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Abstract—This article presents an innovative metamaterial-
based radio frequency (RF) energy harvesting system designed
to efficiently capture ambient RF energy across multiple fre-
quency bands, including Wi-Fi (2.45 GHz) and 5G (0.9, 1.8,
2.1 GHz). Utilizing electric inductive-capacitive resonators and
a rectification circuit, the system converts ambient RF energy
into direct current (dc) power with high efficiency. Specifically,
a single unit cell of the proposed 8 × 8 harvester is capable of
generating up to 562 µW under an RF ambient power density of
40 µW/cm2. This high efficiency and scalability make it ideal
for powering low-power Internet-of-Things (IoT) devices and
sensors. The design emphasizes optimizing the unit cell to mini-
mize computational complexity, enabling a more straightforward
and scalable implementation. Experimental results demonstrate
the system’s ability to efficiently harvest RF power across the
specified bands, validating its potential as a sustainable solution
for the growing power demands of IoT networks.

Index Terms—Metamaterials, metasurfaces, radio frequency
(RF) energy harvesting, rectifiers.

I. INTRODUCTION

THE world is becoming increasingly connected through
the deployment of wireless sensor networks (WSNs). The

exponential rise of the Internet of Things (IoT) has brought
unprecedented levels of autonomy and monitoring. In 2023, it
was estimated that there were 16.7 billion IoT devices, with
that number expected to increase to 29.7 billion devices by
2027 [1]. However, the scalability of current WSNs is being
called into question. With billions more sensor nodes expected
to be deployed worldwide, the sustainability of powering
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these nodes with batteries or mains supply is questionable.
Maintaining and replacing batteries for a vast number of
sensors will become unsustainable.

To address this challenge, efforts have been made to
reduce the power consumption of sensor nodes and explore
alternative methods of supplying the power required. One
promising approach is radio frequency (RF) energy harvesting,
particularly through wireless power transfer (WPT) and the
harvesting of RF energy from ambient sources. WPT has been
a significant focus of research in recent decades. WPT has the
advantage of enabling wireless charging, although it requires
constant excitation from a dedicated source to provide power
to the end device. Thus, there has also been a strong focus
on research related to harvesting RF energy from ambient
sources, exploiting the proliferation of mobile communications
and terrestrial transmission networks. These networks emit
signals at various power levels and frequencies, providing
an abundance of untapped electromagnetic (EM) energy. The
integration of RF energy harvesting into IoT is vital for its
long-term future, as the supply of energy needed for the
sensors is one of the greatest barriers to IoT [2].

However, a limitation in integrating RF energy harvesting
into IoT is the relatively low available ambient power density,
which determines the sensitivity of RF harvesters.

The expected ambient RF power is expected to be approx-
imately 40 µW/cm2 [3], [4]. To fully exploit the RF energy
available in the environment, harvesting systems should be
ultra-sensitive and power-efficient. Additionally, these systems
should be wideband to cover multiple frequency bands, as
different environments may have varying frequency spectrums.

Conventionally, rectenna designs (i.e., antennas connected
to RF-to-dc rectifiers) have been used to enable RF energy
harvesting. Researchers have conducted extensive studies to
improve the RF-to-dc conversion efficiency of rectification sys-
tems. Attention has been focused on achieving higher RF-to-dc
efficiencies (over 25%) at lower input powers, such as below
−10 dBm [5], [6], [7], [8], [9], [10]. Various approaches have
been explored, including co-designed antenna and rectification
circuit designs [11], [12], [13], wideband/multiband rectifiers,
and compact rectifier designs [14], [15], [16], [17], [18].
These rectifiers have shown promising results, achieving high
RF-to-dc efficiency for different frequency bands and input
power levels. For example, in [16], a six-band dual circularly
polarized (CP) rectenna for ambient RF energy harvesting is
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presented. In the outdoor measurements, the average received
power in the frequency bands of interest was found to be
around −11.4 dBm, and the maximum harvested dc power
was 8 µW, resulting in a total system’s efficiency of 11% for
−11.4 dBm power input.

However, rectennas usually need to be formed into rectenna
grids/arrays to increase the delivered dc power to a load for a
given ambient power density [19]. This adds complexity to the
design and implementation of rectenna-based RF energy har-
vesting systems. On the other hand, there is increased interest
in the field of RF energy harvesting using metamaterial-based
structures [20], called metamaterial harvesters (MHs).

MHs are a type of metamaterial absorber (MA) [21], where
the captured EM power is delivered to an RF-to-dc rectification
system rather than dissipating to the metallic and/or dielectric
parts of the structure, as is mainly the case with a typical
MA. A typical RF MH includes two main components: the
RF front-end part, which absorbs and channels the incident
EM waves, and the rectification system, which receives the
RF power and delivers dc power to the endpoint.

Designing an end-to-end MH system to achieve high overall
rad-to-dc efficiency (i.e., the ratio of the dc output power
delivered to the load to the incident power) with low power
input remains challenging, particularly for multiband oper-
ation. Table I shows the state-of-the-art in regard to MH
systems. It is clear that typical solutions operate at a single
harvesting band.

In [22], an MH was proposed featuring miniaturized rec-
tifiers to harvest 2.45 GHz. The design achieved a rad-to-dc
efficiency of 44.5% at an incident power of 25 dBm. In [23],
a series of nongridded patch unit cells were designed to target
circular polarized waves at 24 GHz. This approach attained
a rad-to-dc efficiency of 63% for 15.2 dBm. Work in [24]
focused on making an easily scalable RF feed network to
supply a single rectifier at the end of each branch. This method
achieved 61% rad-to-dc efficiency for an input of 15 dBm at
2.2 GHz. In [25], an ERR unit cell and RF summation network
were proposed. Supplying the RF power to a single rectifier,
the system achieved a rad-to-dc efficiency of 40% for 12 dBm
at 2.82 GHz. With a focus on electric-field-coupled (ELC)
resonators, in [26], an MH was designed for 2.45 GHz and
multiple polarization angles. The proposed structure achieved
a rad-to-dc efficiency of 70%. In [27], ELC resonators were
used to feed individual voltage doubling rectifiers. This design
was able to achieve 76.8% rad-to-dc efficiency for an input
power of 0.4 dBm. The work in [28] is a dual-band and
wide-angle MH capable of harvesting 58% of the incident
RF power at 0 dBm, using a uniplanar compact photonic
bandgap (UC-PBG) design. The work in [29] used an array of
patches to harness energy from 2.45 GHz. With their design,
they were able to harvest 67% of the incident 2.45 GHz at
0 dBm. In [30], a cut-wire resonator was designed to feed
a rectifying diode in the center of the I-shaped trace. At an
incident power of −0.46 dBm, the MH achieved a rad-to-dc
conversion efficiency of 27.7%. In [31], a cross-dipole MH
operating at 3 GHz was designed. By placing diodes into the
gaps of the unit cells, the MH achieved a rad-to-dc efficiency
of 74% at −1.48 dBm incident power per unit cell. In [32], the

