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Abstract: The advancement of microwave wireless power transfer technology has po-
sitioned low-power rectennas as a research hotspot. This paper systematically reviews
core technological progress in low-power rectennas, focusing on innovations in rectifier
circuit topologies, nonlinear device models, antenna array optimization, and efficiency
enhancement strategies. Current technical bottlenecks and future application directions
are analyzed, providing theoretical references for space solar power stations, IoTs, and
related fields.

Keywords: rectenna; rectifier; low-power rectification; Schottky diodes; wireless power
transfer (WPT)

1. Introduction
Wireless power transfer (WPT) has emerged as a revolutionary technology, enabling

the untethered operation of electronic devices across a spectrum of applications, ranging
from industrial automation to biomedical implants [1,2]. This technology was initially
proposed by Nikola Tesla at the end of the 19th century [3]. Early WPT efforts primarily
targeted high-power, short-range transmission using inductive or resonant coupling [4,5].
Recent advancements in microwave engineering have paved the way for efficient far-field
energy harvesting [6–8]. In particular, rectennas have garnered increasing attention for
their ability to capture and convert low-power-density radio frequency (RF) energy into
dc power.

While high-power WPT systems’ development is hampered by their bulky size,
high implementation, costs and safety concerns arising from elevated radiation levels,
low-power-density rectenna systems have found widespread application opportunities
as they are uniquely suited to meet the demands of the rapidly expanding Internet of
Things (IoT) ecosystem, where vast numbers of distributed sensors and devices require
maintenance-free, long-term energy solutions. The proliferation of ambient RF sources,
such as cellular base stations, Wi-Fi routers, and broadcasting towers, has created an envi-
ronment rich in harvestable electromagnetic energy, albeit at relatively low power densities
(<100 mW/m2) [6,9]. This scenario has fueled a surge of innovation focused on maximizing
the efficiency and practicality of rectenna designs under real-world operating conditions.

The core challenge in low-power rectenna research lies in optimizing the overall energy
conversion process, from the initial RF energy harvesting to efficient rectification into usable
dc power. This process must be achieved within the strict constraints of limited available
RF power and the need for device miniaturization. Achieving high efficiency in rectenna
systems is particularly challenging due to several technical bottlenecks, such as nonlinear
losses in rectifying diodes, signal attenuation along transmission lines, and impedance
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mismatches between antenna and rectifier circuits. Moreover, antenna characteristics,
including radiation efficiency, frequency band, polarization orientation, and beam coverage,
directly influence the performance of low-power wireless power transmission systems in
practical applications.

This review comprehensively overviews recent technological progress in low-power-
density rectenna systems. Section 2 discusses key innovations in rectifier circuit design,
nonlinear device modeling, and RF-dc efficiency enhancement. Section 3 examines the de-
sign requirements of antennas for various application scenarios, highlighting how antenna
configurations are optimized to meet diverse operational demands. Section 4 explores the
practical applications of low-power rectenna systems in industrial IoT, implantable medical
devices, and space solar power stations (SSPSs). Finally, concluding remarks are provided
in Section 5.

2. Low-Power Rectifiers
A typical rectenna consists of an antenna and a rectifier, where the antenna serves as the

medium for exchanging energy between ambient RF fields and the circuit, and the rectifier is
responsible for converting the captured RF energy into dc power. Consequently, the overall
efficiency of a rectenna is mainly determined by the rectification efficiency of the rectifier.
Schottky barrier diodes are widely adopted in RF rectifier circuit design due to their low
forward voltage drop and high switching speed characteristics. Numerous methods have
been proposed to obtain closed-form models for diodes. The rectifying diode is ideal for
medium to high input power levels. When forward-biased, diode impedance is extremely
low and can be approximated by a series resistance Rs, whereas when reverse-biased, its
impedance approaches infinity [10,11]. However, the diode’s nonlinearity weakens at low
input power levels, and the ratio of reverse to forward impedance decreases, making the
traditional ON-OFF model no longer applicable [12]. The equivalent circuits corresponding
to two states of the Schottky-diode-based rectifier are shown in Figure 1.

(a) (b)

Figure 1. Equivalent circuits corresponding to two states of Schottky-diode-based rectifier: (a) RF
power absorber, (b) dc power provider [12].

In [13], S. Hemour et al. introduced an efficiency chain concept to characterize rectifiers’
RF-dc conversion efficiency under low-power conditions. The overall efficiency can be
described as the product of four efficiencies:

ηRF−dc =
Pdc
PRF

= ηM · ηp · η0 · ηDCT

where ηM stands for matching efficiency, representing the reflection loss caused by
impedance discontinuity when the signal enters the nonlinear device, as well as addi-
tional insertion loss introduced by the matching network; ηp stands for parasitic efficiency,
which accounts for the low-pass filtering effect of the diode junction capacitance Cj, causing
part of the current reaching the diode to be reflected and consumed by the series resistance.
The inherent properties of the diode typically determine the following relationship: the
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smaller the junction capacitance Cj, junction resistance Rj, and series resistance Rs, the
higher the parasitic efficiency. η0 is the RF-dc conversion efficiency of the diode, mainly
governed by the current responsivity ℜI0 of the nonlinear junction. A higher current respon-
sivity indicates stronger nonlinearity and thus higher efficiency η0. The diode fabrication
process primarily influences the current responsivity; ηDCT stands for dc-load transfer
efficiency. The diode can be seen by the load as a dc source with the junction resistance
considered the source impedance. The maximum dc-load efficiency ηDCT is obtained when
the load resistance equals the diode’s junction resistance.

