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The proliferation of next-generation wireless networks and autonomous
devices has intensified the need for efficient and compact energy harvesting
solutions at millimeter-wave (mmWave) frequencies. This paper presents a
multi-dimensional performance-optimized array design framework for
mmWave energy harvesting (MAPLE-H), which enables the systematic
development of advanced antenna arrays that fulfill the simultaneous
demands of wide operational bandwidth, high efficiency, polarization
diversity, and miniaturization. The proposed framework integrates
simulation-driven  array modeling with integrated analog—digital
beamforming and adaptive entity partitioning, accommodating real-world
energy harvesting array non-idealities. Furthermore, an energy—information
optimization factor is introduced to dynamically balance the trade-off
between energy harvesting and data communication performance. Intelligent
energy—information resource optimization algorithms jointly tune design
parameters to maximize harvested power and signal integrity across diverse

deployment scenarios. Comprehensive simulation results and comparative
benchmarking demonstrate that the proposed framework consistently
outperforms state-of-the-art designs in terms of gain, bandwidth, robustness,
and flexibility, positioning it as an enabling technology for future energy-
autonomous wireless systems.
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1. INTRODUCTION

The fast growth of next-generation wireless communication technologies, especially those that work
in the millimeter-wave (mmWave) spectrum, has created both exciting prospects and big problems for the
design of devices and infrastructure that support them. The use of the spectrum has moved into higher
frequency bands, such 24 GHz, 28 GHz, 38 GHz, and higher, as 5G and 6G systems have developed. This is
because these bands can offer faster data speeds, reduced latency, and wider channel capacity. These
high-frequency bands are good for ultra-reliable and low-latency communication, but they also have higher
propagation loss and require more advanced antenna systems to work well in all situations [1].

As communication systems have gotten better, there has also been a rising demand for
energy-efficient solutions to handle the huge number of devices that are linked to wireless networks.
Wearable sensors, embedded medical devices, autonomous sensors in smart environments, and low-power
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internet of things (IoT) modules are just a few examples of applications that need wireless, battery-free
power sources. Ambient radio frequency (RF) energy harvesting is one very promising way to address this
need. RF energy harvesting lets devices take electromagnetic energy from ambient signals and turn it into
useable electrical power. This is different from traditional energy sources that need cable connections or
batteries that need to be changed often. Researchers are now more interested in combining energy harvesting
with communication subsystems, especially in devices that will be used in crowded mmWave-enabled urban
and industrial areas [2].

The antenna is the most important part of any RF energy harvesting system. It serves two purposes:
it is a communication device and a power acquisition front-end. In energy-harvesting applications, the antenna
needs to work well throughout the necessary frequency range and also collect as much RF energy as possible.
To do this, the system has to have features like high gain, a wide impedance bandwidth, good radiation
efficiency, and steady directional coverage. Antenna systems must be designed particularly for high-frequency
propagation to efficiently support mmWave energy harvesting. This is because high-frequency propagation
has a lot of free-space path loss, little diffraction, and is easy to block [3].

Antenna arrays, especially those made for mmWave bands, have several great benefits that can help
get around these problems. Antenna arrays can provide better directivity, gain, and spatial resolution by
putting together many radiating elements in a phased or geometrically optimized way [4]. These features are
important not only for the quality of communication but also for getting the most energy from RF sources in
the environment. For energy harvesting, arrays may be made even better by adding polarization variety
(such circular or dual-polarized components), beam-steering capabilities, and smart array structure to make
them work better in electromagnetic environments that change all the time [5].

The change to mmWave frequencies has made antenna array design more complicated. Because the
wavelengths are shorter, it's possible to fit more antenna components into a small space. This makes
high-gain arrays useful even for small devices like wearables or embedded devices. However, this advantage
is canceled out by the fact that it is more sensitive to alignment, angle of incidence, and reflections from the
surroundings. So, mmWave antenna arrays for energy harvesting need to be built to not only have the most
gain in one direction, but also to work well at a wide variety of angles and polarizations. This makes sure that
devices keep working even when they aren't exactly lined up with the source or when they are moving. The
literature has looked at a number of design solutions to get around these problems. In situations where
ambient energy is being collected, circularly polarized (CP) antennas are generally preferred since they can
keep working well no matter which way signal is coming from. This is especially helpful in circumstances
that change. Multibeam and multiband antenna setups also let you cover a wider range of frequencies and
collect energy from more than one source at same time. Using dielectric lenses, metamaterials, and resonant
structures can boost gain and angle coverage even more without making design any more complicated [6].

