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ABSTRACT Battery-free Internet of Things (IoT) systems require wireless power transfer (WPT) receivers
that are robust to variations in orientation and polarization. Conventional rectennas, however, exhibit
strong directional sensitivity and limited adaptability, which constrains their practical deployment. This
review presents a unified synthesis of three emerging rectenna architectures developed to mitigate angular
misalignment, flat-beam rectennas, multidirectional rectennas, and metasurface-assisted lens rectennas.
A comparative taxonomy is developed to systematically evaluate these approaches in terms of angular
coverage, RF–DC conversion efficiency (ηRF-DC), implementation complexity, and scalability. Beyond
summarizing recent advances, this paper analyzes persistent research gaps common to all techniques,
including narrowband operation, limited system-level validation, and manufacturing constraints. A decision-
oriented framework is further proposed to guide architecture selection for application-specific scenarios,
such as mobile, wearable, and fixed IoT deployments. Convergent future research directions are outlined,
including adaptive and broadband designs, multifunctional integration, and emerging concepts such as
dynamic metasurfaces, to support the development of pervasive, orientation-independent wireless power
solutions for next-generation IoT networks.

INDEX TERMS Ambient Energy Scavenging, Angular Misalignment, Flat-beam Rectennas, Gradient-
Index Metasurface, Internet of Things (IoT), Multidirectional Rectennas, Orientation-Independent Energy
Harvesting

I. INTRODUCTION

THE Internet of Things (IoT) is transforming modern
infrastructure, enabling smart industrial systems [1],

healthcare monitoring [2], and intelligent transportation net-
works [3]. However, the widespread deployment of IoT nodes
faces an energy constraint, their reliance on conventional
chemical batteries with finite lifespans, maintenance require-
ments, and scalability limitations [4]–[7]. Wireless power
transfer (WPT) presents a compelling alternative, offering
potential for continuous, cable-free energy delivery to dis-

tributed electronic devices. WPT systems are categorized into
near-field and far-field approaches. Near-field WPT, operat-
ing through inductive or capacitive coupling, provides short-
range power delivery but suffers from sensitivity to spatial
misalignments between transmitter and receiver [8]–[10].
These misalignments degrade mutual coupling, detune reso-
nant frequencies, and can create safety hazards through stray
field heating [11], [12]. Far-field WPT, conversely, utilizes
propagating electromagnetic waves and includes two distinct
approaches dedicated radio-frequency WPT (RF-WPT) em-
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ploying controlled power beams, and ambient RF energy har-
vesting (RFEH) that harvests energy from existing broadcast
signals such as television, cellular, and Wi-Fi transmissions
[13]. RFEH systems operate at ultra-low power densities,
constrained by the sparse and unpredictable nature of ambient
RF environments. The performance of far-fieldWPT systems
is quantified through power conversion efficiency (PCE) and
RF-to-DC efficiency (ηRF-DC). PCE represents the end-to-
end efficiency from transmitted RF power to delivered DC
power, including propagation, matching, polarization, and
rectification losses [14], [15]. ηRF-DC denotes the rectifier
conversion efficiency and depends on the input power level,
impedance matching conditions, diode characteristics, and
load requirements.

A key challenge in far-field WPT is angular and spatial
misalignment between transmitters and receivers. Evenminor
orientation changes can degrade received power and system
efficiency [16]. This problem is exacerbated in dynamic en-
vironments where IoT devices may be mobile or arbitrarily
oriented, such as wearable electronics, sensors on rotating
machinery, or autonomous drones. Therefore, maintaining
rectenna efficiency over a range of incidence angles is nec-
essary for battery-free IoT operation.

Although several reviews cover rectenna technology [17]–
[21], a systematic comparison of flat-beam, multidirectional,
and lens-assisted architectures aimed at mitigating angular
misalignment is still missing. This review synthesizes and
compares contributions from over twenty research groups
addressing angular misalignment in far-field wireless power
transfer through flat-beam, multidirectional, and lens-based
rectenna architectures. The main contributions of this work
are summarized as follows:

1) We introduce a unified taxonomy that compares flat-
beam, multidirectional, and lens-assisted rectenna ar-
chitectures with respect to angular coverage, ηRF-DC,
implementation complexity, operating frequency, and
scalability.

2) We identify research gaps common to all architectures,
including limited system-level demonstrations, narrow-
band operation, scalability and manufacturing chal-
lenges, and the absence of standardized performance
benchmarks.

3) We present a decision-oriented framework that links
rectenna architecture selection to deployment scenar-
ios, highlighting key performance and implementation
trade-offs for practical wireless power harvesting appli-
cations.

The paper is organized as follows. Section II presents a
taxonomy of angular misalignment mitigation strategies. Sec-
tion III reviews ambient RF energy measurements. Sections
IV-VI detail flat-beam, multidirectional, and metasurface-
assisted lens rectennas, respectively. Section VII provides
comparative analysis and future directions, with conclusions
in Section VIII.

II. TAXONOMY OF ANGULAR MISALIGNMENT
MITIGATION STRATEGIES
The design of far-field WPT systems involves a trade-off
between directive gain and angular coverage. Conventional
rectennas are optimized for peak ηRF-DC under boresight
alignment, but their performance degrades rapidly under an-
gular or lateral misalignment, limiting practical deployment
in mobile or arbitrarily oriented devices. To address this
limitation, three architectural paradigms have emerged, each
using distinct physical mechanisms to improve robustness
against misalignment.
Flat-beam rectennas reduce sensitivity to lateral misalign-

ment through a flattened radiation pattern that sustains con-
sistent gain across a wide region. While flat beams support
lateral displacement, they accommodate angular variation in
sectorized arrangements. Conventional arrays rely on ampli-
tude tapering to concentrate energy near broadside [22], [23],
whereas flat-beam designs redistribute gain to form a flat-
top profile, trading peak directivity for increased tolerance
to displacement and orientation. Each rectifying element in
an array receives equal incident power when illuminated
with a flat-beam transmitter [24]–[27]. This architecture suits
scenarios where devices remain within known spatial limits
while their exact position or orientation varies.
Multidirectional rectennas achieve wide angular coverage

through spatial diversity. They employ multiple discrete an-
tenna elements oriented in different directions. This approach
differs from flat-beam designs by using separate receiving
apertures rather than modifying a single aperture’s radiation
pattern. Energy collected from spatially distributed elements
combines through three main approaches. RF combining
merges antenna outputs prior to rectification. DC combining
connects each element to an individual rectifier, with the
DC outputs summed in series or parallel configurations [28].
Hybrid RF/DC combining groups elements at the RF stage
and merges the resulting outputs at the DC stage [29]. Recent
advances extend coverage from azimuthal patterns to three-
dimensional spherical coverage through arrangements of end-
fire and boresight elements [30]–[32].
Metasurface-assisted lens rectennas use engineered struc-

tures to shape incident wavefronts and direct energy toward
designated rectifying elements. Typical implementations em-
ploy gradient-index lenses, including Luneburg or Rotman
lenses, or custom metasurfaces [39] to focus incident en-
ergy from multiple angles onto designated focal points. This
architecture supports high gain along several predetermined
directions without active beamforming, maintains fully pas-
sive operation, enables custom frequency responses through
metasurface design, and offers compact integration despite
its multi-beam capability. The design shifts complexity from
electronic combining networks into the physical geometry
of the lens or metasurface. Such systems are well suited for
mmWave WPT, where small apertures achieve high directiv-
ity and regulations permit elevated effective isotropic radiated
power [40]. Target applications include powering 5G IoT
nodes and supplying energy to multiple spatially separated
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TABLE 1. Measured ambient RF strength in different countries, where S denotes the RF power flux density and PRF denotes the received power.