It can be seen that under low input power conditions, the energy loss in the recti-
fier mainly originates from two aspects. One is the loss caused by the diode’s intrinsic
parameters, primarily due to the weakened nonlinearity at low power levels. The other
is the loss in the matching circuits, including impedance discontinuities resulting from
imperfect matching network design, additional losses from transmission lines, and dc-load
mismatches. It is worth noting that under low input power, the bias voltage Vj of the diode
is less than the turn-on voltage Vbi, causing the diode to operate in a zero-bias state. In this
scenario, most of the energy is dissipated in the junction resistance, while energy loss at
higher harmonics is minimal and can therefore be neglected.

2.1. Diode Performance Optimization

Based on the previous discussion of diode efficiency, multiple approaches can be
employed to reduce diode losses under low input power conditions.

2.1.1. Input Signal Manipulation

Schottky diodes require a minimum amount of energy to turn on, and the input volt-
age must exceed a certain threshold to activate the diode and generate a relatively large
dc output voltage [14]. Therefore, increasing the input power and voltage delivered to
the diode is an effective method to improve efficiency. As shown in Figure 2, a coupled
transmission line (CTL) structure was employed to increase the voltage across the diode,
thereby enhancing rectifier efficiency. At 2.4 GHz, when the input powers were −5 dBm,
0 dBm, and 5.5 dBm, the rectification efficiencies reached 60.4%, 67.7%, and 75.3%, respec-
tively [15]. Compared to conventional designs, this structure is more effective in reducing
losses caused by the built-in potential Vbi of the PN junction. Similarly, introducing a
high-impedance transmission line before the diode can also increase the input voltage. This
approach not only achieves impedance matching between the diode and the source but
also boosts the peak diode voltage VD to four times the input voltage Vin. At 5.8 GHz with
an input power of −30 dBm, an efficiency of 3.5% was achieved [16].

Figure 2. Schematic of CTL-based rectifier [15].

Another method is waveform manipulation. Under the same average input power,
the nonlinear combination of multiple sinusoidal signals can better excite the diode, signifi-
cantly increasing output dc power compared to single-tone excitation [17]. The efficiency
improvement from multi-tone signals depends on the diode parameters, with the most sig-
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nificant benefit observed for diodes with high junction capacitance Cj [18]. Several studies
have reported that using multi-tone signals increases the rectification efficiency [19–23].
In [24], the multi-tone signal optimization problem was formulated as a linear constrained
quadratic program, and a globally optimal solution was proposed based on mixed-integer
linear programming and branch-and-bound methods. The diode model was simplified to a
second-order polynomial curve-fitting model, providing an excellent solution for multi-
tone power allocation strategies. With the rapid development of the Internet of Things
(IoT) in recent years, simultaneous wireless information and power transfer (SWIPT) tech-
nology have attracted huge attention [25]. Various multi-tone modulation techniques
such as BASK [26,27], FSK [28], BFSK [29], and PSK [30,31] have been introduced, en-
abling simultaneous transmission of energy and information while improving energy
conversion efficiency.

Adding other environmental energy sources is the most direct way to increase input
power. Green energies such as solar energy [32–35], thermal energy [36–39], and kinetic
energy [40–43] can be combined with RF energy to achieve higher dc output power. In [36],
a cooperative voltage doubler rectifying topology was proposed, seamlessly integrating RF
and photovoltaic energy, as shown in Figure 3. The single-frequency rectifier operating at
2.4 GHz exhibited an ultra-wide input power range from −20 dBm to 5 dBm under a light
intensity of 232 Lux, achieving an efficiency of 15% at −20 dBm. The wide-band rectifier
employed a post-matching technique, using additional capacitors and transmission lines to
compensate for the imaginary part of the diode impedance, achieving efficiencies greater
than 30% over the 0.8–2.4 GHz range.

(a) (b)

Figure 3. Layout and prototype of: (a) single-band, (b) wide-band cooperative rectifier [36].

2.1.2. High-Nonlinearity Device Selection

The current responsivity ℜI0 of a Schottky diode is defined in the square-law region
as the ratio of the output DC current I0 to the input RF power PI0 when the load is
shorted [44]. A simpler and general form can be derived from the I-V curve of the diode.
ℜI0 is an intrinsic property of the diode, limited by its physical mechanisms. The maximum
current responsivity attainable by any Schottky diode at ambient temperature is 19.4 A/W.
This indicates that the efficiency of current commercial Schottky diodes has reached the
theoretical limit, and achieving higher rectification efficiency at low power levels requires
exploring devices with stronger nonlinearity.