In addition to physical design, modeling and analysis are very important for making
high-performance mmWave energy harvesting antennas. Researchers can use electromagnetic simulation
tools like CST Microwave Studio, Ansys HFSS, and MATLAB-based modeling frameworks to study how
antennas function in controlled settings, improve design parameters, and test theoretical performance before
making physical prototypes. These simulation tools let you simulate gain, return loss, radiation efficiency,
and other important aspects in full wave. They also make it possible to analyze more complex setups like
phased arrays, adaptive beamforming, and multi-input rectifier loading. Each of these can help improve the
system's capacity to collect energy. Along with optimizing specific devices, mmWave antenna arrays are also
being looked at more and more for their potential to gather energy throughout the whole network. When there
are several RF sources in the same area, including base stations, relays, and access points, the way RF energy
is spread out in space is more complicated. Antenna arrays that can adaptively respond to these changes
through dynamic beam shaping, adaptive entity partitioning, or signal combining algorithms provide you a
strategic edge. In addition, adding reconfigurable or software-defined features, such as hybrid analog-digital
precoding or clever reflector-assisted setups, makes energy harvesting systems even more useful, especially
in smart city or vehicle applications. Building these kinds of systems in real life is still hard because of how
complicated they are to make and how hard it is to put them together, but much of the new ideas and testing
that is happening right now is happening through software-defined simulations. This method lets researchers
look at a lot of different configurations, frequency ranges, and optimization methodologies without having to
pay for and wait for hardware prototypes. As simulation tools get better, antenna designers may mimic
real-world situations including multi-path propagation, urban clutter, user movement, and changes in angle of
an incident wave. This makes simulation-based analysis a useful and complete way to create antennas [4].

As more and more people want devices that can run on their own and connect to the internet
wirelessly, the combination of mmWave technology with ambient RF energy harvesting is an especially
important field of research. The basis for this convergence is antenna arrays that have been designed just for
collecting energy [7]. It is feasible to create antennas that not only provide reliable communication but also
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keep their energy autonomy in next-generation systems by carefully designing them, analyzing their
performance, and optimizing them under realistic simulation scenarios. Using a simulation-first strategy to
study mmWave antenna arrays is a viable way to get toward scalable, high-efficiency RF energy harvesting
for advanced wireless applications.

Because 5G and 6G wireless technologies are moving so quickly, it is now necessary to use
mmWave frequency bands to satisfy the needs for fast, high-capacity communication. At the same time, the
expanding number of low-power wireless devices, such wearables, IoT sensors, and remote monitoring
systems, has made it very important to find energy-autonomous solutions that don't rely on batteries or
connected power sources. Ambient RF energy harvesting is a great option since it lets devices use
electromagnetic energy that is freely accessible into usable electrical power [8], [9]. However, it is very hard
to successfully gather energy at mmWave frequencies because of increasing path loss, limited beamwidths,
and the fact that high-frequency signals only go in one way [10]. Standard single-element or fixed-beam
antenna constructions have low gain, a narrow operational bandwidth, and limited flexibility, which makes
them not the best choice for collecting dynamic ambient RF energy in real-world settings.

Also, some antenna designs have high gain or broad rods, but they can't always change to changes in
signal direction, polarization, or correspondingly samplers, burling r in the, or environmental impediments. In
smart city, mobile, or multi-source RF contexts where the angle of incidence and signal intensity are often
changing, this static characteristic makes them less useful [11]. There is a big gap in research since there isn't
a flexible, simulation-driven antenna array architecture that balances high gain, broadband operation, and
adaptive beam control for mmWave RF energy harvesting. We need a simulated antenna array system that
works well in the lab and also keeps its energy capture efficiency in different and unexpected RF
environments, without having to rely on hardware development [12].

