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Abstract—EXxisting Internet of Things (loT) devices face a
significant challenge in terms of power consumption due to their
limited battery life. Capturing and utilizing ambient radio
frequency (RF) energy emerges as a promising solution for
powering low-power sensors and electronic devices, given its
unique spatial and temporal distributions. However, the low level
of ambient RF power severely hampers the rectenna's
RF-to-direct current (DC) conversion efficiency, making it
incapable of generating sufficient DC power. To address this issue
and enhance the conversion efficiency of a broadband rectenna at
low environmental power levels, this study introduces a novel
technique called the meta-lens assisted technique (MAT). This
technique leads to a substantial increase in the rectenna's received
RF power by more than 10 dB. As a result, the total conversion
efficiency improves by over 30% across a wide frequency band
ranging from 2.9 GHz to 3.63 GHz (with a fractional bandwidth of
22.3%), even when the initial RF power received (without the
MAT) was as low as —20 dBm, which approaches the real-life
ambient RF power level. Notably, the proposed MAT achieves a
40% to 60% efficiency improvement compared to state-of-the-art
approaches. These remarkable results demonstrate the promising
potential of the MAT rectenna as an alternative for harvesting
low-density wireless energy and supporting low-power-required
industrial 10T applications.
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I. INTRODUCTION

ECENTLY, the emerging Internet of Things (loTs) has

shown significant growth in wireless communications,
environmental monitoring, human-to-machine systems and
biomedical health services [1-3], where batteries with a limited
life span are commonly used for GPS, active RFID and wireless
sensor nodes in generic 10T systems [4-6]. However, these have
several maintenance issues such as it needs frequent
recharging/replacement and it has limited durability. Therefore,
sustainable, eco-friendly, and non-conventional energy sources
have become increasingly more crucial. With further
advancements in wireless communication technology, radio
frequency (RF) sources have also sharply increased [7-12].
Hence, directly adopting RF energy may help eliminate
batteries and facilitate self-sustaining devices.

Rectennas have been the subject of research for several
decades due to their critical role in RF energy harvesting,
particularly in the context of improving RF-to-direct current
(RF-DC) conversion efficiency, especially at low-power levels
[13-16]. However, when considering the physical
characteristics of the diode [17-20], it becomes evident that the
intrinsic conversion efficiency of existing rectennas is directly
correlated with the input RF power [21-23]. For instance, as
documented in [24], high-efficiency 2.45-GHz rectennas
achieve an efficiency of 72% at an input power level of 0 dBm,
but this efficiency drops to 40% when the input power
decreases to —20 dBm. In reality, ambient RF power density
typically ranges from —35 to —10 dBm/m2 [25], and the
majority of reported rectenna efficiencies in such conditions
fall below 50% [26-30]. Consequently, enhancing the RF-DC
conversion efficiency of rectennas at low-power levels, such as
those found in ambient signals, continues to pose a significant
challenge.

Meanwhile, considering the power accumulation benefits,
the rectifiable frequency band and effective power spectrum are
also crucial factors in harvesting sufficient RF energy, in
addition to the conversion efficiency [31-33]. Compared with
the multi-band rectenna [34-36], broadband rectennas have
better uplink and downlink coverages as it simultaneously
operates both bands [37], which, in turn, can have significant
advantages in energy accumulation and DC output power
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Fig. 1. (a) Illustration of the MAT based rectenna system. For future applications, the meta-lens could be embedded into window or home
furniture using specific material (transparent metal) for enhanced energy harvesting for low-power 10T devices. (b) Design schematic of the

MAT enhanced wireless energy harvesting system.

generation. Currently, the relative bandwidth of rectennas can
be extended to more than 80% [38-40], however, its validation
is limited to only high input power levels (>10 dBm).
Meanwhile, the rectenna bandwidth can be hardly expanded in
low input power levels, owing to the high Q-factor of the
rectifying network, thereby significantly limiting the design of
a broadband matching network [41]. Several attempts have
been previously made to develop broadband antennas to
address  this  problem. For instance, a novel
impedance-matching  network  with an  additional
quarter-wavelength short-circuited stub was proposed in [42] to
achieve broadband impedance matching. Although the rectifier
was capable of operating at ~1.0 GHz ~ 2.5 GHz with an input
power of —10 dBm, the maximum efficiency was only 30%,
owing to a large mismatch between the rectifying network and
matching network. Consequently, a high-efficiency broadband
rectenna was designed in [43] to improve the RF-DC
conversion efficiency and reduce physical matching losses by
eliminating the matching network. Here, the design enabled the
achievement of the conversion efficiency higher than 30%
when the input power level was at —15 dBm. However, the
impedance bandwidth where S;;<-10 dB (2.18 GHz ~ 2.3
GHz (5.3%); 2.4 GHz ~ 2.6 GHz (8%)) was still narrow, owing
to the restricted conjugate matching. Based on these prior
studies, either the impedance or conjugate matching technique
can only provide a compromise between the conversion
efficiency and operation bandwidth. Hence, there is an urgent
demand for new techniques to effectively resolve the tradeoffs
between bandwidth and efficiency, especially for low power
levels < —20 dBm. Notably, using a meta-lens has a potential in
addressing this problem based on theoretical demonstrations in
[44] that was able to focus the energy on to an antenna.

