifier circuit. The cir-
cuit consists of a dual-channel impedance-matched rectification
network, a DC-pass filter, and a load.

The key component of the rectifier is a dual-channel paral-
lel voltage doubler (VD) architecture, in which each channel
implements a fundamental VD topology. Compared with a sin-
gle diode rectifier structure, the dual-channel parallel VD ef-
fectively narrows the initial impedance variation range induced
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by the diodes and establishes a stable foundation for subsequent
wideband matching.

To enhance the impedance matching in the wideband range,
matching networks are introduced into dual parallel branches.
By tuning microstrip lines TL1 (main branch) and TL4 (aux-
iliary branch), the input impedances of the two branches are
compressed to approximately 50 2.

According to transmission line theory, the electrical length
O(f) of these lines is linearly proportional to the frequency f:

2T off
o) = o = IV @
where 3 is the phase constant; [ is the physical length of the mi-
crostrip line; c and f are the speed of light in vacuum and signal

frequency, respectively; and €. denotes the effective dielectric
constant of the substrate.
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Equation (2) indicates that the electrical length of the mi-
crostrip line increases with frequency. Therefore, TL1 and
TL4 introduce significant clockwise phase shifts at high fre-
quencies on the Smith chart. In Fig. 15, the impedances of
the initial circuit without matching networks (Rec 1) exhibit
a wide dispersion between f; and fo, due to the impedance
deviation caused by the parasitic effects of the Schottky diode
HSMS2862. By collaboratively adjusting TL1 and TL4, the
impedance locus rotates clockwise, approaching 50 €2 at high
frequencies while remaining stable at low frequencies, as de-
noted by Rec 2. Through the differential phase compensation
mechanism, the initially divergent impedance variation is com-
pressed to approximately 50 2, which ensures that the circuit
maintains a stable impedance bandwidth and flat power con-
version efficiency (PCE) across the entire operating frequency
range.
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The rectifier circuit layout is depicted in Fig. 14(b), with
the following optimized parameters: W1 = 3.6mm, W2 =

T
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1.5mm, L1 = 3.9mm, L2 = 3.1mm, L3 = 6mm, L4 =
11mm, L6 = 6mm, L6 = 10mm. Fig. 16(a) shows the
S-parameters as functions of the input power and frequency.
Figs. 16(b) and (c) show that the efficiency increases with the
input power across the three design bands, attaining peaks at
3.6 GHz (18 dBm), 4.7 GHz (19 dBm), and 5.8 GHz (15 dBm).
As the input power continues to increase, the efficiency begins
to decline owing to the device’s nonlinearity effects. The recti-
fier achieved peak efficiencies of 61.7%, 65.7%, and 58.4% at
3.6, 4.7, and 5.8 GHz, respectively.

3.2. Test of Rectifier Circuit

The rectifier circuit was fabricated, and the resulting physical
assembly is shown in Fig. 17. Owing to the difficulty of ad-
hering liquid metal to PDMS through holes, silver wires were
used to pass through the flexible PDMS substrate to form vias.
Two silver wires were used at the load end of the rectifier cir-
cuit to facilitate rectified voltage measurement. This design
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FIGURE 17. The photograph of the rectifier circuit.

also highlights the feasibility of integrating liquid metal-based
components with flexible substrates, offering both mechanical
flexibility and electrical efficiency.

After fabricating the flexible rectifier circuit, its performance
was experimentally characterized. The simulated and measured
PCE at 3.6, 4.7, and 5.8 GHz is shown in Fig. 18. Peak ef-
ficiencies of 52.1% (3.6 GHz), 57.9% (4.7 GHz), and 46.9%
(5.8 GHz) were have been observed. The discrepancy between
the measured and simulated results is mainly attributed to the
parasitic inductance of silver wire vias, fabrication tolerances,
and the parasitic effects associated with the diode and capacitor
components.

Simulated Measured
60 = 36GHz ——3.6GHz
—e—4.7GHz —o—4.7GHz ’,,!

—4—5.8GHz

S
(=

Efficiency%

210 0 10 20 30
Input Power/dBm

FIGURE 18. Simulated and measured PCEs.

4. RECTENNA TESTING AND ANALYSIS

The antenna and rectifier were co-fabricated on the same flexi-
ble substrate, with overall dimensions of 60 mm x 25 mm. The
experimental setup is illustrated in Fig. 19.