In 2015, the use of a backward tunnel diode to break the efficiency limitation of Schot-
tky diodes was reported [45]. Compared to conventional Schottky diodes, the backward
tunnel diode exhibits a lower parasitic junction capacitance Cj and higher current respon-
sivity ℜI0, measured at 4.5 fF and 21.65 A/W, respectively. The photograph of the rectifier
can be seen in Figure 4. At 2.4 GHz with an input power of −40 dBm, it achieved a
rectification efficiency of 14.6%, which is 13.3 times higher than that of the HSMS-285B
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and 7 times higher than that of the SMS-7630. The latest ReS2/BP negative capacitance
tunnel field-effect transistor has a response time of 8 µs and a current responsivity of
41 A/W [46]. The metal–insulator–insulator–metal (MI2M) diode, which sandwiches thin
insulator layers between two metal electrodes, utilizes the resonant tunneling effect to
provide high current responsivity [47,48]. A nanoscale spin rectifier, based on magnetic
tunnel junctions, represents a novel type of rectifying device capable of collecting RF energy
at extremely low input power levels of −62 dBm. Energy harvesting modules based on
arrays of such structures can power commercial sensors at low RF power levels as low as
−27 dBm [49]. Table 1 summarizes the key parameters and rectification performance of all
the above high-nonlinearity devices.

 

Figure 4. A photograph of the low-power rectifier using a backward diode [45].

Table 1. Key parameters and rectification performance of high-nonlinearity devices.

Ref. Diode
Type

Junction
Capacitance Responsivity Frequency

Band
Rectification

Efficiency

Technology
Readiness

Level

[45]
HSMS-285B 180 fF 18.25 A/W 2.4 GHz 1.1% @ −40 dBm TRL9

SMS7630 140 fF 18.42 A/W 2.4 GHz 2.1% @ −40 dBm TRL9
Backward

Tunnel Diode 4.5 fF 21.65 A/W 2.4 GHz 14.6% @ −40 dBm TRL8

[46] NC-TFET Not Given 41 A/W Not Given Not Given * TRL4
[47] MI2M Not Given 36.8 A/W Not Given Not Given ** TRL4

[48] MI2M Not Given 0.5 A/W
@THz Band 28.3 THz 1.7 × 10−8 @

−16.2 dBm
TRL4

[49] Spin Rectifier Not Given 10,000 mV/mW
@ −62 dBm 2.45 GHz 7.8% @ −27 dBm TRL4

* The rectification ratio of the device is higher than 105 under negative gate voltage, indicating excellent low-
power rectifying characteristics. ** The max nonlinearity of the device is 15.8, exhibiting strong rectification
characteristics.

2.2. Matching Network Enhancement

The input impedance of the diode is highly sensitive to both input power and fre-
quency at low input power levels. The matching network design becomes critical to ensure
the entire input power is delivered to the diode. DC-load matching can also considerably
improve efficiency, especially under extremely low-power conditions. However, the match-
ing network itself may introduce additional insertion losses. Therefore, multiple aspects
can be addressed to enhance the performance of the matching network.

2.2.1. Robust Matching Network Deployment

With the increasingly widespread application of wireless power transfer (WPT), recten-
nas’ operating frequency band and input power range requirements are becoming more
rigorous. The ambient RF energy constantly varies and may come from diverse sources
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such as FM, 4G cellular, ISM, and the latest 5G NR bands. To harvest more energy, it is
essential to broaden the operating bandwidth. However, the input impedance of diodes
changes with both input power and frequency, posing significant challenges for matching
network design.

Adaptive power allocation technology divides the rectifying circuit into two sub-
circuits. It uses either frequency-selective or power-selective networks to separate and route
the input signals to dedicated sub-circuits, significantly reducing the difficulty of impedance
matching [50–54]. For example, Figure 5 shows a rectifier employing this technology that
achieves matching over an input power range from −10 dBm to 30 dBm, and maintains
rectification efficiency above 30% from −7 dBm to 30 dBm [50]. A method using low-
power varactor diodes to compensate for input impedance dynamically is proposed in [55],
as shown in Figure 6. Based on adaptive power allocation, the dc output of one sub-
circuit is used as the reverse bias for the varactor diode, enabling self-adaptive capacitance
adjustment according to the input power and improving impedance matching without any
external bias components. This circuit achieved rectification efficiency above 50% over the
input power range of 2.4 dBm to 20.9 dBm. Similar techniques using varactor diodes for
improved impedance matching have also been reported in [56,57]. For broadband matching
design, multi-stage transmission line matching is a simple and effective approach [58,59].
Impedance compression technology was initially introduced to reduce the variation in the
effective resistance of tuned RF inverters under load changes [60]. In recent years, this
technique has been widely applied to reduce the sensitivity of diode input impedance,
extending the bandwidth and operating power range [61–65]. By employing short-circuited
stubs in parallel with transmission lines to form an impedance compression network, the
rectifier designed in [65] achieved peak efficiency greater than 70% over the frequency range
of 1.0 GHz to 2.7 GHz and the input power range of −6.5 dBm to 13 dBm (Figure 7). A brief
comparison of the main features of the impedance matching strategies discussed above
is summarized in Table 2. Overall, the multi-stage transmission line matching method
exhibits good performance but is unsuitable for low-power scenarios due to its large size
and the associated insertion loss. In contrast, the other three approaches simplify circuit
complexity and minimize insertion loss. Notably, the varactor-assisted matching method
and the impedance compression technique are more suitable for low-power rectifier designs
while also achieving a broad input power range and bandwidth.