TABLE I
STATE-OF-THE-ART METAHARVESTERS FOR RF ENERGY HARVESTING

proposed ELC resonator was able to harvest 55% of the target
frequency at −2 dBm. Utilizing a split-ring resonator (SRR)
MH, in [33], a rectifying diode was directly placed onto the
unit-cell feed. This method achieved a rad-to-dc efficiency of
81% at 1.9 GHz, with an incident power of −5 dBm. The
loaded gridded square loop (GSL) proposed in [34] shows
how loaded square loops combined with a diode network can
harvest 15.9% of the incident power at −6 dBm.

This work presents the design and experimental validation
of a novel MH, which is multiband and highly efficient for
low power input and power density, compared to the state-
of-the-art as shown in Table I. Exploiting the highly efficient
power delivery method of using an MA, more than 85% of the
RF incident power is channeled successfully to the input of
the rectifier in multiple 5G frequency bands, n1 (2.1 GHz), n2
(1.9 GHz), n3 (1.8 GHz), n8 (0.9 GHz) as defined in 5G New
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RF Range 1 (NR FR1) [35] and Wi-Fi (2.45 GHz). To ensure
meaningful levels of power are harvested, a highly efficient
multiband rectification system was designed consisting of four
branches, i.e., one per operating band.

This work introduces a novel rectifier design featuring a
parallel branch configuration, where each rectifier branch oper-
ates independently. Unlike the conventional cascaded branch
approach, which connects branches sequentially and suffers
from efficiency losses when certain frequency tones are absent,
the parallel configuration prevents inactive branches from
drawing current or introducing diode losses. By allowing
each branch to be optimized for its specific frequency and
to function independently, the proposed design significantly
reduces biasing losses and enhances system efficiency. This
innovation makes the rectifier more resilient and efficient in
environments with inconsistent or variable ambient RF signals.

The proposed MH system is capable of harvesting 562 µW
(measured value) per unit cell across the four bands of interest
for a power density of 40 µW/cm2. The 8×8 array delivers a dc
39.1 mW (simulated value) at the same power density, utilizing
dc combiner architecture and a different optimum load. The
latter is close to the predicted 36 mW, assuming a lossless
connection at the dc part. These findings are crucial for the
design approach of MH systems because it allows the focus to
be on the unit cell, significantly simplifying the computational
effort. Additionally, based on Table I, it is evident that the
proposed multiband (0.9, 1.8, 2.1, and 2.45 GHz) MH outper-
forms the existing state-of-the-art. Thus, the presented work
introduces a novel tetra-band MH that integrates both EM
absorbing and RF rectification functionalities. Unlike previous
multiband MHs, which typically address single or dual-band
operations and often lack integrated rectification functionality,
this research combines tetra-band operation with an efficient
RF-to-dc rectification process. To the best of our knowledge,
this is the first end-to-end tetra-band MH system presented,
offering a highly efficient solution for multiband RF energy
harvesting.

II. MH RF FRONT-END

The RF front-end of the MH is characterized by its rad-to-
RF efficiency, which is defined as the ratio of the RF power
delivered to the rectifier, PRF, to the incident RF power, Prad.
This can be mathematically expressed as follows:

ηRF =
PRF

Prad
. (1)

The configuration of the MH RF front-end can take various
forms, with designs commonly categorized into SRRs [22],
[33], ELCs [26], [27], [32], or patch unit cells [23], [24], [29].
Other configurations, such as cut-wire resonators [30], crossed
dipoles [31], UC-PBG structures [28], and GSL designs [34],
are less common compared to the aforementioned types. In
the past decade, numerous studies have focused on design-
ing MH RF front-ends with high rad-to-RF efficiency. For
instance, in [36], a triple-band MH RF front-end was proposed,
demonstrating rad-to-RF efficiencies of 94% at 0.9 GHz, 81%
at 1.8 GHz, and 87% at 2.45 GHz. Similarly, Almoneef and
Ramahi [37] introduced a compact and highly efficient MH RF

Fig. 1. (a) Schematic representation of the MH. The unit-cell geometry used
for designing the proposed MH RF front-end structure (b): top view and side
view (left), and a 3-D representation (right).

front-end operating at 3 GHz, which achieved a measured rad-
to-RF efficiency of 93%. In [38], the MH RF front-end attained
a rad-to-RF efficiency of 84.4% at 2.45 GHz. Moreover,
Ghaderi et al. [39] presented a polarization-insensitive and
wide-angle MH RF front-end, achieving a maximum rad-to-RF
efficiency of 95%. Additionally, Ghaderi et al. [40] introduced
a dual-band MH RF front-end operating at 2.45 and 6 GHz,
with a rad-to-RF efficiency exceeding 80%.

Fig. 1 shows the design of the unit cell from which the MH
RF front-end is comprised. It comprises an ELC resonator,
formed by a copper trace with a thickness of 35 µm and a
conductivity of 5.8 × 107 S/m. ELC resonators offer several
advantages over other electric resonator designs, including
strong electric field coupling, design flexibility, compact size,
and wideband performance [41]. These characteristics make
them highly efficient and well-suited for applications such as
metamaterial-based RF energy harvesters. This resonator is
loaded with a resistor connected through a via, serving as the
input impedance to a rectification system.