Montreal (Canada) [33]
Frequency (MHz) DTV LTE700 GSM/LTE850 LTE1700/2100 LTE1900 Wi-Fi LTE2600

PRF (dBm) at
Metro
Stations -66.27 to -19.97 -63.91 to -19.08 -60.86 to -19.73 -65.79 to -27.11 -63.13 to -20.16 -72.98 to -58.25 -78.89 to -34.34

PRF (dBm) at
Residential

Areas -68.12 to -25.97 -58.72 to -37.38 -62.22 to -41.62 -62.94 to -44.17 -66.09 to -42.95 -74.53 to -59.80 -75.86 to -54.26
Singapore [34]

Frequency (MHz) 925-960 1805-1880 2110-2170
S (nW/cm2) 2.38-25.672 14.39-156 19.66-207.92

Greater London (UK) [35]
Frequency (MHz) 470-610 880-915 925-960 1710-1785 1805-1880 1920-1980 2110-2170 2400-2500

S (nW/cm2) 460 39 1930 20 6390 66 240 6
Liverpool (UK) [36]

Frequency (MHz) 1200-4800 (outdoor) 1200-4800 (indoor)
S (nW/cm2) -10 to 31.6 -0.1 to 0.316

Metropolitan Areas of Melbourne (Australia) [37]
Frequency (MHz) 50 100 200 500 800 1000 2000 3000
PRF (dBm) RMIT -37 3 -29 5 -10 -20 -27 -67

PRF (dBm) Inner City -67 -13 -25 -19 -35 -27 -29 -67

PRF (dBm) at
Mount

Dandenong -10 -7 -29 -7 -40 -38 -34 -67
Hong Kong [38]

Frequency (MHz) 930-960 (outdoor) 930-960 (indoor) 2110.3-2169.7 (outdoor) 2110.3-2169.7 (indoor)
S (nW/cm2) 134 6.85 74.4 4.03

devices with varying orientations.
These paradigms reflect different trade-offs in gain, an-

gular tolerance, structural complexity, and power-combining
efficiency. Flat-beam rectennas stabilize performance against
lateral displacement and, when implemented in sectorized
configurations, extend tolerance to moderate angular varia-
tion. Multidirectional rectennas provide wide angular cover-
age through spatial diversity, using multiple oriented aper-
tures rather than reshaping the radiation pattern of a single
element. Metasurface-assisted lens rectennas achieve high-
gain reception from predefined directions through passive
wavefront shaping using gradient-index lenses or engineered
metasurfaces. Together, these approaches form the basis for
the comparative analysis presented in the following sections.

III. THE RFEH ENVIRONMENT
The practical viability of ambient RFEH systems depends on
the electromagnetic energy available in real environments,
which often remains low and varies with time. Ambient
emissions originate from communication services, broadcast
stations, and incidental electronic sources, and their strength
changes with transmitter activity and spatial distribution [41].
The received power level is influenced through distance to
active transmitters, operating frequency, traffic variations,
propagation losses from buildings and clutter, and regional
limits on effective isotropic radiated power.

Various ambient RF measurement surveys across differ-
ent continents reveal variation in received power PRF and
power flux density S. These measurements show location-
and frequency-dependent variation in the ambient RF envi-
ronment, as summarized in Table 1. In Montreal, Canada,
broadband measurements across cellular and broadcast ser-
vices show large differences between metro stations and res-
idential areas [33]. At metro stations, received power ranges
from −79 dBm in the LTE2600 band to −19 dBm in digital

television and cellular bands. Residential areas show lower
values that fall between −76 dBm and −26 dBm across the
same bands. These results indicate that transportation hubs
with dense transmitter activity offer more suitable condi-
tions for ambient RFEH than suburban regions. In Singa-
pore, measurements taken 150 m from a base station report
power flux densities of 2.38 to 25.672 nW cm−2 in the
925-960 MHz band, 14.39 to 156 nW cm−2 in the 1805-
1880 MHz band, and 19.66 to 207.92 nW cm−2 in the
2110-2170 MHz band [34]. These strong levels reflect dense
urban infrastructure. A large scale survey in Greater Lon-
don mapped RF activity across 470-2500 MHz [35]. The
maximum emissions occurred near 1.8 GHz with peak flux
densities of 6390 nW cm−2. Other active bands included
470-610MHz and 925-960MHz with measured levels of 460
and 1930 nW cm−2. Indoor and outdoor measurements in
Liverpool show strong attenuation indoors. Outdoor power
density ranged from 10 to 31.6 nW cm−2, while indoor levels
fell to 0.1 to 0.316 nW cm−2 [36].

In Melbourne, Australia, received power measurements
across 50 − 3000 MHz show large differences between lo-
cations [37]. At the RMIT campus, received power reaches
5 dBm in the 500 MHz band, while the inner city and the
suburban Mount Dandenong sites show weaker and more
variable levels that often fall below−20 dBm in many bands.
Measurements in Hong Kong show strong urban cellular
activity in the 930-960 MHz and 2110-2169 MHz bands.
Outdoor flux densities reach 134 nWcm−2 at 950 MHz and
74.4 nWcm−2 in the 2.1 GHz band, while indoor levels fall
to 6.85 nWcm−2 and 4.03 nWcm−2 [38].

These studies show that ambient RF power density ranges
from sub-nW/cm2 indoors to several thousand nW/cm2 in
dense outdoor cellular environments. Cellular communica-
tion bands, around 900 MHz and 1.8 GHz, provide the
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TABLE 2. Typical Environmental RF Power Density Ranges and Architectural Implications

Power Density Range Typical Environment Architectural Suitability Expected DC Output and Application
Viability

0.1-10 nW/cm2 Indoor residential; rural
outdoor

All architectures marginal Nano-watt level DC output. Suitable
only for ultra-low-power wake-up cir-
cuits or heavily duty-cycled operation.
Requires high rectifier sensitivity.

10-100 nW/cm2 Urban indoor; suburban
outdoor

Multidirectional rectennas preferred Low micro-watt DC output. Suitable for
intermittent sensing with energy storage.
Flat-beam rectennas may operate with
sufficiently large apertures.

100-1000 nW/cm2 Dense urban outdoor;
proximity to base stations

Flat-beam and multidirectional recten-
nas viable

Tens of micro-watts DC output. Enables
continuous operation of simple sensor
nodes. Lens-based rectennas may oper-
ate at sub-6 GHz with large apertures.

1-10 µW/cm2 Very close to transmitters;
industrial environments

All architectures potentially viable Hundreds of micro-watts to low milli-
watt DC output. Supports more com-
plex IoT nodes. Lens-based rectennas
become practical.

>10 µW/cm2 Millimeter-wave hotspots;
dedicated WPT scenarios

Lens-based rectennas most effective Milli-watt level DC output. Suitable for
wearable devices, sensor clusters, and
high-efficiency millimeter-wave energy
harvesting.

strongest and most stable power sources [33]–[35]. However,
the low absolute power levels, combined with large spatial
variation, continue to pose two fundamental challenges for
RFEH system designs, (i) the power levels are low, often
near or below the sensitivity thresholds of practical rectifier
circuits; and (ii) the power availability varies with location,
making energy delivery difficult without adaptive system
designs. The power densities reported in Table 1 impose strict
constraints on practical RF energy harvesting. For a typical
rectenna, the captured RF power is

PRF = S × Aeff ,

where S is the incident power density and the effective aper-
ture is approximated by

Aeff ≈ λ2

4π
.

At 900 MHz (λ ≈ 0.33 m), Aeff ≈ 0.0087 m2, meaning
that at a relatively high ambient density of 1000 nW/cm2

(1 µW/cm2), only ≈ 87 µW of RF power is available at the
rectifier input. After antenna losses, impedance mismatch,
and rectifier conversion efficiency (10-60% in the −20 to
−10 dBm range), the delivered DC power drops to the nano-
watt to low-micro-watt regime. This severely limits pow-
ered device capabilities, requiring ultra-low-power electron-
ics, duty cycling, and efficient energy storage. Nevertheless,
ambient RF remains a viable energy source for ultra-low-
power applications (e.g., sensor nodes, RFID-scale devices,
wearables in dense urban settings), provided that harvesting
systems offer

• angular tolerance for unknown incidence directions,
• multi-band or wideband operation,
• adaptive matching and rectifier topologies for fluctuat-

ing input conditions.
To contextualize these values for system design, ambient

RF power density ranges and their architectural implications

are summarized in Table 2. Most ambient environments (in-
door to typical urban outdoor) fall below 1 µW/cm2, placing
severe constraints on harvested power. In these low-density
regimes (<100 nW/cm2), multidirectional architectures that
maximize aperture utilization through spatial diversity are
generally most viable. As power density increases toward
dedicated WPT scenarios (>1 µW/cm2), the efficiency ad-
vantages of flat-beam and lens-based architectures become
more significant, at millimeter-wave frequencies where regu-
latory limits permit higher transmitted power. This framework
clarifies why angularly robust designs must simultaneously
address both low absolute power and directional uncertainty
to be practically useful across real-world environments.