Figure 5. Rectifier with automatic input power distribution technique: (a) Layout, (b) Photograph of
fabricated rectifier [50].
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Figure 6. Wide-power-range rectifier using low-power varactor: (a) Layout, (b) Photograph of
fabricated prototype [55].

Figure 7. Photograph of ultrawideband rectifier with extended dynamic power range [65].

Table 2. Performance comparison of various impedance matching strategies.

Matching
Strategy Ref. Power Range Frequency Range Insertion

Loss Complexity

Adaptive
Power

Allocation

[50] −10 to 30 dBm * 2.4 GHz

Medium Simple[51] 10 dBm 1.7 to 3.6 GHz *

[54] −2 to 18.3 dBm @ 2.45 GHz **
3 to 19.7 dBm @ 5.8 GHz ** 2.45 / 5.8 GHz

Varactor-
Assisted

[55] 2.4 to 20.9 dBm ** 2.1 GHz
Low Moderate[56] 2.5 to 25.5 dBm ** 2.4 GHz

[57] −21 to −16 dBm ** 915 MHz
Multi-Stage

Transmission Line
[58] 10 dBm 2.0 to 3.05 GHz *** High Complex
[59] 10 dBm 450 to 950 MHz ***

Impedance
Compression

[61] 5 dBm 1.6 to 2.8 GHz **

Low Simplest
[62] 7 to 23 dBm @ 2.35 GHz **

9 to 21 dBm @ 5.35 GHz ** 2.35 / 5.35 GHz

[65] −5 to 13 dBm @ 1.4GHz ** 1.0 to 2.7 GHz @
6.5dBm **

* Range for |S11| < −10dB. ** Range for efficiency > 50%. *** Range for efficiency > 70%.
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2.2.2. Dynamic DC-Load Matching

When the input power is relatively low, the optimal load resistance for a rectifier
is generally the sum of the diode’s junction resistance Rj and series resistance Rs [14].
To address variations in junction resistance Rj, wide-load techniques are considered to
achieve dynamic dc-load matching. Maximum power point tracking (MPPT) technology is
widely used for optimal load matching [66–69]. In [67], a fractional open-circuit voltage
approximation method was proposed to determine the optimal load. The reconfigurable
rectifier designed with this method operates over an input power range from −22 dBm
to −2 dBm, maintains an efficiency above 20% from −16 dBm to −2 dBm, and achieves
MPPT accuracy exceeding 86%. Reference [68] reported a novel feedback-free fast (f3)
MPPT module based on input power detection and direct parameter adjustment. The block
diagram of the controller is shown in Figure 8, which includes an RF power detector, flash
ADC, timing controller, REG (register), and logic circuits. The fabricated rectifier, imple-
mented in 0.18 µm CMOS technology, operates over an input power range from −23 dBm
to 1 dBm, maintains efficiency above 20% from −17 dBm to 1 dBm, and achieves MPPT
accuracy exceeding 96%. Another approach is dynamic self-bias impedance compensation
between two sub-rectifiers operating in low-load and high-load regions. The layout of the
circuit is shown in Figure 9. Experimental results show that circuits based on this technique
achieve efficiency greater than 50% under 0 dBm input power with an output load between
0.4 and 9 kΩ, and can maintain operation over an input power range from −15 dBm to
10 dBm [70].

Figure 8. The block diagram of the F3 MPPT controller [68].

Figure 9. Layout of wide-load-range rectifier based on self-bias impedance compensation [70].

2.2.3. Direct Antenna-to-Rectifier Matching

Conventional rectenna designs typically match the antenna and rectifier output to
50 Ω separately before interconnection. An efficient design approach is to design an induc-
tive antenna to conjugately match the capacitive impedance of the diode, thereby elimi-
nating the matching network [71–74]. In [71], a broadband and high-efficiency rectenna
based on this technique is designed, achieving over 60% efficiency within the ranges of
0.9–1.1 GHz and 1.8–2.5 GHz. A novel patch rectenna structure without impedance match-
ing networks is introduced in [73]. The patch antenna is directly connected to the rectifier
through a metallic via at the position where the antenna and rectifier’s input impedance are
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conjugately matched, as shown in Figure 10. Ref. [74] proposed an omnidirectional flexible
triple-band rectenna for low-power RF energy harvesting without any impedance matching
network, which achieved rectification efficiencies of 33.3%, 21.68%, and 15% at 0.915 GHz,
2.45 GHz, and 3.5 GHz, respectively, under an input power of −20 dBm (Figure 11).

Figure 10. Prototype of single rectifying unit rectenna without matching network: (a,b) Top views,
(c,d) Bottom views [73].

Figure 11. Photograph of tri-band flexible rectenna without impedance matching network [74].