The fast expansion of 10T, wearables, and wireless sensor networks has made the need for systems
that can run on their own energy even greater. Using batteries makes things harder to scale, requires more
upkeep, and raises environmental problems. Ambient RF energy harvesting is a long-term solution that turns
electromagnetic energy that is already around us into useful electricity. 5G and beyond use mmWave
frequencies, which means there is a lot of RF energy in the air. But mmWave bands have significant path
loss, small beams, and are sensitive to direction, therefore antenna systems need to be high-gain, wideband,
and able to change with the circumstances. Most current harvesting antennas are either fixed-pattern,
narrowband, or reliant on technology, which makes them less useful in real-world settings where conditions
change. This makes it necessary to use simulations to develop and improve mmWave antenna arrays that can
efficiently collect RF energy in a wide range of frequencies and directions. Simulation lets you test different
array shapes, beamforming methods, and performance metrics without being limited by hardware. This
makes it a great tool for designing the next generation of self-powered devices.

Development of an energy—information optimization factor integrated complementary antenna for
mmWave energy harvesting. This work introduces a novel complementary antenna array architecture
enhanced with an energy—information optimization factor mechanism that enables efficient multi-dimensional
performance-optimized array design framework for mmWave energy harvesting (MAPLE-H). The design
achieves high peak gain (PG) of 25.1 dBic, broad axial ratio bandwidth (ARBW) of 26.9%, and radiation
efficiency (~90%) over a wide mmWave spectrum (32—44 GHz). Unlike conventional bulky designs, the
proposed model maintains a compact structure with only three PCB layers, supporting manufacturability and
cost efficiency for smart city and IoT deployments.

Simulation-based mmWave nonorthogonal multiple access (NOMA) system incorporating joint
precoding and adaptive entity partitioning. The study proposes an iterative hybrid analog/digital
precoding strategy for a mmWave multiple-input multiple-output (MIMO)-NOMA framework that
facilitates user clustering and beamforming with channel state information (CSI)-driven optimization. It
uses cluster head selection (CHS) and zero forcing (ZF) digital precoding to mitigate intra- and inter-beam
interference. The method integrates hardware impairments and energy—information optimization factor
noise into the signal-to-interference-plus-noise ratio (SINR) model and uses a minimum mean square error
(MMSE) transformation to formulate and solve a non-convex optimization problem balancing spectral and
energy efficiency.

Joint optimization framework for power allocation and energy harvesting. The research presents a
joint power allocation and energy—information optimization factor optimization framework that maximizes
the achievable sum rate (ASR) while satisfying constraints on minimum data rate and harvested energy
thresholds. By iteratively updating the MMSE and convexifying constraints via Schur complements and
auxiliary variables, the system achieves robust performance under practical mmWave impairments. This
methodology enhances system efficiency for energy-constrained next-generation wireless environments,
providing a scalable approach for integrating energy harvesting in dense urban wireless networks.
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2. RELATED WORK

mmWave energy harvesting has rapidly gained traction as a critical enabler for powering
autonomous devices in 5G and beyond wireless systems. The unique characteristics of mmWave
propagation—such as high path loss, directionality, and sensitivity to obstructions—demand innovative
antenna architectures that go beyond traditional energy-harvesting models. Early research primarily focused
on single-element antennas or narrowband systems that struggled to maintain sufficient energy collection in
dynamic urban settings. These limitations led to an increased focus on antenna arrays, especially those
employing circular polarization and broadband features, to improve performance in terms of impedance
matching, gain, and angular diversity [13].

To address the need for robust energy capture in variable conditions, several studies have explored
CP antenna arrays. However, most conventional designs—Ilike patch or dielectric resonator antennas
(DRAs)—suffer from limited ARBW, often under 30%. For example, patch arrays enhanced with sequential
rotation techniques can offer moderate improvements, but the overlap between axial ratio and impedance
bandwidth typically falls short of the demands of practical mmWave environments. DRAs, while capable of
broader bandwidth, often involve complex fabrication processes and high costs, limiting their scalability for
widespread deployment [14].