IV. FLAT-BEAM RECTENNAS
Flat beam rectennas form a class of receiver structures that
establish a broad region of near uniform gain rather than a sin-
gle dominant reception direction. The aim is to sustain similar
incident power levels across the receiving aperture when the
source is displaced laterally or when moderate angular varia-
tion occurs. This is achieved through controlled shaping of the
array excitation and element arrangement, which produces
a flattened pattern in place of a narrow peak. Conventional
arrays using amplitude tapering prioritize high broadside di-
rectivity [22], [23], whereas flat-beam configurations trade
peak gain for stable reception over a wider spatial region.
The resulting pattern reduces sensitivity to small changes
in position or orientation and supports predictable perfor-
mance within the intended operating bounds. This section
outlines the design methods, representative implementations,
and measured behaviour of flat beam rectennas.

A. DESIGN PRINCIPLES AND OPERATIONAL
MECHANISMS
The design objective for flat-beam rectennas is to achieve
equal incident power density at each rectifying element when
illuminated from directions within the target angular sector.
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(a) (b)

FIGURE 1. Representative flat-beam rectenna designs: (a) 32-element transmitter and 37-element rectenna system [42]; (b) Six-element QCQP-optimized
array [43].

TABLE 3. Performance Comparison of Flat-Beam Rectennas Under
Different Illumination Conditions

Parameter Flat-beam Tx + Flat-
beam Rx

Narrow-beam Tx +
Flat-beam Rx

Incident Power
Distribution

Uniform across array Localized hotspot

DC Output
Characteristics

Uniform voltage
across elements

Highly non-uniform;
only illuminated
elements produce
significant output

Angular
Stability

Stable within designed
angular range

Highly sensitive to
alignment

Total
Harvested
Power

Stable and scalable
with array size

Fluctuates with beam
position

Misalignment
Tolerance

Good lateral and angu-
lar tolerance

Poor tolerance;
requires precise
alignment

Effective Sys-
tem Behavior

True orientation-
independent
harvesting

Scanning array with
directional sensitivity

Ideal Applica-
tion Scenario

Mobile/IoT devices
with random
orientation

Fixed point-to-point
power transfer

This is accomplished through control of the array excitation
coefficients, element spacing, and sometimes element geom-
etry. The operational principle can be understood through
two complementary perspectives such as joint transmitter-
receiver flat-beam systems and flat-beam receiver with con-
ventional transmitter. In ideal scenarios where both transmit-
ter and receiver employ flat-beam designs, the system yields a
uniform power density distribution across the receiving array
for all angles within the designed coverage sector [42]. Each
rectifying element receives similar RF power, and generates
similar DC output voltage. The total harvested power scales

linearly with the number of active elements, providing stable
power delivery despite angular variations. In more practical
scenarios where the transmitter employs a conventional nar-
row beam, the flat-beam rectenna exhibits a scanning behav-
ior. The incident RF power forms a ‘‘hotspot’’ that moves
across the array as the angle of arrival changes. Crucially, each
rectifying element is designed to have nearly identical power
conversion characteristics. Therefore, whichever element is
illuminated at the center of the hotspot generates consistent
DC output. As the angle varies and the hotspot scans across
different elements, the total combined DC output remains
stable provided the transmitter’s beamwidth illuminates a
sufficient number of elements at any given angle.

B. IMPLEMENTATION TECHNIQUES

A range of implementation strategies have been developed
to realise flat-beam patterns, including excitation optimisa-
tion, quadratic constrained quadratic programming (QCQP),
sequential feeding, and structural modifications to antenna
elements. These methods differ in complexity and scalability
but share the objective of producing a broadened and stable
gain profile across the desired angular region. One of the ear-
liest full-system demonstrations appears in Fig. 1(a), which
shows a 32-element microstrip patch transmitter and a 37-
element rectenna array designed for uniform coverage [42].
The system achieved an analytical and simulated ηRF-DC

of 80%, with measured efficiencies of 65.4% (parallel) and
68.5% (series). The observed efficiency loss was largely
due to reduced aperture efficiency and axial-ratio mismatch,
which lowered the connection efficiency ηc. A sequential
array architecture was then employed to suppress mutual
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(a) (b)

FIGURE 2. (a) 196-sequentially-fed flat-beam array [44]; (b) Low-profile aperture-coupled patch antenna featuring a mushroom structure [45].

coupling and reflections at the receiving plane, producing a
more uniform flat-beam response and improving wide-angle
reception. Earlier work also demonstrated that non-uniform
excitation can enhance beamwidth without severely compro-
mising efficiency. A 1× 4 patch array with optimised excita-
tion achieved a twofold increase in H-plane beamwidth com-
pared to a uniformly excited array, maintaining ηRF-DC above
50% for incidence angles between −38◦ and +35◦ [46].
This result demonstrates the feasibility of jointly optimizing
antenna beamwidth and rectifier performance for wide-angle
RF energy harvesting. Advanced optimisation approaches
have since been adopted to enable control of the radiation
pattern. A six-element microstrip patch array designed using
QCQP achieved 90◦ H-plane coverage with less than 1 dB
gain variation [43], as illustrated in Fig. 1(b). The prototype
maintained ηRF-DC of around 50% across a wide set of arrival
angles, validating QCQP for compact implementations. Key
to this design was the use of reduced inter-element spacing
with explicit modelling of mutual coupling, which ensured
angular stability in a small footprint.

Large-scale flat-beam designs employ sequential feed-
ing to improve robustness. A 196-element sequentially fed
phased array demonstrated flat-top beam formation with axial
ratio below 3 dB across the receiving plane, achieving 40%
beam efficiency in drone WPT scenarios [44], as shown in
Fig. 2(a). Sequential feeding also simplifies the network com-
pared to corporate-fed designs while retaining adequate pat-
tern control.Structural modifications offer an alternative ap-
proach. The compact aperture-coupled patch antenna shown
in Fig. 2(b) integrates a mushroom structure to achieve flat-
top circular polarization with 80◦ 3-dB beamwidths in both
the E- and H-planes [45]. The design attains a peak gain of

8.5 dBi and maintains stable power reception under lateral
displacements up to 60 mm, indicating tolerance to both
angular and positional variations.

C. PERFORMANCE CHARACTERISTICS AND CRITICAL
ANALYSIS
The performance of flat-beam rectennas can be categorized
into two operational modes, as summarized in Table 3, with a
consistent trade-off observed between angular coverage and
peak rectifier efficiency ηRF-DC. Designs optimized for wider
angular tolerance exhibit reduced peak efficiency, while con-
figurations targeting higher ηRF-DC achieve narrower cov-
erage. For example, the QCQP-optimized six-element array
reported in [43] maintains 50% ηRF-DC over a 90◦ angular
range. A larger-scale system employing a 32-element trans-
mitter and a 37-element rectenna array achieves simulated
efficiencies up to 80%, with measured values between 65.4%
and 68.5%, while preserving angular stability [42]. Com-
pact implementations emphasize coverage, with a flat-panel
rectenna demonstrating a 144.6◦ half-power beamwidth and
an ηRF-DC of 51.8% [47]. Although these results confirm
strong angular tolerance, most measurements are obtained
under controlled laboratory settings with fixed loads and
ideal matching. Their behaviour under realistic fluctuations
in impedance, orientation, and incident field strength re-
mains untested. Load optimisation also plays a crucial role
in system-level performance. For an array of N identical
rectifiers, the optimum load resistance scales as RL/N for
parallel connections and NRL for series connections [42].
Proper application of this scaling is required to maximize
power transfer and ensure stable DC output in practical de-
ployments.

6 VOLUME 11, 2023

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2026.3660895

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

D. LIMITATIONS AND RESEARCH GAPS
Despite their advantages in mitigating angular misalignment,
flat-beam rectennas face various limitations that remain open
research challenges. A key gap in the literature is the lack of
comprehensive demonstrations showing flat-beam rectennas
powering functional electronic systems under realistic oper-
ating conditions. Although many studies report high ηRF-DC

and wide angular coverage, only a small fraction validate
these designs by driving IoT sensors, wireless communication
modules, or practical electronic loads in real-world environ-
ments. This disconnect between laboratory-focused charac-
terization and system-level demonstrations remains a barrier
to the broader adoption of flat-beam energy harvesters [48].

Flat-beam characteristics are optimized for narrow fre-
quency bands and degrade when operated outside that range.
Achieving flat-beam performance across wide or multi-band
spectral regions remains challenging due to the frequency
sensitivity of array excitation profiles and matching net-
works [49], [50]. This limitation is restrictive for ambient
RF harvesting, which benefits from capturing energy across
multiple communication bands. Although recent advances in
broadband rectenna design show promising directions, inte-
grating broadband or multiband operation with stable flat-
beam performance remains largely unexplored.