2.2.4. Low-Loss Structure Utilization

Deploying a matching network can significantly reduce reflection losses caused by
impedance discontinuities, but it inevitably introduces additional dielectric loss, conductor
loss, and radiation loss. Choosing a low-loss dielectric substrate is one way to help improve
overall performance [75]. Another way is to use alternative low-loss transmission line
structures. The substrate-integrated suspended line (SISL) is a multilayer board structure
evolved from the traditional suspended stripline [76]. The upper and lower surfaces of
each dielectric layer of the SISL structure are covered with copper, and densely arranged
metallized via holes are embedded to form metallic walls, which reduce radiation loss.
Additionally, the second and fourth substrate layers are hollowed out to create air cavities
for electromagnetic wave propagation, thereby reducing dielectric loss. As shown in
Figure 12, a rectifier based on the SISL structure has been demonstrated to operate at
extremely low power levels, achieving a rectification efficiency of 3.5% at −30 dBm input
power [16]. Due to its ultra-low-loss characteristics, SISL technology has also found
widespread application in the millimeter-wave frequency band [77].
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Figure 12. A three-dimensional view of the rectifier based on the SISL platform [16].

3. Low-Power-Density Rectenna
The antenna is a crucial component in a rectenna, harvesting propagating RF energy in

free space and providing impedance transformation between free space and the transmis-
sion line. Properly designing the receiving antenna can also improve rectification efficiency
under low-power-density conditions. Designing high-gain and high-efficiency antennas
can increase the power delivered to the rectifier; multiband and wideband antennas can
broaden the range of available energy sources; dual-polarized and circularly polarized
antennas can capture more polarization components; and multi-beam or beam-steerable
antennas can extend the energy harvesting range.

3.1. High-Gain Antenna Design

The theoretical received power Pr at the rectenna can be derived from the Friis trans-
mission equation [78]:

Pr = Gt · Gr ·
(

λ

4πd

)2
· Pt. (1)

The environmental RF energy is typically predetermined in ambient energy harvesting.
The higher the gain Gr of the receiving antenna, the greater the power delivered to the
rectifier, resulting in higher efficiency. Therefore, designing a high-gain antenna is one of
the main approaches to improve rectification efficiency.

The larger the effective aperture of an antenna, the higher its gain; antenna array
techniques can be used to obtain greater gain. Figure 13 shows a novel planar substrate-
integrated waveguide (SIW)-fed aperture-coupled circularly polarized complementary
4 × 4 antenna array, achieving a peak gain of 23.4 dBic and a 3 dB gain bandwidth of
22.8% in the millimeter-wave band [79]. A convex optimization formulation for electrically
small antenna arrays with reactively loaded parasitic elements is provided in [80]. In
this approach, the objective function is to maximize the antenna gain, while the input
admittance is used as a constraint to establish a standard convex optimization problem.
The conditions for achieving super-gain are analyzed for different array configurations
with various combinations of parasitic elements. A millimeter-wave rectenna system
based on a Rotman lens was first proposed in 2019, consisting of antennas, rectifiers, a
Rotman lens, and a power combining network. Compared to conventional designs, the
Rotman rectenna achieved a 21-fold increase in harvested power while maintaining the
same angular coverage, thus simultaneously realizing high gain and wide beamwidth [81].
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Figure 13. Prototype of 4 × 4 antenna array fed by SIW network: (a) Front view, (b) Bottom View [79].

3.2. Multi-/Wideband Rectenna Configurations

Ambient RF energy exists across multiple frequency bands; designing multiband or
wideband rectennas can help harvest more energy. Reference [82] proposed a triple-band
high-gain antenna covering the GSM-1800, UMTS-2100, and Wi-Fi bands. Under an input
power of −30 dBm, the rectenna achieves 7.6%, 8.6%, and 4.3% efficiencies at these three
bands, respectively. A seven-band rectenna with even broader frequency coverage was
first introduced in [83], capable of harvesting RF energy from GSM1800, LTE, Wi-Fi, and
various 5G bands. The design process and topology can be seen in Figure 14. This rectenna
operates over an ultra-wideband from 1.67 to 5.92 GHz, achieving rectification efficiencies
of 49% @ 1.84 GHz, 51% @ 2.04 GHz, 52% @ 2.36 GHz, 53% @ 2.54 GHz, 46% @ 3.3 GHz,
45% @ 4.76 GHz, and 35% @ 5.8 GHz when the input power is around 3 dBm. Furthermore,
it can function effectively even under an input power of −20 dBm. In [84], coverage of
five commercial frequency bands was achieved using only a single diode, with an average
efficiency of 23.2% under −20 dBm input power. Notably, when a five-tone signal was
input, an efficiency of 43.7% was attained at −20 dBm input power. Figure 15 introduced a
transversely connected folded, tightly coupled ultra-wideband dipole array. By employing
capacitive-loaded metallic walls to eliminate the common-mode resonance of the array and
broaden the operational bandwidth, the designed 16 × 16 array can operate within the
0.41–3.3 GHz frequency range [85].

Figure 14. (a–d) Design process and topology of the seven-band rectenna [83].
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Figure 15. Installation of the fabricated 16 × 16 antenna array [85].