A test setup was built to evaluate the overall performance
of the rectenna system, as shown in Fig. 20. An RF signal
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at the desired frequency was generated using a signal gener-
ator and amplified using a power amplifier. The transmitting
antenna then radiated the signal to the far field, where it was
picked up by the receiving antenna and fed into the rectifier
circuit to be converted into a DC signal, which was then de-
livered to the load. The far-field region is defined as the area
where the distance from the transmitting antenna is greater than
2D2,.. /A, where D,y denotes the maximum geometric dimen-
sion of the transmitting and receiving antennas, and \ repre-
sents the free-space wavelength corresponding to the operating
frequency. Accordingly, the distance between the rectenna and
transmitting antenna was set to 164 cm.
The PCE of the rectenna is defined as in (3):

P, V2
n= P_t x100%=#x100% (3)

where P,,; is the DC power output of the rectenna, P;,, the re-
ceived power of the rectenna, R the load at the output of the
rectifier circuit, and V,,,; the voltage across the load [29]. The
PCE of the rectenna measured at various input powers over a
broad frequency range is shown in Fig. 21(a). The rectenna
achieved a conversion efficiency of more than 45% when the
input power was 15 dBm. In Fig. 21(b), the PCE of the rectenna
decreases under different bending radii by no more than 5%
compared with the flat state, demonstrating its stable perfor-
mance under bending conditions. This enables the rectenna to
be integrated onto non-planar surfaces, such as robotic arms and
curved sensor housings, without sacrificing RF-EH and WPT
performance.

The performance of the proposed hybrid rectenna is com-
pared with that of other related works in Table 2. The recten-
nas in [8, 11, 28] feature omnidirectional or directional beams,
along with compact size or flexibility, but none possess direc-
tional WPT capability. Moreover, their RF-EH bandwidths are
narrow. Some studies have realized both RF-EH and WPT, but
the rigid structure in [20] and the large design in [21] limit their
practical applications. Compared with [20], the proposed hy-
brid antenna achieves a higher gain and wider bandwidth, with
a corresponding rectifier integrated to realize a hybrid rectenna
system. [20] only presents a hybrid antenna without a corre-
sponding rectifier. In summary, the proposed design achieves
a favorable balance among wideband RF-EH, directional WPT,
flexibility, and compactness, while enabling conformal attach-
ment to curved surfaces.
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FIGURE 19. The photograph of the rectenna. (a) Rectenna on a plane surface. (b) Rectenna on a curved surface.
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FIGURE 20. Rectenna testing system.
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FIGURE 21. The PEC measurement results of rectenna. (a) The PCE at different input powers. (b) The PCE at different radii of curvature.

TABLE 2. Performance comparison with previous works.

Peak PCE Ant Si
Ref. Freq. (GHz) | Flexibility Gain (dBi) Beams e fienna Size
@Input Power (mm X mm)
[8] 0.9/1.8/2.45/5.8 Yes —2.7/3.4/4.2/4.8 bidirectional 50% @5 dBm 105 x 82
.07-2. 0 . . omnidirectiona A7% m X
[11] 2.07-2.57 N 2.07-4.55 idirectional | 72.47% @10 dB 50 x 44
—0.42-0.91 f
[20] | 2.03-408/58 | No RE-EL24 1 V?I;T omni/bi-directional | without rectifier | 42.6 x 32.6
- 4 for
1.56-4.17 f
21] | 1.55-3.61/58 | No or omni/bi-directional | 65% @11 dBm 5527
RF-EH/12.73 for WPT
[28] 2.4 Yes 5.7 directional 49.4% @13 dBm 240 x 240
. 2.82-6.36 for e
This work | 2.8-6.3/4.7 Yes omni/directional | 57.9% @15 dBm 30 x 25
RF-EH/4.28 for WPT
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5. CONCLUSION

This study proposes a flexible hybrid rectenna that inte-
grates omnidirectional RF-EH with directional WPT using
a frequency-domain complementary scheme. The CPW-fed
notched broadband microstrip antenna provides an omnidirec-
tional coverage from 2.8 to 6.3 GHz with a notch at 4.7 GHz.
At 4.7 GHz, the split-ring slot region and the gap between
the L-shaped strip and the radiation element jointly act as
a feed to excite the DRA’s TM3,; mode. In this mode, the
DRA can be equivalently modeled as a magnetic dipole array,
generating a directional beam of 4.28dBi. The suggested
hybrid rectenna attained a high PCE of 57.9% combined
with a broadband rectifier. By integrating the system on a
PDMS substrate, an excellent trade-off was achieved among
broadband RF-EH, directional WPT, flexible conformability,
and structural compactness, demonstrating strong potential
for conformal IoT devices, curved communication nodes, and
miniaturized sensors.
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