A fundamental trade-off in flat-beam design is the reduc-
tion in peak gain compared to directive arrays with similar
aperture sizes. This trade-off enables wide angular coverage
but limits the maximum achievable received power, posing
challenges for long-range WPT [51], [52]. The relationships
among angular coverage, gain reduction, effective aperture,
and maximum operational range remain insufficiently ana-
lyzed, leaving limited guidance for system designers. More-
over, maintaining low sidelobes outside the intended angular
sector is nontrivial. Many reported flat-beam arrays exhibit
elevated sidelobe levels, which can reduce overall system
efficiency and increase susceptibility to interference from un-
intended directions. This issue becomes increasingly critical
in dense urban or indoor RF environments, where multiple
high-power emitters may be present. Scalability also presents
a significant challenge. As array sizes increase, mutual cou-
pling, feeding-network losses, and manufacturing tolerances
make it difficult to maintain stable flat-beam profiles. The
196-element sequential array [44] demonstrates progress to-
ward large-scale implementations; however, achieving com-
parable performance with larger apertures or at higher fre-
quencies (e.g., millimeter-wave bands) remains an open re-
search problem. These scalability issues highlight the need
for new design methodologies, optimization frameworks, and
fabrication techniques that can support large flat-beam array
architectures.

V. MULTIDIRECTIONAL RECTENNAS
Multidirectional rectennas address angular misalignment
through spatial diversity, usingmultiple antenna elements ori-
ented in different directions to achieve quasi-omnidirectional
coverage. Unlike flat-beam designs that modify the radia-

tion pattern of a single aperture, multidirectional systems
distribute reception across physically separated elements and
combine their outputs to provide stable power delivery re-
gardless of incident angle. This section reviews the architec-
tural topologies, implementation strategies, and performance
characteristics of multidirectional rectenna systems, while
critically evaluating their current limitations and research
gaps.

A. ARCHITECTURAL TOPOLOGIES FOR POWER
COMBINING

The effectiveness of multidirectional rectennas depends on
how power from multiple antenna elements is combined.
Three topologies have emerged, eachwith distinct advantages
and limitations, as illustrated in Fig. 3. In RF-combining
architectures, outputs from multiple antenna elements are
merged at the RF stage before entering a single recti-
fier. This is achieved using hybrid couplers, Wilkinson di-
viders/combiners, or transmission-line networks. Although
RF combining can be efficient when signals are coherent
and properly phased, it suffers from several drawbacks. It is
highly sensitive to phase differences between signals arriving
from different directions, which can lead to destructive in-
terference. The combining network also introduces insertion
losses that degrade overall efficiency. Most critically for mul-
tidirectional systems, RF combining can create unintended
directional patterns that undermine the desired angular diver-
sity [63].

DC combining addresses the limitations of RF combining
by employing independent rectifiers for each antenna ele-
ment, with their DC outputs combined in series (for voltage
summation) or parallel (for current summation) configura-
tions [28]. This topology offers several advantages. It elimi-
nates phase sensitivity issues, allows each rectifier to operate
at its optimal impedance point, and provides spatial diversity.
Series connections improve output voltage (VDC =

∑
Vn),

advantageous for low-power applications requiring higher
voltage for circuit startup. Parallel connections increase cur-
rent capability (IDC =

∑
In), beneficial for applications

requiring higher power delivery. However, DC combining re-
quires multiple rectifier circuits, increasing component count,
cost, and potential for mismatch between individual rectifiers.

Hybrid combining represents a compromise approach that
balances the advantages of both previous topologies [29]. In
this architecture, antenna elements are grouped into subsets,
and each subset undergoes RF combining before rectification.
The resulting DC outputs from all rectifiers are then com-
bined. This hierarchical method reduces the number of rec-
tifiers compared with pure DC combining while maintaining
better angular coverage than pure RF combining, since each
subset still provides spatial diversity. The hybrid approach is
particularly effective when a moderate number of elements,
for example four to eight per subset, can provide adequate
angular coverage within each subset.
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(a) (b)

(c)

FIGURE 3. Power combining topologies for multidirectional rectennas: (a) RF combining, where multiple antenna outputs are combined prior to
rectification; (b) DC combining, where rectified outputs are combined at the DC stage; and (c) hybrid RF–DC combining, which integrates both approaches
[29].

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k)

FIGURE 4. Representative multidirectional rectenna designs: (a) Compact quasi-Yagi array [53]; (b) Multiport pixel rectenna [54]; (c) Rotman lens-based
array [55]; (d) Quasi-Yagi multisector array [56]; (e) Six Yagi-Uda arrangement [57]; (f) Twelve Vivaldi radiators [58]; (g) Mirror-based design [32]; (h)
Polarization-insensitive array [59]; (i) Dual-purpose radial rectenna [60]; (j) Grid-array rectenna [61]; (k) Plug-in multidirectional rectenna [62].

B. DESIGN EVOLUTION AND IMPLEMENTATION
STRATEGIES

Various multiport rectenna designs have been reported be-
tween 2016 to 2025 [7], [28], [30]–[32], [53], [54], [57]–
[62], [66]–[84]. Fig. 4 presents representative multidirec-
tional rectenna architectures, including compact implemen-
tations, advanced combining strategies, and lens-assisted
designs. For space-limited applications, compact structures
such as the quasi-Yagi array [53] and the plug-in multidi-
rectional rectenna [62] achieve practical angular coverage
with minimal footprint, making them suitable for small-form-

factor devices. The grid-array rectenna [61] and the multiport
pixel design [54] demonstrate advanced power-combining
strategies. The grid-array employs a traveling-wave architec-
ture with isolated ports to generate tilted dual beams, en-
abling wide-angle harvesting without complex beamforming
networks. The pixel rectenna uses system-by-optimization
(SEBO) methods to optimize multiport antenna behavior,
showing the potential of computational synthesis for mul-
tidirectional operation. Although, multidirectional systems
incorporate lens elements. The Rotman-lens-based array [55]
achieves 140◦ coverage through a beamforming network, at
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TABLE 4. Performance Comparison with State-of-the-Art Designs
Parameter/Ref./Year [56]/2018 [57]/2016 [64]/2019 [30]/2023 [31]/2023 [65]/2023 [66]/2024 [32]/2025
Frequency (GHz) 2.45 2.45 2.45 5.8 5.2 3.4− 3.6 5.8 5.2

Beams 5 6 20 12 9 Quasi 8 10
Sectors 5 6 5 6 8 2 8 10
SIBN1 No No No NR2 NR No No NR

Size (mm3) 250× 250 160× 160 130× 130 130× 130 74× 74 50.3× 50.3 60× 60 25× 25
×0.8 ×60 ×290 ×1.56 ×1.56 ×11.5 ×11.12 ×1.56

Beam Mechanism Simple Simple Butler Matrix Simple Simple Simple Complex Simple
Matching Network Yes Yes Yes CM3 CM Yes CM CM

Gain (dBi) 10 2-7 ∼ 8 6.4 5 2 3.12 3.5
Isotropic DC Pattern No No No No No Quasi Yes Yes

Open DC Voltage (mV) ∼ 400 ∼ 1800 ∼ 1400 ∼ 600 ∼ 600 1500 1103 ∼ 1600
at −12.5 dBm at 0 dBm at −10 dBm at −10 dBm at −10 dBm at 7 dBm at −10 dBm at −10 dBm

Fabrication Complexity Complex Complex Complex Simple Simple Complex Complex Simple
Load (KΩ) 1 to 20 1MΩ 5.1 1.28 1.2 2 2.8 2.48
ηRF-DC (%) ∼ 20 NG4 45 69.1 (EFR) 49 (EFR) 76.6 60.5 (Ant-1 and Ant-6)

Only DC NG 65.28 (BSR) 47 (BSR) at 14 dBm 55 (SDRS at θ = 90◦)
voltage NG NG NG 45.54 44.76 (SDRS at ϕ = 0◦)

1SIBN: Smart Integrated Bypass Network; 2NR: Not reported; 3CM: Conjugate matching; 4NG: Not given.

the cost of increased footprint and complexity. This config-
uration represents an intermediate approach between fully
multidirectional and lens-assisted architectures.