3.3. Multi-Polarization Rectenna Implementations

Polarization mismatch can significantly affect transmission efficiency even if the main
lobe directions are aligned. In extreme cases, a vertically polarized antenna cannot receive
any power transmitted by a horizontally polarized antenna. Therefore, multi-polarization
should be applied to avoid polarization mismatch while ensuring high antenna gain.
Circularly polarized antennas can receive radiation without loss from circularly polarized
waves with the same rotational direction, in addition to all linearly polarized waves
with a 3 dB loss. Thus, circularly polarized antennas are widely used in wireless power
transfer (WPT) applications [86]. A novel dual-band circularly polarized antenna for
millimeter-wave power transmission (MMPT) was first reported in [87]. As shown in
Figure 16, arc-shaped parasitic patches are introduced near the circular patch to form a chiral
structure, converting linearly polarized waves into left-handed circularly polarized waves
at 24 GHz and right-handed circularly polarized waves at 28 GHz. High gains of 17.1 dBic
and 17.0 dBic are achieved at these frequencies, respectively. All-polarization techniques
can harvest circular and linearly polarized waves, overcoming polarization mismatch
losses [88–90]. In [91], a compact and efficient all-polarization rectenna is introduced. At
2.45 GHz, the rectenna achieves rectification efficiencies exceeding 63% for all polarization
angles with a peak efficiency of up to 82.2%.

Figure 16. Photographs of the dual-band dual-sense circularly polarized rectenna: (a) Front view, (b)
Bottom View [87].
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In order to better compare the performance of various rectennas, Table 3 provides
a brief comparison of the main characteristics of several representative rectennas dis-
cussed in Sections 3.1–3.3, including parameters such as frequency band, gain, efficiency,
and polarization.

Table 3. Performance comparison of different rectenna designs.

Ref.
Operating
Frequency

(GHz)

Input
Power

No. of
Elements

Peak
Gain

Conversion
Efficiency

Polarization
State

[79] 33.1–41.6 N/A 4 × 4 23.4 dBic N/A CP
[82] 1.85, 2.15, 2.48 −30 dBm 2 × 2 × 2 9, 11, 11 dBi 7.6%, 8.6%, 4.3% Dual-LP

[83]
1.84, 2.04,
2.36, 2.54,

3.3, 4.76, 5.8
3 dBm 1 3 dBi *

49%, 51%,
52%, 53%,

46%, 45%, 35%
N/A

[84] 1.8, 2.1, 2.4, 2.65,
3.5 −20 dBm 2 1.59, 3.18, 2.25,

2.41, 3.46 dBi
21.6%, 26.7%,

28.8%, 19.8%, 17.9% N/A

[87] 24, 28 18 dBm 2 × 2 17.1, 17.0 dBic 49.1%, 47.8% LHCP, RHCP
[89] 1.7–2.5 1 µW/cm2 1 5 dBi * 24.4% AP
[91] 2.45 23.3 dBm 1 6.4 dBi 82.2% AP

CP: circularly polarized. LP: linearly polarized. LHCP: left-hand circularly polarized. RHCP: right-hand circularly
polarized. AP: all-polarized. N/A: not available. * Average gain over all operating bands.

3.4. Beamforming Techniques

The beam characteristics of rectennas should be designed according to different ap-
plication scenarios. Collecting all possible RF energy in the environment is necessary for
ambient RF energy harvesting. Therefore, the beam should ideally cover all directions. In
contrast, for wireless power transfer targeting dynamic objects, the beam of the rectenna
should be steerable to maximize transmission efficiency. Dipole rectennas are widely
adopted due to their quasi-full spatial coverage of linearly polarized radiations [92,93].
However, limited by their relatively low gain, dipole rectennas generally exhibit low rec-
tification efficiency. Figure 17 shows a cylindrical flexible antenna array of five vertical
antenna arrays, each consisting of four patch antennas. The designed energy harvester can
cover 97% of all possible angles of arrival of the incoming radiation. Under an ambient
power density of 1 µW/cm2, a rectification efficiency of up to 45% was achieved [94].
Beamforming networks are the most commonly used method for achieving beam control.
Typical beamforming networks include thenRotman lens [95], parabolic reflector [96], Blass
matrix [97], Nolen matrix [98], and Butler matrix [99]. Using image recognition technology
and beamforming techniques, a 1 × 4 phased array antenna with target tracking capability
was designed, as shown in Figure 18 [100]. Compared with uniform beam transmission, this
system can significantly improve transmission efficiency within a distance of approximately
ten wavelengths. The time required from target identification to beam phase adjustment is
about 100 ms.

Figure 17. Photograph of cylindrical flexible rectenna [94].
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Figure 18. Photograph of tracking phased array [100].

3.5. Advanced Functional Antenna Structures

Conformal antennas are designed to conform to or follow a specific shape, typically
mounted on cylinders, cones, hyperboloids, or other complex geometries. By closely
adhering to the surface of the supporting platform, conformal antennas offer excellent
flexibility and portability and have been widely adopted in both civilian and military
applications [101,102]. Figure 19 illustrates a conformal meandered dipole rectenna array
designed for Internet of Things (IoT) water meter applications. The antenna elements are
wrapped around four faces of the water meter enclosure to enable omnidirectional radio
frequency energy harvesting in the environment. When the ambient RF power density
reaches 500 µW/cm2, the antenna array can deliver a direct current (DC) output power
of 7.4 mW [103]. An ultra-wideband implantable conformal antenna for wireless capsule
endoscopy is proposed in [104]. Utilizing a bent-line technique, a compact planar antenna is
conformed to a cylindrical capsule with a radius of 3 mm, achieving an operating frequency
range of 284 MHz to 825 MHz with a maximum gain of −31.5 dBi. To further improve the
adaptability of conformal antennas for wireless power transfer in complex electromagnetic
environments, a design methodology assisted by deep reinforcement learning (DRL) is
introduced in [105]. The overall system consists of a decision module (DRL), a control
module (microcontroller unit, MCU), and a radiation module (conformal patch array). By
taking the current phase states and gain of the antenna as inputs, the system employs a deep
Q-network (DQN) algorithm to determine the phase adjustment actions. The experimental
results demonstrate that the measured performance of the array, after DQN training, closely
matches the simulated results for various beam directions, greatly simplifying the design,
tuning, and deployment of conformal antennas.