The design features a multilayer structure consisting of three
different layers. The top layer is a Rogers RO4350B substrate,
with a thickness of h1 = 0.51 mm, a relative permittivity of
εr = 3.48, and a loss tangent tan δ = 0.0037. The top layer
hosts the copper trace to create the ELC resonator. The middle
layer is a combination of an air gap and a 3-D printed lattice
structure used to support the MH and the vias. The thickness
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Fig. 2. (a) Comparison of simulated and measured rad-to-RF conversion efficiency ηRF for infinite and finite geometries across the operating frequency.
(b) Simulated ηRF for TE and TM polarizations of the incident wave, demonstrating linear TE polarization. (c) Image of the fabricated MH RF front-end
geometry used for experimental validation at 0.9, 1.8, 2.1, and 2.45 GHz. (d) and (e) Simulated and measured ηRF versus angle of incidence at specific
frequency points for the finite 8 × 8 MH front-end geometry.

of the middle layer is h2 = 12 mm. The material used in the
3-D printing is polylactic acid (PLA), with a relative permit-
tivity of εr = 2.72. The bottom layer is an FR-4 substrate
with a thickness of h3 = 1.6 mm, a relative permittivity of
εr = 4.6, and a loss tangent of tan δ = 0.002. This layered
configuration results in a total thickness of 14.11 mm, which
corresponds to approximately 0.042λ of the MH profile at
0.9 GHz. The RF front-end absorbs the incident RF energy
and channels it to a load through a via. This via, with a
diameter of 0.8 mm, runs between the top and bottom layers
of the geometry and is connected to a 50-Ω load. This load
mimics the input resistance of an RF-to-dc rectifier, which is
then connected to the ground plane on the back of the bottom
layer.

The design parameters were obtained through an optimiza-
tion process using a genetic algorithm in CST Microwave
Studio [42]. All simulations were conducted with the same
software, employing the finite element method. The periodicity
of the geometry was modeled by applying periodic boundary
conditions (PBCs) around the unit-cell geometry, which was
illuminated by a plane wave. The wave impinged on the
structure either normally or at an angle, with a specific
polarization. Specifically, the unit-cell option was used in the
CST solver, corresponding to a Floquet boundary condition
with a periodic port.

Considering a normally incident plane wave propagating
along the z-direction with its electric field polarized in the
y-axis, the design parameters for optimal ηRF were obtained
at 0.9, 1.8, 2.1, and 2.45 GHz. The degrees of freedom for
the optimization were the ELC parameters b, c, d,w, e, and g.

The optimization process accounted for all these frequency
points simultaneously. To enable the MH’s front-end periodic
structure to function as a homogeneous metamaterial-based
EM absorber, the unit cell is fixed at a size of a = 33.04 mm,
corresponding to approximately one-tenth of the maximum
operating wavelength at 0.9 GHz. Utilizing this process, a
multiband absorbing MH RF front-end structure was designed,
and the dimensions of the ELC resonator are b = 27.5 mm,
c = d = w = 2.07 mm, e = 22.69 mm, and g = 0.39 mm.

The entire structure can be characterized at its lower oper-
ating frequency (i.e., 0.9 GHz) as electrically thin, as it has
an approximate thickness of λ/23, where λ is the wavelength
at 0.9 GHz.

The simulated efficiency ηRF based on the unit-cell analysis
using periodic conditions (i.e., infinite geometry) is depicted
in Fig. 2(a). For normal incidence, two distinct highly absorb-
ing regions appear: a narrow frequency band from 0.88 to
0.92 GHz and the other wideband from 1.48 to 2.61 GHz.
In these regions, ηRF ≥ 80% is achieved, resulting in a full-
width half-maximum (FWHM) values of 6.8% and 69.9%,
respectively. Specifically, at 0.9, 1.8, 2.1, and 2.45 GHz, the
RF front-end achieves rad-to-RF efficiencies of 87.7%, 98.5%,
98.6%, and 94.3%, respectively.

When investigating metasurfaces, the common practice is
to simulate the unit cell under the assumption of infinite peri-
odicity. This approach simplifies the simulation and provides
a good approximation of the behavior of the metasurface
in an ideal, infinite scenario. However, when fabricating
and measuring finite geometries, the actual physical struc-
ture includes edges and boundaries that can introduce edge
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effects and diffractive phenomena not accounted for in the
unit-cell simulations [43]. These edge effects can lead to
discrepancies between the simulated and measured results,
as the interactions at the boundaries can significantly impact
the overall performance and behavior of the metasurface.
Therefore, considering these effects is crucial for accurately
predicting and understanding the performance of practical,
finite metasurface geometries. For this reason, we simulated
the finite MH RF front-end with 8 × 8 unit cells, which was
then fabricated and measured. The comparison between the
simulated results of the infinite and finite MH RF front-end
is depicted in Fig. 2(a). The difference between the results of
the infinite and finite MH RF front-end is expected and mainly
due to the edge effects as explained above.

The proposed metamaterial-based RF front-end is opti-
mized for linear polarization under TE waves, as depicted in
Fig. 2(b). For comparison, simulations were also conducted
for TM polarization, with the results presented alongside the
TE case in Fig. 2(b).

Next, the MH RF front-end geometry was fabricated and
validated through measurements at 0.9, 1.8, 2.1, and 2.45 GHz
within an anechoic chamber. The fabricated MH front-end
can be seen in Fig. 2(c). For the measurement procedure,
each unit cell was terminated with a load of 50 Ω through
an SMA connector. By placing SMA connectors at each unit
cell, between the corresponding ELC and rectifier, we gain the
ability to measure the harvested RF power from each ELC,
allowing us to estimate ηRF. Additionally, this setup enables
regulation of the power input to the rectifier, facilitating
the estimation of ηdc. In the final MH system, these SMA
connectors will be removed.