Some multidirectional rectennas targeted full azimuth cov-
erage of 360◦. A five sector planar quasi Yagi array achieved
20% efficiency at 2.45,GHz [56]. These designs, however,
offered limited elevation coverage and reduced efficiency due
to the trade off between sector count and aperture efficiency.
A six and twelve element design provides three-dimensional
coverage [57], [58], although analytical discussion of their
performance remains limited. Subsequent implementations
employed beamforming networks to enhance coverage. A
design incorporating a miniaturized twenty port Butler matrix
achieved 97% spherical coverage, corresponding to 3.87π
sr, with 38% efficiency under low ambient power condi-
tions [64]. Beamforming networks, however, introduce added
complexity, larger physical volume, and insertion loss, re-
ducing their suitability for compact IoT or batteryless sensor
applications.

Recent work has emphasized achieving three dimensional
coverage with simplified architectures. A key development is
the integration of end fire and boresight elements within each
sector. An eight element planar array containing one boresight
element and multiple end fire elements achieved uniform
DC harvesting across azimuth and elevation using conjugate
matching and DC combining, reaching ηRF-DC values up to
69.1% [30], [31]. This method avoids complex beamforming
networks while preserving broad coverage. A two layer PCB
using mirror symmetric end fire and boresight rectifying
antennas achieved quasi isotropic three dimensional coverage
with 60.5% efficiency through full wave rectification [32].
Polarization insensitive designs that combine horizontally
and vertically polarized elements with a central cross po-
larized patch produced near isotropic patterns with 58.9%
efficiency, mitigating polarization related misalignment [59].
To improve elevation coverage without increasing the com-
plexity of individual arrays, stacked configurations have been
investigated. Two planar multisector rectenna arrays arranged
with a 45◦ offset enhanced both elevation and azimuth cover-
age [66]. This approach exploits modularity while addressing

the difficulty of achieving comprehensive spherical coverage
using predominantly planar structures.

C. PERFORMANCE ANALYSIS AND COMPARISON
Table 4 presents a comparison of recent multi-beam rectenna
systems with wide angular coverage, focusing on operating
frequency, beam configuration, physical size, and ηRF-DC.
The reported peak ηRF-DC range from 20% to 76.6%, with
higher efficiencies achieved at moderate input power levels
between -12.5 dBm to 7 dBm [30]–[32], [64], [65]. Rectennas
employing conjugate matching networks consistently demon-
strate higher conversion efficiency than designs using conven-
tional matching networks.
The comparison reveals a trade-off between the number

of beams and system complexity. Butler matrix-based ar-
chitectures [64] support a high beam count with moderate
antenna gain but require increased physical volume and fab-
rication complexity. In contrast, designs based on simple
beamforming mechanisms [30]–[32] achieve comparable or
higher ηRF-DC with reduced size and lower antenna gain (2-
6.4 dBi). Recent compact implementations further increase
sector count while minimizing footprint; for instance, [32]
integrates ten sectors within a 25×25mm2 area andmaintains
efficiencies above 44%. Near-isotropic DC output character-
istics [32], [66] enhance tolerance to variations in the angle
of incidence. Most reported systems operate in the 2.45 GHz,
5.2/5.8 GHz, or sub-6 GHz bands, reflecting regulatory con-
straints and the availability of mature RF components.

D. CRITICAL ANALYSIS AND RESEARCH GAPS
Multidirectional rectenna literature reveals several open re-
search gaps despite recent progress. A primary gap is absence
of end-to-end demonstrations of multidirectional rectennas
integrated into complete wireless power systems. Despite
reports of high efficiency and wide angular coverage, ex-
isting designs have not been validated through full energy-
harvesting cycles that include energy storage, power man-
agement, and practical load operation. This gap between
component-level performance and system-level functionality
continues to hinder real-world deployment. Most multidirec-
tional designs operate in single or narrow frequency bands,
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near 2.45 GHz or 5.8 GHz. This restricts effectiveness in
ambient RF environments where available power spans mul-
tiple communication bands. Although recent work on broad-
band energy harvesting [49], [50] shows promising progress,
combined realization of broadband operation with multidi-
rectional coverage remains unaddressed. This challenge is
reinforced by dependance on resonant structures for wide
angular coverage, which inherently limits bandwidth.

The trade-offs among angular coverage, power conversion
efficiency, and system complexity are not yet well charac-
terized. Empirical results show that increasing sector count
improves coverage but increase bulkiness and reduces effi-
ciency because each sector introduces additional DC com-
bining losses. Quantitative models for selecting appropriate
sector count for specific applications remain limited. Recent
analytical studies [7], [79] begin to address this problem,
but more complete frameworks are needed that incorporate
practical constraints such as impedance matching, combining
losses, and realistic antenna behavior. Another limitation is
common assumption of linear polarization and continuous
wave excitation in multidirectional rectenna evaluations. Ac-
tual RF environments contain arbitrary polarization states and
various modulation formats, and their impact on multidirec-
tional architectures is not well quantified. Although some
polarization diverse implementations have been investigated
[59], achieving consistent performance under polarization
and waveform variability remains an open research problem.

As sector counts increase to improve directional coverage,
manufacturing tolerances and reliability become more crit-
ical. Small variations in element placement, orientation, or
electrical properties can significantly degrade performance.
Larger component counts also raise concerns related to cost,
reliability, and production yield, issues rarely addressed in
studies centered on proof of concept prototypes. Existing
multidirectional rectennas are largely static, relying on fixed
sector configurations and combining networks. In environ-
ments where signal direction, power level, and frequency
vary over time, adaptive or reconfigurable architectures could
provide substantial performance gains. Integration of sensing,
control, and reconfiguration mechanisms remains an under-
explored direction for future research.

VI. METASURFACE-ASSISTED LENS RECTENNAS

Metasurface assisted lens rectennas use engineered electro-
magnetic structures to address angular misalignment, fre-
quency selectivity, and aperture efficiency challenges in
WPT [89]. Gradient index lenses [90]–[92], artificial dielec-
tric materials [93], and metasurfaces focus or steer incident
energy [94] from multiple directions toward rectifying ele-
ments. This section reviews the design principles, implemen-
tation methods, and performance characteristics of lens based
rectennas and relates their operation to earlier flat beam and
multidirectional architectures.

A. FUNDAMENTAL PRINCIPLES AND DESIGN
PHILOSOPHY
The operating principle of metasurface assisted lens recten-
nas is the transformation of an incident plane wave from a
given direction into a localized focal region where rectifying
elements are placed. Unlike conventional antennas based on
geometric optics or phased arrays requiring active control,
lens based systems perform beam shaping through mate-
rial properties and structural configuration, enabling passive
beam steering, improved aperture utilization, and frequency
selective response [85]. Lens based systems provide direc-
tion dependent focusing without active components. An ideal
Luneburg lens exhibits a refractive index profile given by

n(r) =

√
2−

( r
R

)2

, (1)

where R is the lens radius and r is the radial distance from
the lens center. This index distribution causes plane waves
incident from any direction to focus onto a point on the
opposite surface, enabling multibeam reception with recti-
fiers positioned at the corresponding focal locations. Lens
based rectennas concentrate incident energy collected over
a large aperture onto compact rectifying elements and can
achieve higher aperture efficiency than conventional array
architectures. This property is relevant at millimeter wave
frequencies, where rectifier impedance matching becomes
difficult under low input power conditions [97], [98]. Meta-
surface and artificial dielectric implementations also enable
frequency selective operation through structural resonance.
This capability allows rectenna designs optimized for specific
frequency bands while improving rejection of out of band
signals, which is beneficial for RFEH in spectrally congested
environments [99].

B. IMPLEMENTATION ARCHITECTURES AND
TECHNOLOGIES
Fig. 5 illustrates the diversity of implementation approaches
in metasurface-assisted lens rectennas, ranging from tradi-
tional dielectric lenses to advanced metasurface designs. Tra-
ditional dielectric lenses form the foundation of many lens-
based rectenna systems. A lightweight dielectric Luneburg
lens fabricated using 3D-printed metasurfaces demonstrated
efficient multi-beam operation at 24 GHz, achieving 76%
ηRF-DC at 14.9 dBm input power [87]. This design connected
21 detector ports to a common load, enabling energy har-
vesting from two quadrants of angular space with uniform
gain distribution. Additive manufacturing enabled complex
gradient-index structures that would be difficult to realize
through conventional fabrication. Metallic implementations
provide an alternative means of achieving gradient-index
behavior. A metallic Luneburg lens with 19 detector ports
achieved 72% ηRF-DC at 15.8 dBm input power at 26.5 GHz
[95]. These designs often employ glide-symmetric or cor-
rugated structures to emulate the required refractive-index
profiles. Although potentially more lossy than dielectric im-
plementations, metallic lenses offer advantages inmechanical
robustness and thermal management.
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(a)

(b)

(d) (e)

(d)

(f)

(g)

Top View

(c)

FIGURE 5. Representative metasurface-assisted lens rectenna designs: (a) 3D printed Gutman lens with integrated rectifier [85]; (b) Multi-port metallic
Luneburg lens [86]; (c) E-field distribution for dielectric metasurface lens; (d) Lightweight dielectric lens with rectifier co-integration [87]; (e) System block
diagram; (f) Flexible Rotman lens rectenna [55]; (g) Modified Luneburg lens prototype [88].