In this paper, we introduce a novel meta-lens-assisted
techniqgue (MAT) designed to enhance the broadband
conversion efficiency of rectennas operating at low input
powers. The technique achieves this by effectively regulating
the RF field distribution around the rectenna, resulting in
improved receiving power and enhanced conversion efficiency,
as depicted in Fig. 1(a). By strategically focusing input RF

waves within a specific area, the MAT enables practical
wireless charging capabilities. The design (Fig. 1(b)) aims to
maximize the capture of input RF energy using the fundamental
design principle of optimizing field of view (FOV; ¢) of the
meta-lens to be approximately equal to the 3-dB beam width (6)
of the receiving antenna, in which this was considered as the
basis of the MAT-enhanced system. Furthermore, the rectifier
was optimized in synchronization with the working bandwidth
and real input power level, both with and without MAT.

The rest of this paper is structured as follows: Section Il
presents the proposed broadband rectifier, in which it provides
a discussion on achieving an efficiency of over 40% within the
frequency range of 2.96 GHz to 3.62 GHz, with an input power
of —10 dBm. It also provides a discussion on achieving an
efficiency of 18% at an ultralow input power of —20 dBm.
Section Il details the design of the broadband receiving
antenna and its corresponding meta-lenses, in which it
discusses how the receiving power of the antenna was enhanced
by more than 10 dB. Finally, in Section IV, we rigorously
quantify and discuss the impact of the meta-lens-assisted
technique on receiving power and conversion efficiency.

To achieve the RF-DC conversion system shown in Fig. 1, a
broadband rectifier should first be designed to determine the
operating band for the subsequent receiving antenna and
meta-lens design. Generally, the rectifier consists of an
impedance-matching network for maximum power delivery, a
rectifying element for received energy conversion, and a
DC-pass filter to smooth the output voltage and load [45-46].
To date, various types of rectifiers such as the single series
diode rectifier [47], single shunt diode rectifier [48], voltage
doubler rectifier [49], and full-wave Greinacher rectifier [50],
have been investigated to convert the harvested RF power to
DC power. The traditional single-series diode rectifier cannot
convert energy efficiently, and the voltage doubler rectifier and
Greinacher rectifier have complicated structures that cause a
large energy loss at the diodes [50]. Hence, a single-shunt diode
rectifier was chosen to achieve high conversion efficiency

BROADBAND RECTIFIER DESIGN



W5L5 W2Ll2 WAL1 Load 10 80
—TL5 'r|_2—|— TLA —>=—{ 11 ----L4= 1 mm @ Prob2 e
PO Port q—r Prob2 - ----L4= 3 mm @ Prob2 < 604 -
Wil = ----L4=5mm @ Prob2 S _emTTTTTTTE - -———
L3 5 STUB1 Ws, LGI Al 36 _.t:: g;: gi:ﬁgg 3 60- Il_dr;]m----@ Prob1 — @ Prob3 5 T T
Prob1V TR Y g 3 mm---- @ Prob1 — @ Prob3 $ 407 e
& Diode g 41 407 5mm----@ Probt — @ Prob3 ;=T
o 7 mm----@ Prob1 — @ Prob3 = e
(Port 2) y Prab3 2] 201  9mm----@ Prob1 — @ Prob3 W 201
w44 ---0dBm- - -5dBm—-— -10dBm
L4 = DC-pass filter 0l S 0 — gl 15dBm- - 20dBm
L Matching line 28 30 32 34 36 38 28 30 32 34 36 38 28 30 32 34 36 238
- Frequency (GHz)
Frequency (GHz) Frequency (GHz) q Y
(a) b (c) (d)
) @ 0
3 wa.l8 w7 | g ’ z
WA7,L17  W15L15! ipot3 W13,L13 W11,L11 \ L7 4 ot =
Pt e B T ol Sl e § -10] @ -10 ¥§ f—\/
RF input | I [ E oA g g%
= i = Hwg | R1
Wi R : g Wi4 wiz = 5o | 2 20+ (I 2 -20
L16 @ ! 2 L4 L2 © STUB2 o ! 8 R3" o
i ! c
! W10,L10,A2 i é 304 _g .30 L16: — 1.6 mm
NETWORK 2 | | NETWORK 1 | g ot —port4| &  |—26mm—36mm
.................................. = —Port 3 D 4.6 mm 5.6 mm
[ -40 [

Rectifying network 1

(e)

28 30 32 34 36 38 28 30 32 34 36 38
Frequency (GHz) Frequency (GHz)

(f) (9)

Fig. 2. (a) Topology of the proposed rectifying network. Simulated power of Prob2 (b) and Prob1/Prob3 (c) of the proposed rectifying network
with different values of L4. (d) Simulated RF-DC conversion efficiency of the proposed rectifying network at different input power levels for a
load resistance of 1500 Q. (e) Topology of the proposed matching network. (f) Simulated reflection coefficient of the Port 3 and Port 4 as a
function of frequency. (g) Simulated reflection coefficient of the Port 4 as a function of frequency with different value of L16.