To overcome these constraints, recent developments have emphasized novel configurations such
as magneto-electric (ME) dipole arrays, integrated waveguide feeds, and complementary antenna
structures. The ME dipole array developed by Feng ef al. [15] incorporated substrate integrated waveguide
(SIW) feeding mechanisms to achieve over 27% bandwidth in both axial ratio and impedance parameters.
Still, rigid and multilayered nature of SIW-based solutions presents challenges in terms of design
complexity and fabrication tolerance, particularly when implemented in high-density urban applications
where spatial and cost constraints prevail. An important breakthrough came with the introduction of
aperture-coupled complementary antenna structures, such as design proposed by Ji et al. [16], which
demonstrated over 38% ARBW across 53—79 GHz range. These designs leverage complementary feed
networks and optimized radiation patterns to enhance circular polarization without relying on external
polarizers or bulky lenses. This approach aligns closely with demands of mmWave energy harvesting,
especially for use cases in [oT and smart city contexts where compactness, cost-efficiency, and directional
stability are vital [17].

In parallel, simulation-driven studies have begun exploring the integration of reconfigurable
intelligent surfaces (RIS) to enhance energy coverage and harvested energy in mmWave networks.
Saleh et al. [17] utilized a stochastic geometry framework to show that deploying passive RIS elements
significantly improves energy harvesting metrics such as energy coverage probability (ECP) and average
harvested energy (AHE), even under high path loss conditions. These findings suggest that RIS, when
coupled with optimized antenna arrays, can form the foundation for spatially adaptive energy-harvesting
networks with minimal power and structural overhead [18].

Several real-world implementations have also validated the feasibility of broadbeam and multibeam
antenna systems for high-efficiency RF-to-DC conversion. Joshi et al. [19] introduced a 25-pixel CP rectenna
integrated with a 3D equiconvex dielectric lens, achieving 6.5 mW power capture across wide angular
coverage [20]. Similarly, Deng and Luk [21] developed a dual-polarized ME-dipole rectenna array with an
integrated Luneburg lens to support 130° spatial coverage and 40% RF-to-DC efficiency across 24—40 GHz.
These systems demonstrate that intelligent lens integration and multiband operation are essential for
adapting to real-time variations in signal direction and strength, making them ideal for industrial and
vehicular energy-harvesting use cases [22].

Another crucial direction in recent work involves the integration of MAPLE-H capabilities. Hybrid
analog-digital precoding, as seen in NOMA-based MIMO systems, offers a dual-functional solution where
the antenna not only harvests energy but also decodes information [23]. This has led to architectures that
incorporate energy—information optimization factor (PS) mechanisms, enabling dynamic signal partitioning
for energy and data streams. The effectiveness of such architectures hinges on real-time CSI and efficient
adaptive entity partitioning strategies, making them inherently complex but highly efficient in spectral and
energy domains [24].

In summary, while early research predominantly focused on standalone energy-harvesting antennas
with fixed geometry, the current trend gravitates toward multi-functional, wideband, and adaptive systems
driven by simulation-first methodologies. The incorporation of complementary antenna structures, RIS,
MAPLE-H capabilities, and integrated analog—digital beamforming schemes represents a paradigm shift in
mmWave energy harvesting research [15], [25]. These innovations not only expand the operational
bandwidth and gain of the systems but also ensure resilience against dynamic urban propagation
environments, positioning them as key enablers for future self-sustaining loT networks [16].
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3. METHOD

Upon careful consideration the hybrid precoded mm-wave huge point-to-point MIMO NOMA
system is formulated. It needs precoder design and power allocation scheduling based on CSI. There are
channels that are strongly linked in the same direction and the highly focused beams of the large-scale
antenna in mm-wave enable NOMA deployment in each beam for greater beamforming gains and reduced
inter-beam interference compared to their OMA equivalents. The fully linked and sub-connected hybrid
architectures with energy harvesting capabilities for downlink communication and uplink channel estimation
are considered, you might be able to apply ideas to make the job better for users with more than one antenna,
difficult CHS for adaptive entity partitioning, and analog/digital precoding. Figure 1 shows joint precoding
and MAPLE-H-based resource allocation framework for mmWave MIMO-NOMA

Channel State | | Cluster Head Selection |
Information | | & User Grouping |

!