More advanced architectures integrate multiple focusing
capabilities within a single structure. A 3D-printed Gutman
lens demonstrated multi-focusing operation with 48% power-
conversion efficiency at 210 mW input power [85]. Unlike
Luneburg lenses, which focus incident waves onto the oppo-
site surface, Gutman lenses can be designed to focus waves
from specific directions to predetermined focal points, offer-
ing flexibility for targeted applications. For scenarios requir-
ing mechanical flexibility or conformal mounting, polymer-
based implementations have been explored. A flexible Rot-
man lens rectenna fabricated on a polyimide substrate demon-
strated 110◦ angular coverage with a turn-on sensitivity of
−6 dBm/cm2 at 28 GHz [55]. The design maintained perfor-
mance under bending, highlighting its potential for integra-
tion into wearable devices or curved surfaces [100].

C. PERFORMANCE ANALYSIS AND COMPARISON
Table 5 provides a comparison of metasurface-assisted lens
rectenna designs, highlighting trends in performance and im-
plementation complexity, including efficiency characteristics,
angular coverage, beam behavior, frequency response, and

bandwidth. Lens-based rectennas exhibit peak efficiencies in
the range of 40-76%, with higher values corresponding to
input power levels of 10-23 dBm [55], [85]–[88], [95], [96].
This efficiency range is competitive with other architectures,
though direct comparison is complicated by differing mea-
surement conditions and system configurations. Efficiency
also varies significantly with angle of incidence, with peak
performance occurring at design-specified focal directions.

The angular coverage of lens-based systems is discrete
rather than continuous, as efficient energy harvesting occurs
only from directions aligned with rectifier placement at fo-
cal points. Systems such as the 58-port modified Luneburg
lens [88] achieve wide coverage (130◦ 3D coverage) through
dense focal-point distribution, albeit with increased struc-
tural complexity and physical size. Most reported designs
operate at specific millimeter-wave frequencies (24-40 GHz),
leveraging regulatory allowances for higher EIRP and the
reduced physical dimensions achievable at these frequencies.
The modified Luneburg lens [88] demonstrates exceptional
bandwidth (24-40 GHz, 50% relative bandwidth), though this
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TABLE 5. Performance Comparison of the Metasurface Assisted Antennas

Ref/Year Radiator No. of
ports

Freq
(GHz)

Max Gain
(dBi)

Rectifier
topology, Diode

Max
PCE (ηRF-DC) (%) Remarks

[55]/2021 Flexible Rotman lens 14 28 17 Single Series
MA4E2038

Turn-on:
−6 dBm/cm2

Planar, flexible,
wide coverage,
bending-resilient

[86]/2021 2D GRIN Luneburg lens 5 24 17.2 Single Series
MA4E1317 63 @ 9.5 dBm Planar, bulky

narrow coverage

[95]/2022 Metallic Luneburg lens 19 26.5 18 Class F
MA4E1317 72 @ 15.8 dBm Planar, bulky

narrow coverage

[87]/2022Dielectric Luneburg lens 21 24 19.6 Inverse Class F
MA4E1317 76 @ 14.9 dBm Planar, Light weight

narrow coverage

[96]/2023 Metallic Luneburg lens 3 25 17.3 Single Series
MA4E1317 62 @ 12.5 dBm Planar, compact

narrow coverage

[85]/2024 3D printed Gutman lens 1 24 NA Class F Load
MMIC 48 @ 23 dBm

Non-Planar, multi-
-focusing, On-chip

rectification

[88]/2024 3D printed Modified
Luneburg Lens 58 24-40 27 Single Series

SDM02U30LP3-7B

40-60 % @ -6 dBm
per unit area
per transmitter

Non-Planar, wide-
-coverage, High gain

dual-linear

is uncommon;most lens-based architectures remain relatively
narrowband due to their resonant or quasi-optical nature.

D. CRITICAL ANALYSIS AND RESEARCH GAPS
Despite their promising characteristics, metasurface-assisted
lens rectennas face several persistent challenges, including
fabrication complexity and cost, size and weight constraints,
integration with rectification circuits, thermal management,
limited real-world validation, and discrepancies between the-
oretical predictions and experimental results [101]. The fab-
rication of gradient-index lenses, especially those requiring
precise three-dimensional structures or intricate metasurface
patterns remains a major obstacle. Although additive manu-
facturing offers a path toward complex geometries, current
techniques often lack the resolution or material consistency
needed for optimal millimeter-wave performance. Moreover,
cost, scalability, and yield considerations for mass production
are seldom addressed in the literature, despite being critical
for practical deployment.

While lens-based systems can be compact at millimeter-
wave frequencies, their physical dimensions scale with wave-
length [102]. At lower frequencies (e.g., sub-6 GHz ambient
RF bands), practical lens apertures become prohibitively large
for many IoT applications. This frequency–size dependency
restricts lens-based approaches to higher-frequency scenarios
or specialized use cases where physical size is less con-
strained. Integration with rectification circuits presents addi-
tional challenges. The physical separation between the lens
aperture and rectifying elements requires feed networks that
introduce insertion loss and design complexity, particularly
as the number of focal ports increases. Some designs attempt
direct integration of rectifiers at focal points, but this approach
complicates thermal management and limits flexibility in
rectifier topology and matching network design.

The concentration of RF energy at focal points results in
localized power densities that can exacerbate thermal issues,
especially under higher input power levels. Designs embed-
ding rectifiers at focal locations face thermal stress, which can
impair long-term reliability. Despite its importance, thermal

analysis is often treated superficially or omitted altogether
in existing studies [103], [104]. A further limitation is the
scarcity of demonstrations in realistic operating environ-
ments. Most reported results rely on controlled laboratory
setups with stable illumination, ideal impedance matching,
and fixed incidence conditions. The performance of lens-
assisted rectennas under practical variations, such as fluctuat-
ing angles of arrival, polarization mismatch, and interference,
is largely unexplored. Additionally, several advanced de-
signs, particularly those incorporating complex metasurface
structures, have been validated primarily through simulations
rather than physical prototyping [87]. The transition from
simulation to hardware often reveals deviations stemming
from material dispersion, fabrication tolerances, or parasitic
coupling, which can significantly reduce real-world perfor-
mance.

E. MILLIMETER-WAVE IMPLEMENTATION
CONSIDERATIONS

Themajority of advanced lens-based rectenna designs operate
at millimeter-wave frequencies (24-40 GHz), which presents
both opportunities and challenges. At 24 GHz, regulatory
bodies such as the Federal Communications Commission
(FCC) permit effective isotropic radiated power (EIRP) levels
up to 75 dBm for point-to-multipoint systems [55]. With
practical antenna gains of 25 dBi for both transmitter and
receiver, this restricts transmitter power to 21 dBm (0.125
W) [40]. Given these limitations, achieving received power
levels of 10-15 dBm requires transmission distances less than
1 meter according to the Friis transmission equation. Within
these limited ranges, lens-based rectennas find potential ap-
plications in several domains, such as,

• 5G IoT Device Powering: Short-range wireless charg-
ing of sensors and devices in office or factory environ-
ments within 0.5-1 meter range.