TABLE I
GEOMETRIC PARAMETERS OF THE PROPOSED RECTIFIER
Parameter Xﬁﬁ? Parameter \(/rgm(; Parameter \(/ni:wlis
L1 8.2 L2 0.8 L3 6.2
L4 5.0 L5 35 L6 55
L7 5.0 L8 12.7 L9 7.7
L10 8.4 L11 5.4 L12 14.0
L13 36 L14 26 L15 0.5
L16 32 L17 5.0 w1 2.2
W2 22 w3 0.5 W4 25
W5 35 W6 2.2 W7 35
W8 35 W9 35 W10 35
w11 35 W12 05 w13 35
W14 25 W15 35 W16 4.0
w17 23 Al 70.0° A2 70.0°

within a broad operation band.

In this section, matching and rectifying networks were
designed independently to explore their contributions to the
bandwidth extension and RF-DC conversion efficiency. Firstly,
a broadband rectifying network was proposed to efficiently
convert the RF energy into DC power at the 3.0 GHz ~ 3.6 GHz
(covering 5G band), which consists of a DC-pass filter,
matching lines, a diode, and a load, as shown in Fig. 2(a). The
Schottky diode SMS7630 was selected as the rectifier diode,
owing to its low bias voltage requirements at low power input
levels and low losses (forward bias voltage: 60-120 mV at 0.1
mA) [51]. Based on the selected diode, a broadband DC-pass
filter with optimized transmission lines (TL1 and TL2) and one
radial stub (STUB1) was initially designed to successfully
convert the input RF energy into DC power and ensure that
most of the RF energy could flow into Port 1 (Fig. 2(a)), rather

than onto the load by adjusting the input impedance.

Additionally, not all the RF energy flowing into Port 1 is
efficiently converted into DC power, owing to the leakage of
RF energy into the ground through the diode. Therefore, a
matching transmission line (TL4) with the length of L4 was
designed to adjust the input impedance of the Port 2 to prevent
the leakage of RF energy. To further investigate the effects of
the TL4 length on the RF energy distribution, three power
probes (Probl, Prob2, and Prob3) were used to detect the
specific RF power, in which the input power was fixed to 100
uWw, as shown in Fig. 2(a). Meanwhile, Fig. 2(b) shows the
power detected by Prob2 having different values of L4, in
which less significant changes correspond to higher isolation
performance for the proposed DC-pass filter. Furthermore, the
power detected by Prob1 and Prob3 is also revealed in Fig. 2(c).
The curves for power detected by Probl exhibited fluctuations
as the frequency enhances, whereas its counterparts, which
were the associated leakage energy detected by Prob3, showed
an increasing trend. Accounting for these factors, the value of
the L4 was set to 5 mm to simultaneously achieve the maximum
operating bandwidth and conversion efficiency.

Although the RF power path was investigated to verify the
performance of the DC-pass filter and matching line, the
RF-DC conversion efficiency should also be determined as
efficiency is the main criterion of the rectifying network. Fig.
2(d) shows the simulated RF-DC conversion efficiency against
the frequency with different input power levels. It is apparent
that the designed rectifying network was able to achieve stable
and relatively high conversion efficiency during the working
band even at different input powers (e.g., —20 dBm, —15 dBm,
—10 dBm, —5 dBm), thereby exhibiting high broadband
performance. To obtain a complete broadband rectifier,
designing a broadband matching network that can transfer the
input impedance of the rectifying network to the standard 50 Q
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Fig. 3. Simulated S11 (a) and RF-DC conversion efficiency (b)of the proposed rectifier at different input power level. (c) Simulated RF-DC
conversion efficiency of the proposed rectifier versus input power level at three frequencies. Simulated RF-DC conversion efficiency of the
proposed rectifier versus load resistance at three frequencies as the input power is 0 dBm (d), =10 dBm (e), and —20 dBm (f). Measured reflection
coefficient (g) and RF-DC conversion efficiency (h) of the proposed rectifier at different input power level. (i) Measured RF-DC conversion
efficiency of the proposed rectifier versus input power level at three frequencies for a load resistance of 1500 Q.

is necessary, in which a five-stub tuning optimization method
(TL9, TL11, TL13, TL15, and STUB2) was used. NETWORK
1 as a part of the matching network was first designed to
generate several resonances that can cover the operational
bandwidth. Three low-reflection peaks were observed in Fig.
2(f) (red line) through optimization, which indicates the
presence of the required resonances. However, the reflection
coefficient between these resonances showed significant
decays, owing to considerable separations, and the design
criteria requiring a reflection coefficient in the operation band
of below —10 dB have not been met.