Figure 19. Conformal rectenna array on water meter case [103].
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Metamaterials are a novel class of materials engineered with artificially designed and
periodically arranged structures, featuring electromagnetic properties beyond those of
conventional natural materials. These unique characteristics enable more precise manip-
ulation of light and electromagnetic waves, thereby attracting significant attention from
researchers across various fields. By introducing resistive loads into the gaps of metama-
terial unit cells, their impedance can be matched to that of free-space wave impedance.
This allows metamaterials to function as alternatives to conventional antenna structures
for the purpose of wireless energy harvesting (WEH) [106]. Based on such resonator units,
various WEH metasurfaces have been proposed, which can achieve high-efficiency RF
energy collection under arbitrary polarization angles and across a wide range of incident
angles [107–109]. Inspired by rectennas, increasing research efforts have focused on the
design of rectifying metasurfaces. Figure 20 presents a two-sided rectifying metasurface
for low-power energy harvesting. The front side consists of metasurface units designed
based on the electric–inductive–capacitive (ELC) structure, and the backside integrates
a voltage-doubling rectifying circuit, separated by a ground plane and interconnected
via through-holes. The designed rectifying metasurface achieves an RF-dc conversion
efficiency of 76.8% at an input power of 0.4 dBm [110]. To enhance the adaptability of
metasurfaces for diverse application scenarios, Engheta et al. proposed the concept of
digital metasurfaces, in which two materials with different dielectric constants are encoded
as “0” and “1.” These coding bits are arranged in mixed patterns to form arrays, enabling
flexible modulation characteristics [111]. In the same year, Cui T et al. introduced a simi-
lar concept, representing the phase state of surface units as coding bits for metasurfaces,
thereby providing a simple, efficient, and flexible control method [112]. Figure 21 illustrates
a 2-bit reconfigurable transmissive metasurface array. Each metasurface cell unit comprises
a receiver and a transmitter, including loop antennas, DC layers, and ground planes. Each
unit embeds four PIN diodes, enabling four different transmission phase states through
various combinations, corresponding to 2-bit digital control [113].

Figure 20. Unit cell of low-power rectifying metasurface: (a) Overall view, (b) Side view, (c) Front
view, (d) Bottom view [110].
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Figure 21. The reconfigurable transmissive metasurface and an exploded view of the unit cell [113].

4. Emerging Application Scenarios
The advancement of wireless power transmission has unlocked new possibilities

for battery-free operation in various devices and systems. This WPT technology has
benefited from the rapid development of rectennas, capable of harvesting ambient or
directional RF energy and converting it into dc power. Depending on the source and
strength of the harvested RF signals, wireless power transmission can be categorized into
ambient RF energy harvesting and directive RF power transfer. Although ubiquitous and
freely available, ambient RF energy is typically exhibited at low and fluctuating power
levels, making it particularly suitable for devices with low-power consumption and low-
duty-cycle requirements. In contrast, directive RF power transfer can provide higher
and more predictable energy levels to support continuous and stable operation in more
demanding applications.

The practical integration of energy harvesting rectennas into real-world scenarios has
been promoted by the proliferation of low-power electronics and the emergence of ubiq-
uitous wireless communication networks such as Bluetooth Low Energy (BLE) [114–116],
RFID [117–119], LoRa [120–122], and ZigBee [123–125]. These networks enable efficient
data transmission with minimal energy consumption, which is essential to realizing the
vision of sustainable, maintenance-free sensor networks. For example, ambient RF energy
harvested from sources like LTE, GSM, or Wi-Fi signals has already been demonstrated
to power microcontroller-based sensor nodes in urban environments, achieving signifi-
cant efficiencies and enabling devices to operate autonomously in active, standby, and
low-power modes [126–128]. In addition, integrating energy storage elements such as su-
percapacitors and batteries with rectenna-based power management modules smooths out
intermittent energy supply, supporting long-term and reliable device operation [129,130].
Adaptive energy-aware interfaces between power harvesting modules and sensors further
optimize energy transfer based on dynamic load conditions, ensuring maximum power to
the required devices even in variable environments [131,132].