• Wearable Electronics: Wireless power delivery to
body-worn devices where close proximity to power
sources is feasible.
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TABLE 6. Unified Comparative Analysis of Angularly Robust Rectenna Architectures

Evaluation Dimension Flat-Beam Rectennas Multidirectional Rectennas Metasurface-Assisted Lens
Rectennas

Fundamental Principle Engineered uniform gain profile
over angular sector

Spatial diversity through multiple dis-
crete elements

Passive wavefront shaping via
gradient-index materials

Angular Coverage Type Continuous wide sector Quasi-omnidirectional (continuous or
discrete)

Multiple discrete beams

Typical Angular Coverage 70-150◦ half-power beamwidth 360◦ azimuthal, ±60◦ elevation Discrete directions (e.g., 5-21
beams)

Peak ηRF-DC Range 50-80% 20-70% 40-76%
Optimal Frequency Range Sub-6 GHz (for practical sizes) Sub-6 GHz Millimeter-wave (24-40 GHz)
Implementation Complexity Moderate (array optimization) Low to High (depends on element count) High (lens fabrication, integra-

tion)
Fabrication Challenges Precise excitation control Inter-element isolation, combining net-

works
Gradient-index realization,
alignment tolerances

Physical Size Consideration Moderate (scales with wavelength) Compact to Moderate Large at low frequencies, com-
pact at mmWave

Power Consumption None (passive) None (passive combining) None (passive)
Adaptability to Environment Fixed pattern Fixed or limited reconfiguration Typically fixed, some tunable

variants
System Integration Challenges Load matching for array configura-

tions
Multiple rectifier synchronization Lens-rectifier interface, ther-

mal management
Technology Readiness Level Medium (laboratory prototypes) Medium to High (some commercial

products)
Low to Medium (mostly re-
search prototypes)

Cost Considerations Moderate (array fabrication) Low to Moderate (multiple simple ele-
ments)

High (precision
lens/metasurface fabrication)

Scalability Limitations Pattern distortion with large arrays Element count vs. coverage trade-off Lens size vs. beam count trade-
off

• Industrial Automation: Powering sensors on machin-
ery or robotic systems where devices operate in pre-
dictable locations relative to power transmitters.

• Laboratory-Scale Demonstrations: Research plat-
forms for WPT concepts, including potential applica-
tions in space-based solar power transmission [55].

The modified Luneburg lens design with 58 ports [88]
represents perhaps the most technologically advanced imple-
mentation, featuring 27 dBi gain across 24-40 GHz band-
width and delivering 3.5 V DC output at 0.15 mW/cm2 power
density. This design incorporates a serial power summation
rectifier network to combine harvested power from multiple
ports, addressing the integration challenge mentioned earlier.
However, even this advanced design has not been demon-
strated in a complete wireless power system powering func-
tional loads.

VII. COMPARATIVE ANALYSIS AND FUTURE DIRECTIONS
The preceding sections have examined three distinct archi-
tectural paradigms for achieving angularly robust WPT flat-
beam rectennas, multidirectional rectennas, and metasurface-
assisted lens rectennas. Each approach addresses the funda-
mental challenge of angular misalignment through different
physical principles, with corresponding trade-offs in per-
formance, complexity, and implementation feasibility. This
section provides a unified comparative analysis of these ar-
chitectures, identifies critical research gaps across all three
approaches, and outlines promising future directions for the
field. To facilitate architectural selection based on applica-
tion requirements, Table 6 presents a comprehensive com-
parison of the three paradigms across multiple dimensions.
This framework extends beyond simple performance metrics
to include practical implementation considerations that are
crucial for real-world deployment.

A. CRITICAL ANALYSIS OF CURRENT LIMITATIONS
1) Lack of Comprehensive System Demonstrations
A major gap across existing rectenna architectures is the
limited demonstration of complete wireless power systems
operating under realistic conditions. Most reported works fo-
cus on component-level characterization, evaluating ηRF-DC

using fixed loads, controlled impedance matching, and stable
continuous-wave excitation. While these measurements are
useful for benchmarking rectifier performance, they do not
capture system-level behavior when integrated with power
management circuits, energy storage elements, and practi-
cal loads. Furthermore, experimental validation is generally
confined to laboratory environments, with small considera-
tion given to multipath propagation, time-varying incident
power [105], temperature effects [106], or electromagnetic
interference experienced in real-world deployments. Long-
term operation and reliability under continuous or intermit-
tent excitation are also rarely reported [32]. As a result, the
impact of load variability, energy buffering, and control over-
head on sustained system performance remains insufficiently
characterized, limiting assessment of practical feasibility for
real-world wireless power harvesting applications.

2) Frequency Limitations and Theory-Experiment Gaps
Most flat-beam, multidirectional, and lens-based rectenna
designs operate in narrow frequency bands, centered at
2.45 GHz or 5.8 GHz [30]–[32], [58], [64], [65], while lens-
based systems often target higher frequencies in the 24-
40 GHz range [85]–[88], [95], [96]. Such narrowband op-
eration limits their effectiveness for RFEH, where available
power is distributed across multiple communication bands.
Achieving wide angular coverage relies on resonant struc-
tures, which further constrains bandwidth and introduces a
trade-off between frequency coverage and angular response.
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Despite its importance, this trade-off remains insufficiently
explored in existing studies.

In addition, a persistent gap exists between theoretical
predictions and experimental performance, particularly for
electrically large or structurally complex architectures. Sev-
eral metasurface-assisted and lens-based rectenna concepts
have been validated only through numerical simulations [87],
while practical implementations often reveal fabrication tol-
erances, material losses, and integration challenges that de-
grade performance. Even for experimentally demonstrated
flat-beam and multidirectional rectennas, measured ηRF-DC

frequently fall below simulated values, suggesting the pres-
ence of unmodeled losses in feeding networks, matching
circuits, and rectifying devices [32], [53]–[62]. This gap in-
dicates the need for experimentally validated designs and
modeling approaches that account for non-ideal effects in
practical implementations.

3) Scalability and Manufacturing Constraints
Scalability remains a limitation across flat-beam, multidi-
rectional, and lens-based rectenna architectures, driven by
different physical and practical constraints [62]. In flat-beam
rectenna arrays, preserving uniform gain over wide angles
becomes increasingly challenging as array size increases,
due to strong mutual coupling, phase errors, and the rising
complexity of power distribution and feeding networks [44].
For multidirectional rectennas, increasing angular coverage
through additional radiating or rectifying elements reduces
aperture utilization per sector, increases insertion losses,
and adds integration overhead, which together limit system-
level efficiency gains. Lens-based rectennas face an inher-
ent size–frequency scaling constraint, as electrically large
apertures are required to achieve directive or quasi-isotropic
responses at lower frequencies, rendering sub-6 GHz im-
plementations bulky and impractical for many applications
[89]. Beyond electromagnetic performance, manufacturing
considerations are rarely treated with sufficient rigor in ex-
isting studies. Issues such as fabrication tolerances, assembly
repeatability, yield degradation with increased element count,
and the cost implications of multilayer or three-dimensional
structures are seldom quantified. The absence of tolerance-
aware design and manufacturability analysis represents a sig-
nificant barrier to scaling laboratory prototypes into deploy-
able or commercially viable systems.

4) Lack of Standardized Benchmarking and Evaluation
Progress in multidirectional, flat-beam and metasurface lens
rectenna research remains limited due to the absence of stan-
dardized benchmarking methodologies. Reported results vary
widely in terms of incident power levels, polarization as-
sumptions, load conditions, angular sampling resolution, and
definitions of ηRF-DC, often without sufficient justification or
normalization. As a result, direct comparison across different
architectural approaches is unreliable, and reported perfor-
mance improvements are difficult to contextualize. The lack
of reference test scenarios or agreed-upon figures of merit
hinders objective assessment of trade-offs among efficiency,

angular coverage, bandwidth, and physical size. Establish-
ing standardized evaluation frameworks and benchmark test
cases would enable more meaningful cross-comparison, clar-
ify performance limits, and guide architecture selection for
application-specific wireless power harvesting scenarios.

5) Economic and Commercialization Viability
Beyond technical performance, the path to commercialization
remains largely unexplored. A critical research gap is the
comprehensive techno-economic analysis of angularly robust
rectenna systems. Key unanswered questions include the cost-
per-unit efficiency gains of complex architectures like lens-
based systems; the energy return on investment (EROI) for
manufacturing advanced metasurfaces; and the total cost of
ownership when deployed in real-world IoT networks. Fur-
thermore, business models for deploying such infrastructure,
whether user-owned, service-provider-based, or public-utility
models, are absent from the technical literature. Addressing
these economic viability questions is essential for transi-
tioning from laboratory prototypes to scalable, sustainable
wireless power solutions.

B. CONVERGENT RESEARCH DIRECTIONS
1) Broadband and Multiband Operation
Enabling broadband or multiband operation while preserving
angular robustness remains a largely unresolved challenge in
multidirectional and flat-beam rectenna design. Most exist-
ing architectures rely on resonant elements and frequency-
specific matching networks, which inherently limit usable
bandwidth. Future progress therefore requires architectural
innovations that decouple angular coverage from narrowband
resonance behavior. Several research directions show poten-
tial in this context.

• Incorporation of tunable or reconfigurable components,
such as varactors, RF switches, or adaptive matching
networks, to enable dynamic operation across multi-
ple frequency bands and to respond to variations in
the spectral distribution of ambient RF energy [107].
However, the additional insertion loss, control overhead,
and nonlinearity introduced by tuning elements must be
carefully considered.