To address this, another network called NETWORK 2 (Fig.
2(e)) was introduced, in which its inclusion in the design
improved the total reflection coefficient to below —10 dB from
3.0 GHz to 3.6 GHz (Fig. 2(f)). An analysis of the length (L16)
of TL13 (Fig. 2(g)) revealed that as L16 increased, the first
resonance (R1) gradually shifted to a higher frequency, in
which it also integrated with the second resonance (R2).
Simultaneously, the R2 and third resonance (R3) moved in
opposite directions. Generally, it was observed that the
combined effect of these shifts significantly enhanced the
broadband performance of the matching network.

The optimal dimensions of the transmission lines and stubs
in the entire rectifier are listed in Table I. The rectifier,
including the rectifying and matching networks, was simulated
using the Advanced Design System (ADS) with the aid of a
harmonic-balance (HB) simulator and nonlinear SPICE model

of the rectifying diode. The simulated Si; is a function of the
frequency at different input power levels, as shown in Fig. 3(a).
Here, the S11 was less than —10 dB at the 3.0 GHz ~ 3.6 GHz as
the input power varied from 0 dBm to —20 dBm, showing that
majority of the RF power inputted into the rectifier flows into
the rectifying network, which is then converted to DC power.
As evident from our rectifier design, we have considered the
antenna as a fixed 50-Q load. This simplification represents an
approximation of the load imposed by the antenna on the
rectifier and is a commonly adopted approach in rectenna
design [11, 14, 20, 25, 28, 34, 35]. To further enhance the
rectenna’s performance, a potential avenue for future work is
the co-design of the rectifier and antenna using conjugate
matching [3, 13].

Then to analyze the overall RF-DC conversion efficiency of
the rectifier, the RF-DC conversion efficiency was simulated as
a function of the frequency at different input power levels, as
shown in Fig. 3(b). The proposed broadband rectifier showed
high conversion efficiency, whereas the efficiency can reach
more than 40% at the band of 2.98 GHz ~ 3.62 GHz when the
input power was fixed at =10 dBm, which was slightly lower
than that of the proposed rectifying network at similar input
power levels, owing to the loss of the matching network. Based
on the input power level of the corresponding input power of
the rectifier performance, the RF-DC power-dependent
conversion efficiency is depicted in Fig. 3(c). Here, three
different frequencies were used based on the RF-DC
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Fig. 4. (a) Geometry of the proposed antenna with AMC. (b) Simulated reflection phase and Si1 of the AMC as a function of frequency with
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conversion efficiencies of the rectifier: 42% @ 3.0 GHz, 42%
@ 3.3 GHz, and 40% @ 3.6 GHz at the input power level of
—10 dBm. The RF-DC conversion efficiency was observed to
gradually increase as a function of the power, owing to the
nonlinear 1-V behavior of the rectifier. Notably, this
phenomenon occurred only prior to the reverse breakdown of
the diode, and once the voltage across the diode exceeds the
reverse breakdown voltage, the efficiency of the rectifier
dramatically decreases, in which it may be attributed to output
DC voltage saturation. In addition, the rectifier remained
operational with a maximum efficiency of 19% @ 3.0 GHz at
an extremely low input RF power of —20 dBm, indicating an
acceptable rectification efficiency at low input power levels. To
determine the optimized load value, we analyzed the RF-DC
conversion efficiency as a function of the load resistance at
various frequencies and input power levels, as illustrated in
Figs. 3(d-f). After  carefully  considering  the
frequency-dependent RF-DC conversion efficiency and load
resistance for different input levels, we selected a load
resistance of 1500 Q as the optimized value.

To verify the proposed design, a prototype was printed on a
low-cost F4B substrate with a relative permittivity of 2.2 and a
loss tangent of 0.001 for frequencies up to 6.0 GHz, as shown in
Fig. 3(g). The measured reflection coefficients Si; at the input
power levels of 0, =5, —10, —15, and —20 dBm, were then

respectively plotted in Fig. 3(g). Notably, the measured —10 dB
bandwidth covered the 3.0 GHz ~ 3.6 GHz band, indicating an
acceptable impedance matching of the designed broadband
rectifier. In addition, the RF-DC efficiency of the rectifier was
evaluated at different input power levels, as shown in Fig. 3(h),
in which its counterparts were obtained using the following
equation:

Efficiency = (17 xR) /P, . )
where R is the optimal load resistance of the rectifier (1500 Q);
Pin is the input power provided by the signal generator; and I, is
the current across the load resistance. Fig. 3(h) shows that the
bandwidth covers 2.96 GHz ~ 3.62 GHz for efficiency > 40% at
—10 dBm input power. Moreover, the matched bandwidth of the
proposed design (efficiency > 10%) in relation with the —20
dBm power, was observed to have a range of 2.92-3.68 GHz,
which was consistent with the simulated result. The measured
RF-DC conversion efficiency is shown in Fig. 3(i) as a function
of the input power at three different frequencies. Here, the
conversion efficiency was shown to gradually improve from
—20 dBm to 0 dBm, which was also consistent with the
acceptable matching performance (Si1 < —10 dB) over the
wide input power range shown in Fig. 3(a).
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Fig. 5. Simulated and measured 2D radiation patterns of the proposed
antenna.