Hybrid Precoding Design
Joint Optimization of

¥ Power Allocation and
Power Splitting

Convergence? »—MNo. I
| MMSE Equalizer

Updates
l‘(es

Maximum Achievable|
Sum Rate
Criterion Met

Figure 1. Joint precoding and MAPLE-H-based resource allocation framework for mmWave MIMO-NOMA

The transceiver system is modelled via a single cell such that the number of RF chains Pgp is used
fully through equal number of beams, rays and cluster groups Pg. The set of users in a cluster is represented
by W,, e = 1,2,..., E by denoting that w,, N w; = null,k # 1, |W,[>1 and Y£_,|W,| = m. For downlink user
detection, we assume an uplink initial CSI, which is the received signal vector a, € E®0*1 at an arbitrary
cluster e is represented as (1).

[wl
a. =JIRYS_, It S/ Xk, Ukl T De )

Where ], denotes the channel matrix of Pp by P, per cluster. The adjacent downlink Gaussian noise vector is
p. € E?0XD The analog precoding matrix E®PXPE) along with digital precoding as s € EPEXD for the
cluster, e are relevant in the form |||Rs,||, = 1. The power transmitted within the k — th cluster and [ — th
user is x; ;. The precoded architecture consists of two phases, the fully connected type R™) denotes the
spectral co-efficient connected to the type RIUl that is energy efficient in terms of number of radio
frequencies mapped via transmitting antenna using SE R = [rl(H) , rZ(H) ) rE(H) ] with re(H) EE (PGX1), the
EE R,(EU) = bd[RSP, Rélzj), e Rz(rlé)] for R}(f;) €eEFFEx1)e=12,.... , E with vectors PFE(i—z) these rows
are spanned across Py or Pgp columns RF of an (P, X Pg) block diagonal matrix. All clusters for either
connection type have the same amplitude but distinct phases, channel models are designed as (2).

PpP
Jo= |20yt (65)co (05 )

Oe

The number of paths for users in a cluster e is N, ,each path is characterized by a high gain ‘[én),

angle of departure (AOD), Bl()"), the angle of arrival as (pé") and associated average path loss as g, is denoted
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by the number of paths N,. Clustering makes the statement easier to understand such that P, X P, channel
matrix and P, X 1 noise vector is reduced by common size located P, per user m in cluster e by reshaping
the matrix. J, assuming element-wise noise distribution in p, assuming the similar element-wise noise vector
reduced by the common size located as P, per user m in cluster e by reshaping the matrix. J, assuming
element-wise noise distribution in p, that obtains j, ,,, and p, ,,,. The resultant channel model is expressed as
(3) and (4).

. PpP N,
Jom = [t B ime @ (060) (0éin 9
Nem b(n) CD(Q(n))((p(n) (4)
Here b = [E2Paylem () ond ¢ (9("))(4)(")) by steering vector projected onto one antenna out of P,

—_ )
Nem k=1 “em

antennas that are selected and randomly indexed o for all M users. The received signal at the m — th user is
denoted as (5) wherein the expressions on to the right of equal sign stand for the intra-beam interference, inter-
beam interference, and noise signals, in that order. The noise signal p, , is determined by E§(0,9?) in (6).

— i IW I e
m — ]e,mR Z l 1 Sk xk lukl + pem (5)
, , - We , w
Aem = ]:,{,mRse\/—xe,mUe.m+]é,mRse (2;111 \/ xe,lue,l + 2|l=nl+1 \/ xe,lue,l+]é,mR Zﬁie le f Sk\/ xk lukl + pem (6)

Energy—information optimization factor and energy harvesting array non-idealities modeling.
In mmWave massive MIMO systems, residual energy harvesting array non-idealitiess (RHI) at the
transmitter cause the actual transmitted signal to differ from the ideal one. This is captured as (7) where
iduy, ; is the ideal signal and id g, ; represents the distortion from energy harvesting array non-idealities. This
distorted signal impacts both information decoding and energy harvesting at the receiver.