The experimental conditions for measuring the RF power
density, S, in this study were established by positioning the
MH RF front-end, characterized by a physical surface area
Arad, at a fixed distance of d = 5.35 m from the transmitting
source. The source was a horn antenna with a known gain,
Gt [44], connected to a signal generator capable of delivering
adjustable power levels, Pt, over a range of frequencies. On
the receiving side, each unit cell of the RF front-end was
individually connected to a spectrum analyzer to capture the
received power, while the remaining unit cells were terminated
with 50 Ω loads. This procedure was repeated 64 times for
each frequency band. The total received power, PRF, was
determined as the sum of these individual measurements.

Using the Friis transmission equation for free-space propa-
gation, the total received power is given by

PRF = PtGt
Ar

4πd2 (2)

where Ar represents the effective area of the MH RF front-end.
Considering that ηRF = Ar/Arad [45] and (1), and substituting
into (2), the radiated power can be expressed as

Prad = PtGt
Arad

4πd2 . (3)

Thus, by comparing the measured PRF with the estimated
Prad from (3), the RF efficiency, ηRF, can be calculated. Com-
paring the simulated and measured ηRF between the infinite

and finite cases [Fig. 2(a)], a good agreement between the
results is observed.

Specifically, for the finite case, the simulated ηRF was
70.8%, 93%, 89.6%, and 97.7% at 0.9, 1.8, 2.1, and 2.45 GHz,
respectively. In the infinite case, the simulated ηRF was 87.7%,
98.4%, 98.6%, and 94.3% at the same frequencies. The
fabricated MH front-end, when measured, obtained an ηRF of
67%, 97.8%, 79%, and 95%. These results indicate a good
agreement across the simulated structures and the fabricated
MH front-end. The largest discrepancy occurs between the
infinite and finite simulated cases at 0.9 GHz, where the
wavelength is comparable to the geometry size, resulting in
stronger edge effects, as expected.

Fig. 2(d) and (e) shows both the simulated and measured
rad-to-RF conversion efficiency ηRF versus the angle of inci-
dence at frequency points 0.9, 1.8, 2.1, and 2.45 GHz for the
finite 8× 8 MH front-end geometry. Specifically, in Fig. 2(d),
at 0.9 GHz, the peak ηRF obtained in simulation was 62.3%,
while the measured value fell to 58.9%. The location of the
peak measured ηRF also shifted from 0◦ to 10◦, which is an
acceptable discrepancy due to fabrication imperfections and
measurement misalignments. For 1.8 GHz, the simulated peak
ηRF was 92.7% at θ = 0◦, with the measured value being
88.3% at θ = −8◦. Additionally, the ηRF remained greater than
80% for |θ| ≤ 18◦ in simulation, which closely matches the
fabricated MH front-end with −18◦ ≤ θ ≤ 14◦.

Fig. 2(e) shows the simulated and measured results for
oblique incidence at 2.1 and 2.45 GHz. At 2.1 GHz, the mea-
sured peak ηRF is 79% compared to 83.9% in simulation, while
at 2.45 GHz, the measured peak ηRF is 86.7% versus 92.2% in
simulation. Additionally, at 2.45 GHz, the measurement shows
an increased wide-angle response, staying above 80% ηRF for
−16◦ ≤ θ ≤ 14◦ compared to |θ| ≤ 14◦ in simulation.

Thus, the proposed MH RF front-end demonstrates high
efficiency and wide-angle operation across multiple frequency
bands, validating its potential for effective RF energy har-
vesting. The simulated and measured results for both infinite
and finite geometries show good agreement, especially at the
higher frequencies, with rad-to-RF efficiencies reaching up to
98.6%. The finite 8 × 8 MH front-end, when fabricated and
tested, achieved promising results, maintaining high efficiency
and performance even under oblique incidence. The largest
discrepancies observed were due to edge effects at lower
frequencies, which are expected in practical implementations.
Overall, the proposed MH RF front-end offers an efficient
solution for the design of multiband MHs.

III. MH RF-TO-DC RECTIFIER

Designing a multiband rectifier is a challenging task that
involves addressing several technical issues to achieve optimal
performance. One of the primary challenges is maintaining
high RF-to-dc conversion efficiency across multiple frequency
bands. This efficiency, denoted as

ηdc =
Pdc

PRF
=

V2
dc

PRF RL
(4)

is the ratio of dc output power to RF input power, where
Vdc is the dc output voltage across the output load RL. This
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requires the development of sophisticated impedance-matching
networks that can minimize losses and ensure efficient energy
transfer. Furthermore, the rectifier must be capable of handling
variations in load and input power, which can significantly
impact performance. Techniques such as resistance compres-
sion networks (RCNs) are used to minimize sensitivity to
these variations [46]. Additionally, achieving efficient energy
harvesting in each band requires not only precise impedance
matching but also effective use of rectifying elements (diodes),
whose operation is nonlinear and depends on frequency, input
power, and load. Another significant challenge is the compact
integration of circuit components while supporting multiple
frequency bands. Specifically, using passive microwave cir-
cuits like stubs for impedance matching is impractical as it
significantly increases the circuit’s size. Therefore, lumped
components are often used instead. However, this approach
increases design complexity, as it relies on models provided
by manufacturers, which are often incomplete regarding input
power or operating frequency.

In our case, the rectifier was designed for multiband oper-
ation, comprising four distinct branches tailored to specific
frequency bands: 0.9, 1.8, 2.1, and 2.45 GHz. Each branch
includes a matching network, which is a bandpass filter, a
double Schottky diode for full-wave rectification, and capac-
itors to smooth the output dc voltage. All four branches are
connected to a single load, representing either an electrical
device powered by the rectifier (e.g., a wireless sensor node
impedance input) or a battery charged by it.

In conventional multiband rectifier designs, each frequency
band is typically associated with a distinct stage, commonly
referred to as a branch. According to the state-of-the-art [16],
[17], [18], [47], rectifier branches are often connected in series
(or sequentially), a configuration that enables the strongest
signal (or tone) to bias the diodes for weaker signals. This
cascaded arrangement can be advantageous when multiple
tones are present simultaneously, as it enhances energy con-
version by allowing stronger signals to assist weaker ones in
turning on the diodes and overcoming their threshold voltages.
However, a significant drawback of cascaded branches is their
inefficiency when certain tones are absent (i.e., when not
all frequency bands are present). In such cases, the inactive
branches continue to draw current without contributing to rec-
tification, introducing diode losses that diminish overall system
efficiency. As the number of inactive branches increases,
the system becomes less efficient due to energy wasted in
nonfunctional branches.