1. RECEIVING ANTENNA AND META-LENS DESIGN

To guide the input RF power into the proposed rectifier to the
maximum extent, a receiving antenna and a meta-lens were
jointly designed to ensure that the FOV [52-55] of the
meta-lens was equal to the 3-dB beam width of the receiving
antenna. Based on this design principle, the incident waves can
be consequently tailored to the primary reception direction of
the receiving antenna by the meta-lens; thus, the total efficiency
is inferred to be enhanced, owing to the significant increase in
the power density around the rectenna. As compared with
super-directive antennas, the proposed meta-lens can enhance
the antenna radiative field intensity without negatively
affecting the 3-dB beam-width, and thereby enabling passive
amplification by maintaining its original antenna pattern.

A. Receiving Antenna Design

As shown in Fig. 4(a), a broadband monopole antenna
integrated with an artificial magnetic conductor (AMC) was
designed as the receiving antenna to construct the passive
amplification system, owing to its high-gain characteristics
(Fig. 4(a)). Meanwhile, because of the monodirectional
radiation feature (without backward scattering), the rectifier
can be attached to the back of the bottom metallic ground (Fig.
4(a)) to reduce the profile of the total rectenna. The proposed
multi-layered broadband high-gain antenna was fabricated on
an F4b substrate with a relative permittivity of 2.2 and
thickness of 0.762 mm.

Prior to designing the broadband monopole antenna, an
AMC structure consisting of two metal rings (Fig. 4(a)) was
proposed to operate at 3.0 GHz ~ 3.6 GHz. The effect of the
size of the ring-shaped pattern on the resonant frequency of the
AMC was also investigated by conducting simulations to
analyze the effect of Rz on the reflection phase, as shown in Fig.
4(b). The results demonstrated that as Rs increased, the
zero-phase frequency shifted to a lower frequency. Particularly,
when R3 was set to 7.2 mm, the zero-phase frequency was
approximately 3.3 GHz. Consequently, the AMC exhibited
strong reflection characteristics within the frequency range of
2.75 GHz to 3.83 GHz, in which its corresponding reflection

TABLEII
GEOMETRIC PARAMETERS OF THE PROPOSED ANTENNA
Parameter Value Parameter Value Parameter Value
(mm) (mm) (mm)
R; 16.0 R, 5.0 R3 8.8
Rs 7.8 Rs 6.8 Re 5.8
Ly 16.0 L, 5.0 L3 11.0
W, 29.0 W, 18.2 H; 5.0
H, 5.0

phase was oscillating from —90° to 90° (Fig. 4(b)). Meanwhile,
other parameters such as Ro, W1, and W5, were optimized based
on the operating bandwidth using the commercial software
CST Microwave Studio, as shown in Table Il. Using the AMC,
the impedance bandwidth (Fig. 4(g)) and benefits (Fig. 4(h)) of
the designed antenna were expectedly significantly improved.
It is worth noting that in the proposed Artificial Magnetic
Conductor (AMC) structure, the distance (Hz) between the
metal plane and the ring is relatively short. Consequently, the
coupling between different modes is relatively small, and the
analysis mentioned earlier is specifically performed for the
TEonn mode. However, when H, is increased, the coupling
between different modes becomes more significant. This
results in multiple zero-phase frequencies appearing in the
same wide frequency band, necessitating a multi-mode analysis
for multiple frequencies [56-57]. Exploring this direction could
be a feasible future step to further consolidate the analysis of
this antenna. In this present work, our primary focus has been
on evaluating the overall system performance of the wireless
energy harvesting system as a whole.

Subsequently, a traditional monopole antenna composed of a
ring-shaped radiator, a matching line, a feeder line with a
characteristic impedance of 50 Q, and a ground plane, was also
designed. Here, the radiator of the antenna was equivalent to a
parallel-circuit model (inset of Fig. 4(c)), and the resonant
frequency of each branch can be expressed as:

fo_ 1. 2

27JLC

where the equivalent inductance L can be modified by changing
the current path length of the radiator; and C is the equivalent
capacitance. As the length of the current path increased from
the increasing radius R; of the radiator, the resonance point
shifted to a higher frequency range (Fig. 4(c)). Upon R:
reaching 16 mm, the antenna achieves an optimal matching
performance at a central frequency of 3.3 GHz. Furthermore,
this configuration effectively covered the operating band from
3.0 GHz to 3.6 GHz (Fig. 4(d)).