The range of applications for low-power rectennas is rapidly expanding across multi-
ple areas. In industrial environments, wireless energy harvesting is driving the develop-
ment of maintenance-free IoT sensors that enable real-time monitoring and automation in



Microwave 2025, 1, 5 17 of 25

smart manufacturing. Figure 22 shows IoT temperature and light sensors based on two
ultrathin electrically small rectennas types. The sensor-augmented rectifier is seamlessly
integrated with the antenna and printed on a single ultra-thin PCB. When the ambient
temperature increases, the thermistor’s resistance decreases, resulting in a rise in the output
DC voltage. Once the temperature exceeds 65 ◦C, the output voltage surpasses 0.8 V,
which triggers the acoustic siren. For light detection, the resistance of the photocell is
nearly infinite in a dark environment. As the ambient light goes bright, its resistance
decreases, causing the output voltage to rapidly rise to 5.9 V and activating the alarm. This
design enables a dual-mode detection system for environmental temperature and light
intensity [133]. Figure 23 illustrates a novel fully integrated planar six-sector 3D spherical
coverage rectenna array designed for wireless energy harvesting applications. Each array
sector contains an end-fire element and a bore-sight patch antenna element. The DC output
is extracted from the center of the structure via output pins at the bottom, allowing the
rectenna array to be directly mounted on IoT nodes for immediate use [134].

(a) (b)

Figure 22. (a) IoT temperature sensor, (b) IoT light sensor based on ultra-thin Huygens antenna [133].

Figure 23. An image of a fabricated planar fully integrated rectenna array for orientation-oblivious
energy harvesting: (a) Top view, (b) Bottom view [134].

In healthcare, implantable medical devices powered by ambient or directive RF energy
are emerging as a promising solution for continuous, uninterrupted health monitoring with-
out frequent recharging or battery replacement constraints. Figure 24 presents a flexible and
wearable hybrid RF and solar energy harvesting system consisting of a flexible transparent
antenna, a flexible transparent rectifier, and an amorphous silicon solar cell. The system
can cover the n78/n79 5G communication bands. Under a light intensity of 210 Lux, the
system achieves an additional 35.6% to 769.5% output power compared to a single solar cell
within an input power range of 4 dBm to 10 dBm [135]. Figure 25 demonstrates wireless
power transfer to electronic devices placed in the gastrointestinal (GI) tract using 1.2 GHz
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mid-field antennas. One antenna is positioned externally, while the other is placed in an
anesthetized pig’s esophagus, stomach, and colon. The received power levels at these loca-
tions are 37.5 µW, 123 µW, and 173 µW, respectively. Wireless powering of medical devices
is realized while maintaining radiation exposure below permissible safety standards [136].
Figure 26 depicts a fully wireless implanted asynchronous cardiac pacemaker consisting
of a 1.2 GHz implanted electrode antenna, a rectifier, and a pacing circuit. The implanted
electrode prototype was tested in vivo in sheep; the RF energy was transmitted from a horn
antenna placed 25 cm above the sheep’s thorax to the implanted electrode. Asynchronous
pacing was successfully achieved while ensuring radiation safety [137].

(a) (b)

Figure 24. Flexible and wearable hybrid RF–solar energy harvesting system: (a) Illustration of system,
(b) Measurement on human arm model [135].

Figure 25. The locations where the 1.2 GHz mid-field antenna is placed [136].

Figure 26. A picture of a fully wireless implanted asynchronous cardiac pacemaker implanted in a
sheep’s thorax [137].
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Furthermore, in the context of renewable energy and space exploration, space solar
power stations (SSPSs) have been proposed to collect solar energy in orbit and transmit it
wirelessly to Earth via RF beams, representing a visionary application for wireless power
transmission [138–140]. According to the development roadmap for the SSPS outlined by
the Japan Aerospace Exploration Agency (JAXA), the 100 MW level space demonstration is
scheduled for completion by 2030, with commercial operation of gigawatt SSPSs expected
before 2040 [141]. In [142], the challenges and solutions for improving the conversion
efficiency of rectennas under both low and high input power levels are discussed. The
paper also outlines the requirements of rectennas for SSPSs and introduces key technologies
for achieving efficient rectification at different input power levels. Figure 27 shows a
demonstration system designed to simulate the operational mode of microwave power
transmission in a future SSPS. Operating at a frequency of 5.8 GHz, the system achieves
a transmission distance of 55 m between the transmitting antenna and the rectenna. The
transmitted microwave power is approximately 1600 W, with a DC output power exceeding
300 W. The beam control accuracy is better than 0.4◦, which can promote the development
of wireless transmission systems for SSPSs [143].

Figure 27. Demonstration of MPT in future SSPS [143].

5. Conclusions
This article discusses technological breakthroughs and industrial applications of low-

power-density rectennas in wireless power transmission. As an integrated system, a
rectenna primarily consists of a rectifier and an antenna. The rectification efficiency of
the rectifier under low input power is mainly limited by the intrinsic properties of nonlin-
ear diodes and additional losses introduced by the matching networks. This review has
examined various strategies for improving diode performance and recent innovations in
matching networks and transmission line structures. In addition, as the critical interface
between the rectifier and ambient RF energy, the antenna should not only achieve high
gain but also be capable of multiband/wideband, multi-polarization/omni-polarization,
or multi-beam/beam-controllable functionalities according to the application scenarios.
Looking ahead, the rapid development of rectenna technology has contributed to both
technological progress and industrial innovation, showing great potential to replace bat-
teries or other rechargeable devices. Rectennas are expected to find broad applications in
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industrial IoT, smart home systems, wearable electronics, implanted healthcare devices,
and the realization of future SSPSs.
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