In contrast, a novel feature of the rectifier design presented
in this work is the use of a parallel branches’ configuration,
enabling each rectifier branch to operate independently. In
this arrangement, the presence or absence of signals in one
branch does not influence the operation of other branches.
Each branch is optimized for its specific frequency, and
nonfunctional branches do not interfere with the performance
of the active ones. This significantly reduces biasing losses, as
nonoperational branches do not drain power from the system.
Consequently, parallel branches are more efficient in environ-
ments where not all frequency tones are consistently available.
Hence, the presented system’s performance is more resilient

Fig. 3. (a) Finalized component values and circuit schematic of the tetra-band
RF-to-dc rectifier unit, which is designed on an FR-4 substrate. The capacitors
and inductors were sourced from Johanson Technology, and the diode used
was the SMS7630-005LF Schottky diode from Skyworks. (b) Dimensions
(mm) of the copper traces are also shown, with rectangular microstrips
specified by two dimensions: length and width, while tapered strip lines are
defined by three dimensions: length, left width, and right width.

to variations in ambient RF signals. Practically speaking, each
branch is grounded individually, allowing a separate negative
voltage feed line to enter each branch (Fig. 3). This differs
from cascaded or serial designs, where a single ground via is
often placed on the bottom branch, feeding both the bottom
branch and each subsequent branch above it in the tree/circuit.
This independent feed line enables each branch to bias its
respective diodes independently, without passing through other
branches. Additionally, the dc output of each branch is con-
nected in parallel to the load impedance, unlike in cascaded
designs, where the dc output is sequentially connected to each
branch before finally reaching the load impedance.

A matching network similar to the one in [17] was used as
the basis for the bandpass filter, as it demonstrated promis-
ing results in increasing bandwidth. The Skyworks Schottky
Diode SMS7630-005LF was chosen for rectification due to its
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excellent performance under low input power levels typical of
energy harvesting applications [48].

Using a typical voltage doubler, full-wave rectification is
achieved with the capacitors placed before and after the diode
arrangement, smoothing the obtained dc voltage [49]. The
capacitors and inductors were sourced from Johanson Technol-
ogy [50]. It is noted that it is crucial to carefully consider the
operational limits of these components (inductors, capacitors,
and diodes). The characteristics of lumped elements can vary
significantly when operating outside their specified frequency
ranges, which may adversely affect the overall performance of
the system.

To keep the cost of the rectifier low, the circuit was designed
on an FR-4 substrate with a thickness of 0.8 mm, a relative
permittivity of 4.6, and a tangent loss of 0.002. The circuit was
designed using Keysight ADS [51] solver, including lumped
element parasitic losses in the design process.. The diode was
modeled using the SPICE model provided by Skyworks in
the datasheet, accounting for additional inductance and capac-
itance induced through soldering [52], [53]. The S-parameter
models for the inductors and capacitors were provided from
Johanson Technology, also modeled to include the extra solder
capacitance.

To design the matching network circuit, a genetic algorithm
was employed alongside harmonic balance (HB) analysis to
obtain the maximum efficiency (ηdc) and the corresponding
values of each capacitor and inductor component for optimal
performance at each frequency. As part of the optimization
process, a method for component selection was created in
ADS, allowing the use of any manufacturer’s S-parameter
models. This approach enabled the design of the circuit based
on measured data provided by the manufacturers, rather than
ideal simulated models. To create an efficient optimization
process, the branches were initially treated independently.
Each branch targets a single frequency, so initially, each
branch was considered an open circuit (o/c) from the rest.
By opening the other three branches and optimizing a branch
for a single frequency, the goal was to achieve a good match
at the target frequency and allow the circuit to appear as an
infinite impedance at the other frequencies. This ensures that
each branch receives the maximum power for its respective
frequency. However, once all branches are connected, the com-
plex nature of the connection requires additional optimization
to ensure each branch functions correctly. The optimization
of the component values focused on ηdc at 0.9, 1.8, 2.1,
and 2.45 GHz for an input power of −11 dBm. Hence, a
multiobjective optimization was applied. It is noted again that
to ensure compatibility with fabrication, the design process
was limited to the commercial values for the capacitor and
inductor components and their provided S-parameter models
by the manufacturers, rather than a set of continuous val-
ues. The finalized component values, including the output
load and the circuit schematic for the tetra-band RF-to-dc
rectifier, are shown in Fig. 3. The optimum value for the
output load varied with the operating frequency, ranging
around 3000 Ω. The key variables affecting RF-to-dc efficiency
are operation frequency, input power level, and output load
impedance.

Thus, HB analysis was applied for these cases, as shown
in Fig. 4. Initially, the input power PRF was sequentially
fixed at power levels of −6, −11, −16, and −21 dBm, and
the frequency was varied within the range of 0.5–3 GHz.
Additionally, the load was fixed at the optimum value of
3000 Ω, as explained. Fig. 4(b) depicts the results. It is evident
that in both simulation and measurement that as the power
level decreases, ηdc also decreases. Furthermore, ηdc is locally
maximized at each of the four frequency points of interest. For
example, for an input power of −6 dBm, the simulated ηdc is
47% at 0.9 GHz, 40% at 1.8 GHz, 39% at 2.1 GHz, and 28%
at 2.45 GHz; for a −11 dBm power input, ηdc is 30%, 27%,
25%, and 14%, respectively.