The relative positions of the components are shown in Fig.
4(a). Considering the fixed relative location between the
receiving antenna and designed meta-lens, the 3-dB beam
width of the proposed antenna was inferred to be stable within
the working band. Thus, the width (W) of the ground plane
was studied in Fig. 4(e), in which it showed that as W;
increased, the 3-dB beam width of the E-plane sharply
decreased at high frequencies. However, the opposite trend
showed by Wi resulted in a deterioration of the impedance
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bandwidth. Therefore, as the target band was 3.0 GHz ~ 3.6
GHz, 29 mm was chosen as the optimal value for Wy. In
addition, the distance (Hi1) between the antenna and AMC
mainly affected the surface wave propagation, thereby resulting
in variations in the antenna gain and beam-width. H; (Fig. 4(f))
was parametrically analyzed, in which its trends showed that as
Hy increased, the more stable the 3-dB beam width curves were
for the E-plane at particular frequency bands of interest.
However, its increases were followed by sharp decreases at
higher frequencies. Therefore, 5 mm was selected as the
optimal value to account for the effect of H1 on the 3-dB beam
width and gain.

A prototype was fabricated (Fig. 4(g)) to further verify the
proposed antenna design. Here, the simulated and measured
reflection coefficients of S11, were plotted in Fig. 4(g). It can be
observed that Si; was less than —10 dB at the 2.95-3.82 GHz
range, indicating the good impedance matching. The simulated
and measured gains of the antenna are presented in Fig. 4(h).
Using a well-designed AMC structure, the realized gain of the
fabricated antenna over the operational frequency band reached
approximately 8 dBi, while its corresponding radiation
efficiency was found to be greater than 90%. Additionally,
simulated cross and co-polarization levels of the antenna at
different frequencies are presented in Fig. 4(i). A clear
observation from Fig. 4(i) is that the cross-polarization gain is
approximately 18 dB lower than the co-polarization gain within
the radiation angles of interest (—30° ~ 30°) at three frequencies,
which serves as a strong indicator of excellent linear
polarization characteristics. Furthermore, the measured
two-dimensional (2D) radiation patterns of the proposed
antenna with AMC at 3.0 GHz, 3.3 GHz, and 3.6 GHz were
also given in Fig. 5, in which the 3-dB beam width of the
radiation patterns in E-plane and H-plane were approximately
60°, which was consistent with the simulated results (Fig. 5).

B. Meta-lens Design

A multilayer transmission-type meta-atom was adopted to
compose the focusing lens (see Fig. 6(a)). This meta-atom

exhibits a sandwich-shaped structure composed of square
patches and cross slots, which were separated by dielectric
substrates made of FAB with identical thickness H, permittivity
of 2.65, and loss tangent of 0.001. The periodicity of meta-atom
was 25 mm, having approximately 0.29/ at the working
frequency of 3.3 GHz. The length and width of the cross slots
were 15 mm and 3 mm, respectively. The basic unit cell of the
meta-lens shown in Fig. 6(a) can be expressed as a TL model
(Fig. 6(0)), in which its ABCD matrix can be derived as:

A B 1 0 cosk,H jZ,sink,H
{c D}:L/zs1 l}Lsinde/Zo cosk,H }
[ 1 0}[ cosk,H jzosinde[ 1 0] 3)
Yz, 1] jsinkyH/Z, cosk,H [|YZ, 1
cosk,H jZ,sink,H[ 1 0]
| jsink,H/Z,  cosk,H }L/Z51 1]
cosk,H jZ,sink,H][ 1 0]
| jsink,H/Z,  cosk,H }L/Z51 1]

where Zg is the surface impedance of layer 1, layer 2, layer 4
and layer 5; Z is the surface impedance of layer 3; and kq is the
propagation constant of the substrate. Based on Eq. (3), the
transmission feature of the basic unit can be adjusted by
modifying Zs and thickness H of the substrate once Zs, has
been determined. Owing to direct relationship of Zs, with the
structural parameter of the pattern, the transmission phase of
the basic unit cell (at 3.3 GHz) can be fine-tuned to cover the 21t
range, particularly as L varied from 10 mm to 22 mm (Fig.
6(c)). During this process, the basic unit cell exhibited
relatively high transmission amplitudes (Fig. 6(d)), in which
the transmission phase (solid lines) was shown in Fig. 6(e) as a
function of the thickness of the substrate. The zero-phase point
that reflects the resonant frequency also gradually shifted to a
lower frequency as H increased. When H was equal to 3.0 mm
and 3.5 mm, the resonance that can motivate significant phase
shifting occurred near 3.3 GHz. Finally, considering a better
transmission coefficient, 3.0 mm was chosen as the optimum
substrate thickness.
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As shown in Fig. 6(c), the meta-atom exhibits a 360° phase
modulation with high transmittance (Fig. 6(d)) when L in layers
1,2, 4, and 5 varied from 10 mm to 22 mm. The meta-atom was
employed based on its phase-manipulating ability to construct a
focusing lens according to the following equation:

T(x,y) = Akl rirL), (4)
where A is the amplitude value, which should have the
maximum value in this design; FL is the predesigned focus

length; and k is the wave number in free space. Here, (X, y)
denotes the location of the basic meta-atoms across the

meta-lens. Once the FL and coordinates (x, y) have been
determined, the phase distribution at the aperture can be
accurately derived using Eq. (4). However, owing to the close
coupling between meta-atoms, the initial phase distribution
obtained from Eq. (4) may not result in an optimal focal
performance. To address this, Eq. (4) was modified to enhance
the focal performance, given by Eq. (5):

T(x, y) = Ap+Ag K FE-m) ©)

where Ag is a reference phase. Consequently, by comparing

the presence of MAT situations (Fig. 10(a)), the varying Sx
difference may be obtained as the A changes from 0° to 360°.