• Use of broadband or frequency-independent antenna el-
ements combined with frequency-selective power com-
bining or rectification stages, allowing different bands
to be processed independently while sharing a common
aperture.

• Application of dispersion engineering and multi-
resonant unit cells to tailor angular and frequency re-
sponses simultaneously, although fabrication tolerances
and loss mechanisms pose significant implementation
challenges.

Recent studies on broadband RF energy harvesting [49],
[50] provide useful insights into wideband rectification and
matching strategies; however, their extension to architectures
with robust multidirectional or flat-beam characteristics re-
mains largely unexplored.
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2) Adaptive and Intelligent Systems

The integration of adaptive and intelligent control mecha-
nisms represents a promising direction for overcoming the
limitations of static rectenna architectures in dynamic RF
environments. Ambient wireless power conditions vary sig-
nificantly with time, location, frequency occupancy, and user
activity, motivating designs capable of real-time reconfigura-
tion [108]–[115].

• Dynamic tuning of matching networks in response to
changes in incident power level, frequency content, or
load conditions to maintain near-optimal ηRF-DC.

• Selective activation or weighting of antenna elements,
beams, or rectification paths based on incident signal
direction and strength, improving effective aperture uti-
lization and reducing unnecessary losses.

• Use of environmental sensing combined with machine
learning or heuristic optimization algorithms to adjust
system configuration under uncertain and time-varying
conditions.

While such adaptive approaches offer the potential for sub-
stantial performance gains, they introduce additional circuit
complexity, control latency, and power consumption. Careful
system-level co-design is therefore required to ensure that the
net harvested energy remains positive, particularly in low-
power ambient harvesting scenarios.

3) Multi-Function Integration and Material-Fabrication
Innovations

Future wireless power harvesting platforms are expected to
evolve beyond standalone rectennas toward multi-function
systems that share apertures, circuitry, and packaging with
additional capabilities. One emerging direction is the inte-
gration of RF energy harvesting with sensing or localiza-
tion functions, enabling dual-use hardware for applications
such as distributed monitoring, asset tracking, and Internet-
of-Things (IoT) nodes [116]–[120]. Such integration, how-
ever, introduces design trade-offs related to shared band-
width, interference between sensing and harvesting modes,
and competing requirements on antenna radiation charac-
teristics [98]. Thermal considerations also become increas-
ingly important as system integration density and input power
levels increase. Co-design of electromagnetic and thermal
management strategies is therefore necessary, for compact or
high-power implementations, to ensure stable operation and
prevent performance degradation of rectifying and control cir-
cuits [121]. Advances in materials and fabrication technolo-
gies can address key challenges related to scalability, band-
width, and form factor in rectenna systems. Additive man-
ufacturing enables complex three-dimensional and graded-
index structures, while flexible electronics support conformal
and wearable integration. Tunable and smart materials offer
reconfigurability but introduce loss and control challenges.
Low-cost, high-yield fabrication remains essential for large-
scale and practical deployment.

FIGURE 6. Concept of a dynamic metasurface antenna for location-aware
wireless power transfer through adaptive field shaping.

C. EMERGING PARADIGMS AND FUTURE VISION
Several emerging paradigms address the key limitations iden-
tified earlier in this review, including narrowband operation,
limited angular robustness under dynamic conditions, lack
of system-level adaptability, and scalability constraints. Dy-
namic metasurface antennas (DMAs) represent a potential
fourth architectural paradigm that targets the need for adap-
tive, system-level solutions. As illustrated in Fig. 6, DMAs
employ tunable unit cells to dynamically shape the transmit-
ted electromagnetic field, enabling location-aware RF energy
hotspots that can track device motion and adapt to envi-
ronmental changes. This capability mitigates the limitations
of static beam patterns and reduces reliance on complex
receiver-side architectures. Near-field focusing and wireless
power surfaces address misalignment and coverage chal-
lenges inherent to flat-beam andmultidirectional rectennas by
shaping the spatial energy distribution in the near field. These
approaches alleviate the trade-off between angular coverage
and efficiency, enabling power delivery over extended regions
without precise alignment or increased receiver complex-
ity. Holographic andmachine-learning-optimized designs tar-
get the theory-experiment performance gap by enabling in-
verse and data-driven synthesis of antenna and metasurface
structures that incorporate fabrication tolerances, losses, and
environmental variability, leading to improved agreement
between simulated and measured performance. Quantum-
inspired and non-radiative energy transfer concepts relate
to the fundamental alignment and bandwidth limitations of
resonant far-field architectures. These approaches rely on en-
gineered near-field coupling instead of radiative propagation,
providing a potential pathway to relax angular alignment con-
straints, although substantial theoretical and practical chal-
lenges persist.

D. APPLICATION-ORIENTED SELECTION GUIDE
The comparative evaluation of angularly robust rectenna ar-
chitectures shows that architecture selection depends on the
angular distribution of incident RF energy, device mobility,
and system efficiency requirements. No single architecture
is optimal across all deployment scenarios. Fig. 7 summa-
rizes the correspondence between representative application
conditions and suitable rectenna architectures. Multidirec-
tional rectennas provide consistent performance in applica-
tions where both device orientation and incident signal di-
rection vary unpredictably. Their reliance on spatial diversity
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FIGURE 7. Selection Guide for Rectenna Architectures Based on
Application Requirements

enables energy capture from multiple angles without align-
ment constraints, making them suitable for wearable devices,
mobile nodes, and ambient RF energy harvesting scenarios.

Flat-beam rectennas are better suited to fixed or semi-
fixed installations operating within known spatial regions.
These designs maintain relatively uniform received power
over predefined angular sectors while preserving higher RF–
DC conversion efficiency than omnidirectional approaches,
which is advantageous for sensors mounted on infrastruc-
ture, machinery, or charging surfaces. Metasurface-assisted
lens rectennas address scenarios where incident RF energy
arrives predominantly from known directions. Passive wave-
front shaping increases effective aperture and received power
without active beam control, making these architectures ap-
propriate for short-range indoor deployments and controlled
WPT environments, albeit with reduced flexibility and higher
structural complexity. Overall, the selection guide clarifies
how trade-offs among angular coverage, conversion effi-
ciency, and implementation complexity influence rectenna
architecture suitability for practical wireless power harvesting
applications.

VIII. CONCLUSION
This review has systematically examined three principal ar-
chitectural paradigms for achieving angularly robust wire-
less power transfer (WPT), flat-beam rectennas, multidi-
rectional rectennas, and metasurface-assisted lens rectennas.
Each approach addresses angular misalignment through dis-
tinct mechanisms and exhibits characteristic trade-offs among
angular coverage, ηRF-DC, implementation complexity, op-
erating frequency, and scalability. Flat-beam rectennas pro-
vide stable power delivery over predefined angular sectors
and are well suited for fixed deployments with predictable
orientations. Multidirectional rectennas exploit spatial diver-
sity to achieve quasi-omnidirectional coverage, offering more

robustness for mobile, wearable, and ambient energy har-
vesting applications, albeit with moderate efficiency and in-
creased circuit complexity. Metasurface-assisted lens recten-
nas enable high-efficiency, direction-specific power trans-
fer through passive wavefront shaping, making them attrac-
tive for point-to-multipoint or high-performance systems, at
millimeter-wave frequencies. Despite substantial progress,
several challenges remain common across all architectures.
These include the lack of end-to-end system demonstrations
under realistic operating conditions, predominantly narrow-
band operation that limits ambient RF harvesting, discrep-
ancies between simulated and experimental performance,
and unresolved issues related to manufacturing scalability
and benchmarking standardization. Addressing these gaps
is essential for transitioning from laboratory prototypes to
deployable wireless power systems. Near-term research pri-
orities should focus on complete system-level demonstra-
tions, standardized evaluation methodologies, broadband and
frequency-agile designs, and manufacturable architectures.
Medium-term efforts are expected to emphasize adaptive and
multifunctional systems that integrate sensing, control, and
communication capabilities, as well as hybrid architectures
that combine complementary strengths of existing paradigms.
In the longer term, emerging concepts such as dynamic meta-
surface antennas, wireless power surfaces, and data-driven
electromagnetic design methodologies may enable new ap-
proaches to angularly robust WPT. As these challenges are
addressed, angularly robust WPT is expected to mature from
proof-of-concept demonstrations into practical technology
capable of supporting maintenance-free, cable-free operation
for distributed IoT, sensing, and mobile electronic systems.
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