Next, HB analysis was applied again to estimate ηdc, but
this time the operating frequency was fixed at all four points
of interest, with RL = 3000 Ω. The RF power input ranged
from −30 to 10 dBm. The ηdc was estimated and the results
are plotted in Fig. 4(c). The best performance in terms of
RF-to-dc rectification occurs at 0.9 GHz, while the lowest
is at 2.45 GHz. It is evident again that as the input power
increases, ηdc also increases. Note that beyond 5 dBm, the
drop in efficiency is due to the diode model provided by the
manufacturer, which is only valid up to this power level (this
will also be corroborated by the measurements that follow).
Following the same characteristic as Fig. 4(c), the output
voltage is shown in Fig. 4(d). It can be seen again that as
input power is increased the output voltage increases in line
with that of the ηdc. However, above 5 dBm the voltage
reaches a plateau which is the explanation for the drop in
efficiency shown in Fig. 4(c). The impact of the output load
on the RF-to-dc efficiency was also tested. The input power
was fixed at −11 dBm, and HB analysis was applied at all
four frequency points of interest while varying the output load
impedance from 0.1 to 100 kΩ. The ηdc was calculated, and
the results are depicted in Fig. 4(e). It can be observed that the
maximum efficiency at each frequency band occurs very close
to 3 kΩ, which is why RL was set to this value throughout the
simulations and measurements.

To experimentally validate the simulated results, a sin-
gle rectifier unit was fabricated on a low-cost but lossy
(tan δ = 0.02) FR-4 substrate. The circuit was assembled
using surface-mounted components (capacitors and inductors)
from Johanson Technology, as mentioned. The rectifier’s input
was connected to an RF signal generator via a 50-Ω SMA
connector. The output dc voltage was measured across a
3000-Ω load resistor using a digital voltmeter, allowing for the
calculation of the ηdc based on (4) across various input power
levels, ranging from −30 to 10 dBm, over a frequency span of
0.5–3 GHz. The digital voltmeter was programmed to sample
the voltage at each interval, with a Python script controlling
both the signal generator and the voltmeter to ensure precise
synchronization between the devices throughout the testing
process.

Initially, the RF power input PRF was sequentially fixed
at four different power levels: −6, −11, −16, and −21 dBm.
The frequency was varied from 0.5 to 3 GHz, and the results
are depicted in Fig. 4(b) by the dashed lines. For a −6 dBm
power input, the measured (simulated) ηdc is 45% (47%), 33%

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: Heriot-Watt University. Downloaded on April 17,2025 at 16:37:31 UTC from IEEE Xplore.  Restrictions apply. 



8 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

Fig. 4. (a) Image of the proposed rectifier is shown in sub-figure. The RF-to-dc efficiency, ηdc, of the proposed rectifier varies under different conditions.
(b)-(f) Results for varying operating frequency, power input, and output load impedance, respectively. (b) Comparison of the simulated and measured ηRF for
varying frequencies. With the ηRF under varying input power levels, for both simulated and measured shown in (c). The simulated and measured voltage for
varied input power is presented in (d). (e) Simulated ηRF is shown when the load is swept from 100 to 100 k/Omega. The measured S 11 of the proposed
rectifier versus operating frequency is shown in (f). The close agreement between the experimental and simulated results validates the rectifier’s performance
across various conditions. Moreover, the rectifier achieves a maximum ηdc of 66%, maintaining efficiency above 40% for all four bands of interest at 8 dBm.
For a low power input of −11 dBm, the measured ηRF ranges from 13% to 33% across the four bands.

(40%), 36% (39%), and 21% (28%) at 0.9, 1.8, 2.1, and
2.45 GHz, respectively. The agreement between the measured
and simulated results is good, and the marginal discrepancy is
mainly due to a slight shift in frequency in the measurements
(e.g., at 1.78 GHz, measured ηdc = 37%, closer to the
simulated 40% at 1.8 GHz). For a lower power level of
−11 dBm, where the circuit was optimized as mentioned, the
measured (simulated) ηdc is 33% (30%), 22% (27%), 26%
(25%), and 13% (14%), respectively.

Next, the frequency was sequentially fixed in the signal
generator at all four bands of interest, while the power input
was varied from −30 to 10 dBm. The results are depicted in
Fig. 4(c) by the dashed lines. The 0.9-GHz band shows the
highest RF-to-dc efficiency, ranging from 2% for −30 dBm
up to 66% for 8 dBm power input. Similarly, the maximum
measured ηdc at 1.8, 2.1, and 2.45 GHz occurs again for 8 dBm
and is 50.5%, 54.5%, and 40.5%, respectively.

By comparing the simulated versus measured ηdc (i.e.,
Fig. 4(c), it is observed that the rectifier operates similarly at
1.8 and 2.1 GHz in the simulated results, but there is a differ-
ence in the measured results. This discrepancy is due to a slight
offset in frequency in the measured geometry, as mentioned,
and because the response at 1.8 GHz is more narrow-band, this
shift has a higher impact on the ηdc for this band. Another
observation is that the fabricated rectifier not only operates
beyond 5 dBm power input but also presents its maximum
RF-to-dc efficiency at 8 dBm, while in the simulated geometry,

ηdc drops dramatically after 5 dBm. This is due to the provided
models of the components used during the simulations, as
mentioned. Fig. 4(d) shows the simulated and measured dc
voltage output of the rectifier versus power input, respectively.
The simulated voltage ranges from 0.2 to 2.9 V, while the
measured voltage ranges from 0.2 to 3.5 V, as the power
input increases from −11 to 8 dBm. In the simulated results,
the plateau in voltage above 5 dBm occurs due to the diode
models. Fig. 4(f) presents the measured reflection coefficient
S 11 versus frequency for various power input levels (−6, −11,
−16, and −21 dBm). Based on the measurements, the rectifier
demonstrates good impedance matching to 50 Ω, though a
slight frequency shift of approximately 40 MHz is observed,
particularly around 1.8 and 2.1 GHz.

Hence, the fabricated rectifier achieves a maximum
RF-to-dc efficiency of 66%, maintaining efficiency levels
above 40% across all four targeted bands at an input power
of 8 dBm. For low power input levels of −11 dBm, the
measured RF-to-dc efficiency ranges from 13% to 33% across
the four frequency bands, demonstrating the rectifier’s ability
to operate efficiently even at low input power. This makes it
highly suitable for multiband RF energy harvesting applica-
tions where ambient RF power levels are typically low.