Following multiple rounds of optimization, the Ag that is

equal to 180° was selected to help obtain the Sz; difference in
the working bandwidth of >10 dB as shown in Fig. 10(c).

In this process, FL was calculated according to the basic
design principle: the 3-dB beam width of the antenna (6 = 60°)
was approximately equal to the FOV (¢) of the meta-lens (Fig.
1(b)); thus, the relationship between the FL and side length (SL)
of the meta-lens may be obtained by adopting the following
equation:

(6)

Considering the complexity of the array design, a meta-lens
composed of 20 x 20 meta-atoms with an SL of 500 mm was
formed. By substituting SL and ¢ = 60° into Eq. (6), FL was
calculated to be 433 mm. The corresponding phase
distributions calculated using Eq. (5) is shown in Fig. 7(a). To
meet the focusing performance at 3.0 GHz ~ 3.6 GHz, the
focusing performance at 3.0 GHz, 3.3 GHz, and 3.6 GHz was
investigated, as shown in Fig. 7(d). Although the focal length
gradually increased with frequency, the compressed focal

SL/FL=2tan%-
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length at FL = 433 mm still has the potential to have a
significantly enhanced power density. To investigate the
impact of the meta-lens on the gain of the proposed antenna, we
have plotted the simulated gain as a function of frequency in
Fig. 8(a). It is evident that the antenna's gain experiences a
significant enhancement with the presence of the meta-lens,
surpassing the antenna's gain of 8 dBi without it and reaching
an impressive 19 dBi.

Furthermore, Figs. 8(b-d) showcase the E-plane and H-plane
radiation patterns of the antenna equipped with the meta-lens at
3 GHz, 3.3 GHz, and 3.6 GHz. These visualizations clearly
illustrate the generation of highly directional beams at these
three frequencies, with sidelobe levels positioned 13 dB below
the peak gain. Additionally, Figs. 8(b-d) provide a notable
insight into the cross-polarization performance, showing that
the cross-polarization gain is approximately 30 dB lower than
the co-polarization gain. This low level of cross-polarization
indicates excellent performance in this regard.

To further evaluate the performance of the proposed
meta-lens, a sample was fabricated using the PCB technology
based on the L-parameter variation in the (x, y) plane (Fig.
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Fig. 9. (a) Photograph of the experimental setup. The measured focusing performance at (b) 3.0 GHz, (c) 3.3 GHz, and (d) 3.6 GHz.
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7(c)), as depicted in Fig. 7(b). The desired phase distribution
was obtained by adjusting the L values of the square patches.
Consequently, as shown in Fig. 7(b), the meta-atoms spanning
the aperture of the meta-lens exhibit a gradient pattern. The
prototype was consistent with the simulated model and was
subsequently measured in an anechoic chamber. Here,
near-field measurements were performed to detect the focusing
effect. As shown in Fig. 9(a), the meta-lens was located on the
platform and illuminated by the feed horn, and the near-field
electric field distribution was detected by scanning the
waveguide probe. The distance between the waveguide and
prototype was equal to a focal length of 433 mm, and the
scanning area was 500 mm x 500 mm. The normalized results
in Figs. 9(b-d) illustrated a relatively acceptable focusing effect
as the simulated prediction (Fig. 7(d)), which may serve as the
basis for the next energy harvesting.

IV. OVERALL SYSTEM PERFORMANCE MEASUREMENT

Finally, to demonstrate the performance of the proposed
RF-DC conversion system, two experiments were conducted to
verify the enhanced performance of the meta-lens in terms of
the receiving power and conversion efficiency of the rectenna.
A commercial Vivaldi standard horn antenna and fabricated
rectenna (Figs. 10(a-b)) were used as the transmitting and
receiving antennas, respectively. First, the effect of the
meta-lens on the receiving power of the receiving antenna was
verified by connecting a two-port vector network analyzer to
the transmitting and receiving antennas, in which Sy was
measured with and without the meta-lens. Next, the receiving
power enhancement provided by the meta-lens was evaluated
by comparing S,; of the meta-lens-enhanced system with that
of the system without the meta-lens. The Sy difference, which
represents the receiving-power enhancement, was obtained by
subtracting the two measurements. Fig. 10(c) shows the Sy
difference obtained from both the simulation and measurement.
Here, the meta-lens was positioned 433 mm from the fabricated
rectenna, following the previous design specifications. Despite
the variations attributed by the separate design approach, the
measured Sy difference remained consistently >10 dB across
the frequency range of 3.0 GHz to 3.6 GHz. This indicates a
receiving-power increase of >10 dB, which was equivalent to a
tenfold improvement, following the introduction of the
meta-lens.

Meanwhile, the effect of the MAT on the total conversion
efficiency was verified by connecting the transmitting antenna
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] Peak Conversion
Ref. Input Power: Efficiency (PCE) at EB (F_BW) at—10 dBm EB (FI_B\_N) at —20 dBm Technique
(year) IBW (FBW) ~10 dBm (Efficiency > 0.9*PCE) (Efficiency > 40%)
58] —10 dBm: 179 GH(Z70~/01)'92 GHz Two-branch
0, 0, i i
(2015) 1.77 GHz ~ 1.84 GHz (4%) 56% @ 1.88 GHz 206 GHz ~ 2.26 GHz 0% |mpedance_match|ng
2.0 GHz ~ 2.24 GHz (10.3%) (9%) technique
—3dBm: . .
[43] Conjugate matching
(2020) 2.4 GHz ~ 2.6 GHz (8%) 51% @ 1.8 GHz NR 0% technique
2.18 GHz ~ 2.3 GHz (5%)
[59] —15 dBm: Impedance matching
22% @ 2.4 GH NR 0% .
(2022) 2.25 GHz ~ 2.7 GHz (18%) @ z ? technique
[11] —10 dBm: 2.21 GHz ~2.4 GHz Impedance matching
37% @ 2.3 GH 0% .
(2019) 2.1 GHz ~ 2.5 GHz (17%) @ z (8%) 0 technique
This work —10 dBm:
(without 2.89 GHz ~ 3.7 GHz (24.5%) 47.1% @ 3.16 GHz 2.99 GHz ~ 3.6 GHz 0% Impedance_matchmg
meta-lens) —20 dBm: (18.5%) technique
(2023) 2.87 GHz ~ 3.7 GHz (25%)
This work —10 dBm:
(with 2.89 GHz ~ 3.7 GHz (24.5%) 0 2.98 GHz ~ 3.65 GHz 2.90 GHz ~ 3.63 GHz
meta-lens) —20 dBm: 63% @ 3.2 GHz (20.2%) (22.3%) MAT
(2023) 2.87 GHz ~ 3.7 GHz (25%)
IBW: Impedance Bandwidth. EB: Efficiency Bandwidth. NR: Not Reported.
to a signal generator emitting RF energy, in which the receiving  conversion efficiency of broadband rectennas. MAT

antenna was connected to a spectrum analyzer to identify the
receiving power of the rectenna. By tuning the transmitting
power, the receiving power can be fixed at —20 dBm, which
mimics the ambient power level in typical cases. The antenna
was then connected to the rectifier by a coaxial with the
characteristic impedance of 50 Q. Finally, the DC output
current was measured using an amperometer, and the
conversion efficiency without the meta-lens was calculated
using Eqg. (1). The meta-lens was then placed between the
transmitting antenna and proposed rectenna (placed at the focal
location). Without changing the emitting power, as in the above
measurement, the receiving power and DC output current of the
rectenna were measured and the efficiency of the meta-lens was
calculated using the same method (Fig. 10(d)). It was
demonstrated that the enhanced efficiency was more than 30%
at 2.90 GHz ~ 3.63 GHz, with a maximum boost of 45%,
indicating the proposed MAT have significant advantages in
improving conversion efficiency of the rectenna at low RF
power density.

A comparison between our rectenna design and related
designs is presented in Table Ill. Here, not only did the
fractional bandwidth (FBW) showed higher overall
performance than those of the existing designs at an input
power of —10 dBm, but also the corresponding efficiency of the
proposed rectenna without the consideration of the MAT.
Hence, it can be inferred that through the adoption of MAT, the
efficiency of the total system may potentially reach >40% at
2.90 GHz ~ 3.63 GHz, which is already significantly higher
than the that of state-of-the-art results for input power at
approximately —20 dBm.

V. CONCLUSION

In this paper, we introduce a novel technique called the
meta-lens-assisted technique (MAT) aimed at enhancing the

accomplishes this by amplifying the RF power density around
the rectenna while leaving the working bandwidth unaffected.
Notably, the MAT-empowered rectenna achieves an
impressive RF-to-DC conversion efficiency exceeding 40%
across a frequency range spanning from 2.90 GHz to 3.63 GHz,
even when operating at low input power levels down to —20
dBm. In contrast, conventional designs typically exhibit
efficiencies of less than 20% at such low power levels.

The potential of the MAT concept for practical
implementation in real-world scenarios is substantial. It can be
strategically integrated into various objects such as windows,
furniture, and home appliances, serving as a passive amplifier
and focusing medium. This capability opens the door to highly
efficient wireless energy-harvesting systems. The design holds
great promise for effective wireless energy harvesting, with
applications in various aspects of daily life. Specifically, it
offers significant advantages for powering loT terminal
devices, including wireless sensors, backscatters, RFIDs,
digital clocks, smoke alarms, and DC-DC converters. Our
proposed design facilitates efficient wireless energy harvesting,
providing a novel approach to enhance low-power energy
harvesting for 10T devices, especially when coupled with
specific lens devices.
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