IV. METAHARVESTER

Next, the developed MH RF front-end is integrated with
the rectifier design to create a complete MH system. The
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Fig. 5. Performance evaluation of the developed MH system. (a) Picture of the experimental setup used to measure the total efficiency, ηtot, where the rectifier
is connected to one of the RF front-end’s unit cells, and other unit cells are terminated with 50 Ω. (b) Measured ηtot versus Prad at four different frequencies:
0.9 GHz, 1.8 GHz, 2.1 GHz, and 2.45 GHz. (c) Measured Vdc versus Prad over the same frequency bands. (d) RF-to-dc efficiency versus Prad for dual, triple,
and tetra-band RF inputs, showcasing additive branch behavior. (e) Measured dc output voltage versus Prad as the number of frequency bands increases.
(f) Measured dc output power versus Prad, demonstrating improved performance with additional frequency tones. (g) ηtot as a function of power density S,
showing the performance at various environmental ambient RF power densities. (h) Vdc as a function of power density S. The black dashed lines in (d) and
(e) represent the typical ambient RF power density level of 40 µW/cm2. (i) Measured Pdc as a function of power density S for each of the four bands of
interest. At a power density of 40 µW/cm2, the MH delivers 141, 162, 145, and 114 µW at 0.9, 1.8, 2.1, and 2.45 GHz, respectively, resulting in a total
harvested power of 562 µW per unit cell.

performance of this MH system is evaluated based on its
ability to capture incident EM power per band (Prad) and
convert it to dc power (Pdc).

This conversion efficiency, referred to as the rad-to-dc
efficiency, is mathematically defined as

ηtot =
Pdc

Prad
= ηRF ηdc. (5)

One of the primary advantages of an MH over a con-
ventional rectenna system is its scalability. An MH features
a periodic geometry composed of small electrical unit-cell
rectennas, which can be connected on the dc side, akin to
the cells in a photovoltaic panel. Consequently, to consider this
scalability, we chose to measure the total efficiency, ηtot, of the
proposed MH by focusing on a single unit cell. To validate the

performance of the MH, we connected the fabricated rectifier
to one of the RF front-end’s unit cells, as depicted in Fig. 5(a).
All other unit cells were terminated with 50 Ω. We then
conducted measurements similar to those used to estimate ηRF.
The MH was positioned at a distance, d = 5.35 m, from the
horn antenna, and the harvested dc power, Pdc, was measured
using a voltmeter.

The measured ηtot versus Prad is depicted in Fig. 5(b). For
an incident power of 8 dBm, ηtot (harvested power) is 44%
(2.8 mW), 49% (3.1 mW), 43% (2.7 mW), and 38% (2.4 mW)
at 0.9, 1.8, 2.1, and 2.45 GHz, respectively. For a lower power
of −11 dBm, ηtot (harvested power) across these four bands
adjusts to 19% (15.3 µW), 21% (16.7 µW), 18.5% (14.7 µW),
and 12.5% (9.8 µW), respectively. Hence, the MH is capable
of harvesting Pdc = 56.5 µW for Prad = −11 dBm, per unit
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cell and a maximum of Pdc = 11 mW for Prad = 8 dBm.
Table I also depicts the total efficiency of the MH for Prad =

0 dBm, where the total harvested power reaches Pdc = 1.6 mW.
Fig. 5(c) depicts the measured Vdc versus Prad, where it is
observed that the output dc voltage varies from 0.2 to 3 V as
the Prad increases from −11 to 8 dBm.

As previously discussed, the proposed design employs
a parallel branch configuration within the rectifier circuit,
enabling each branch to function independently and efficiently
at its specific frequency. This approach contrasts with cas-
caded designs, where inactive branches may draw power and
compromise overall efficiency. By isolating inactive branches,
the parallel configuration mitigates biasing losses and ensures
reliable performance, even when certain frequency tones are
absent. The impact of the parallel branch configuration is also
depicted in Fig. 5(d)–(f). The measured RF-to-dc efficiency
versus Prad for dual, triple, and tetra-band input RF signals is
depicted in Fig. 5(d). The results confirm the additive behavior
of the active rectifier branches, with the overall RF-to-dc
efficiency remaining stable, ranging from 20% to 22% for
Prad = −20 dBm as the number of tones increases, unaffected
by the inactive branches. Additionally, as the number of bands
increases, the rectified dc output voltage [Fig. 5(e)] and power
[Fig. 5(f)] also increase. Specifically, the dc output power
improves from −32.2 dBm for a single tone to −28 dBm
for four tones at Prad = −20 dBm. These findings underscore
the robustness of the proposed parallel configuration design
approach.

Also, Prad was converted into power density S using the
following formula:

S =
Prad

Arad
. (6)

A comparative analysis of spot or long-term RF EMF
measurements in the EU revealed that the mean electric field
strengths ranged between 0.08 and 1.8 V/m. In some instances,
these strengths could escalate to as much as 20 V/m. Under
the assumption of a plane wave, these values equate to power
densities of up to 106 µW/cm2 [54]. Additionally, based on the
works [3] and [4], although they mention that the ambient RF
power density varies depending on the environment, they cite
a typical power density of RF ambient energy as 40 µW/cm2.
The measured results, namely, ηtot and Vdc, as functions of S,
are depicted in Fig. 5(g) and (h), respectively. In these figures,
the black dashed line represents the anticipated power level
in the ambient environment, up to 40 µW/cm2. It is clear
that the MH can operate from a power density as low as
0.1 µW/cm2. As the power density escalates, both ηtot and Vdc
increase correspondingly. Specifically, at a power density of
40 µW/cm2, the minimum ηtot of 26% is observed at 2.45 GHz,
while the maximum ηtot of 37% is observed at 1.8 GHz.
Similarly, Vdc equals 0.6 V at 2.45 GHz and 0.7 V at 1.8 GHz
for the same power density, while for the other two bands of
interest, it lies between these two values.

Fig. 5(i) presents the measured Pdc, which is the dc power
harvested from a single unit cell, as a function of S. It is
evident that, given a power density of 40 µW/cm2 for each
of the four bands of interest (0.9, 1.8, 2.1, and 2.45 GHz),
the MH delivers 141, 162, 145, and 114 µW, respectively.

Consequently, a total power of 562 µW can be harvested by a
single unit cell at a power density of 40 µW/cm2 across these
four bands of interest.

In this work, a dc combiner network is chosen rather than
an RF combiner network [3], as mentioned. The dc combiner
network offers several benefits, including a simplified system
design by aggregating the rectified outputs from each unit cell
into a single output, requiring only one resistive load or storage
unit. This setup provides a design that is generally easier and
less complex compared to an RF combiner network, partic-
ularly when integrating multiple unit cells, thus enhancing
scalability. In contrast, RF combiners can reduce the power
density required per unit cell to activate a single rectification
circuit by constructively combining the RF contributions from
each cell. However, designing an RF combiner network that
ensures the effective combination of RF power from multiple
unit cells into a single rectification circuit is more complex,
especially for dual-band or multiband systems, such as the
proposed MH. Consequently, increasing the number of unit
cells can make the design of the RF combiner extremely
difficult, rendering it less suitable for large-scale systems
and diminishing scalability. Despite its advantages, the dc
combiner network has its drawbacks. Each unit cell requires
a rectifier diode, which leads to diode losses.

These losses can diminish system efficiency, particularly
under low ambient power densities. For S = 40 µW/cm2,
the total harvested power from a single unit cell is 562 µW,
summing up the contribution of each of the four bands
of interest, as mentioned. Thus, theoretically, the fabricated
8 × 8 MH could deliver up to 36 mW, assuming a uniform
power level present at each unit cell. To validate this value,
we simulated the total Pdc of the 64 unit cells using the dc
combiner architecture. In this setup, the dc output of each unit
cell in a row is connected in series, with the ends connected to
the other rows in parallel, and the single dc output is connected
to a single output load. The total Pdc, harvested across the four
bands of interest, is maximized as a function of load, with
all other design parameters fixed, and for a power density of
40 µW/cm2. It was found that for a load of 25 Ω, Pdc reaches
39.1 mW, breaking down to 9.2, 12.4, 9.5, and 8 mW at 0.9,
1.8, 2.1, and 2.45 GHz, respectively. This demonstrates that
the total MH with the dc combiner architecture presents an
optimum load different from the optimum for a single unit cell,
as discussed in previous studies [10], [19]. Additionally, it is
noted that as the number of combined unit cells increases, the
optimum load decreases. Furthermore, our work found that the
simulated total Pdc of 39.1 mW is very close to the estimation
of 36 mW extrapolated from the measurement of the single
unit cell, assuming a uniform power level is absorbed in each
unit cell and not considering the edge effects of the finite MH
geometry. Also, please note that in the simulated geometry, the
rectifiers connected to each unit cell use a separated ground
plane to mimic the measurements [Fig. 5(a)]. This finding first
shows that dc combination leads to marginal connection losses.
Additionally, this finding is crucial in the design approach of
MH systems because it allows the focus to remain on the
unit cell, significantly simplifying the computational effort.
Consequently, scalability mainly affects the value of the output
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load and not the impedance-matching network or the design
of the RF-to-dc rectifier circuit.

V. DISCUSSION

In stark contrast to other state-of-the-art multiband RF
harvesting systems [16], [18], [24], [55], [56], [57], [58],
the proposed design demonstrates a notable scalability advan-
tage. In conventional rectenna systems, scaling up often
involves adding multiple antennas and rectifiers, leading to
increased complexity, potential RF signal combination losses,
and interference. In contrast, our MH employs a periodic
geometry that inherently supports scalability, enabling power
output to increase simply by adding more unit cells to
the structure. Each unit cell functions as an independent
“pseudo-battery,” converting RF energy directly into dc power,
which is then combined through a dc combiner network.
This modular approach allows for straightforward expansion
without complex RF signal handling and maintains efficiency
as more cells are added. Moreover, the combination of the
metamaterial-based structure with a dc combiner network
further distinguishes this work from conventional approaches.
The dc combiner network simplifies the integration of multiple
unit cells by directly aggregating the dc output of each cell,
effectively supporting milli-Watt level energy harvesting with-
out the complexity of RF signal combination. This approach
allows the system to maintain high efficiency and scalability,
making it a viable solution for the continuous low-power
energy needs in IoT networks.

Another significant innovation of this design lies in
the parallel configuration employed in the rectifier circuit,
which markedly improves efficiency in low-power, multiband
ambient environments. Traditional multiband rectifiers often
connect branches in series (cascaded), where each branch
can be activated by the strongest available signal to assist
weaker signals in overcoming diode threshold voltages. How-
ever, this cascaded arrangement suffers from efficiency losses
when certain frequency tones are absent, as inactive branches
continue to draw current, leading to diode losses that reduce
overall efficiency. In contrast, the proposed rectifier design
uses a parallel configuration in which each branch operates
independently and is optimized for its specific frequency band.
This arrangement prevents inactive branches from drawing
current, reducing biasing losses, and enabling the system to
perform efficiently even when not all frequency tones are
present. This parallel configuration makes the system more
resilient to variations in the availability of the ambient RF
signal.

VI. CONCLUSION

This study introduces a novel tetra-band MH system that
integrates EM absorption and RF rectification functionalities,
showcasing superior performance across multiple frequency
bands, including 5G (0.9, 1.8, and 2.1 GHz) and Wi-Fi
(2.45 GHz). The system achieves high efficiency, up to 98.6%
for the RF front-end and between 13% and 66% for the
rectifier, distinguishing it from current solutions. Scalability
and a focus on unit-cell design simplify computational efforts.

Experimental results validate the system’s capability to harvest
power across various frequency bands and power densities. For
instance, the MH system harvests 562 µW per unit cell across
the four bands, achieving a power density of 40 µW/cm2. In
an 8× 8 array configuration using a dc combiner architecture,
the total harvested power can reach 39.1 mW under the
same power density condition, with the assumption the power
delivered to each unit cell is uniform, maximizing the total
dc power output of 64 unit cells as a function of load, while
holding other design parameters constant. This research offers
promising and scalable RF harvesting solutions for powering
small electrical devices in the IoT era.
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