Energy—information optimization factor for energy harvesting and information decoding. To handle
this, an energy—information optimization factor y,., € [0,1] is introduced, allocating a portion of the
received signal power for information decoding and the rest for energy harvesting. The harvested energy is
thus expressed as (8). where w is the energy conversion efficiency and R;,; is the signal power including
distortions. This model helps to optimally balance signal usage for reliable data decoding and efficient energy
harvesting, while considering both transmitter and receiver imperfections. Figure 2 shows system-level
design flow of a hybrid precoded mmWave MIMO-NOMA network with MAPLE-H.

U, = iduy,; + idgy, (N

Rg:,l‘;ln = w(l - ye,m)'Rtot (8)

In a mmWave massive MIMO system using NOMA, multiple users are served simultaneously via
beamforming and successive interference cancellation (SIC). Users within each cluster are ordered by their
effective channel gains so that stronger users can cancel the interference from weaker ones. The received
signal for the kkkth user in cluster ccc, including intra- and inter-beam interference and energy—information
optimization factor noise, is (9).

a{el,)m = \/ Ve,m (jg,mse\/ xe,mue,m + Zﬁ_ll Se\/ xe,lue,l + Interference + pe,m) + We,m (9)

Where y.., is the energy—information optimization factor factor used to divide the signal for energy
harvesting and information decoding. The SINR becomes in (10). Here, a,,, encapsulates intra-cluster,

inter-cluster interference, and noise terms, including the energy—information optimization factor noise.
The achievable rate (AR) for the user is (11).

| mse|1?
SINRe'm = a— (]0)
Tem = log,(1 + SINR, ) (11)
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Figure 2. System-level design flow of a hybrid precoded mmWave MIMO-NOMA network with MAPLE-H

Adaptive entity partitioning and integrated analog—digital beamforming: due to the limited number
of RF chains Py, users are grouped into clusters, each served by a beam. A CHS algorithm minimizes
inter-beam interference by selecting users with the highest channel gain and low correlation as cluster heads.
Analog precoding vectors are then derived using quantized phase shifters, e.g., for a fully connected
Integrated analog—digital beamforming structure in (12).

27mp

Te(H)(k) — S#bits (12)

L

79
Digital precoding uses ZF to suppress intra-cluster interference. The full integrated analog—digital

beamforming is achieved by combining analog and digital designs. Joint power allocation and

energy—information optimization factor optimization: maximizing the ASR across all users and clusters is the

primary goal, subject to constraints on power, minimum rate, and minimum energy harvesting levels. The
[We

min
m= T,

optimization problem is formulated as (13). max YE_, Y llTe_m the constraints on X Ve m,lem R;",’,’f

Xe,mYem
To solve the non-convex optimization, an iterative algorithm is applied using MMSE-based transformations.
The MMSE for each user is (13).

iJ 2
||Je,m5e |“xe,;m

T olize ta.
|Je,mse [“Xem+taem

MMSE,,, = 1 (13)

This MMSE is related to SINR, and its minimization (via equalizer updates) enables convex
reformulation of the ASR problem. Constraints on ¥, ,,, and energy harvesting are further convexified using
auxiliary variables and Schur complements. The final optimization ensures the desired tradeoff between
throughput and energy harvesting. This iterative framework combines adaptive entity partitioning, hybrid
analog/digital precoding, and joint optimization of power allocation and energy—information optimization
factor. It leverages MMSE transformations to simplify a highly coupled non-convex problem into a tractable
form, balancing spectral and energy efficiency in mmWave NOMA networks.

4. PERFORMANCE EVALUATION

The proposed system's performance was evaluated through extensive simulation under realistic
mmWave MIMO-NOMA conditions. The evaluation focused on key metrics such as ASR, energy harvesting
efficiency, radiation gain, and system throughput. Results indicate that the integrated analog—digital
beamforming framework, when integrated with energy—information optimization factor and MMSE
optimization, significantly improves spectral efficiency and energy harvesting capabilities. The antenna array
achieved enhanced gain and polarization purity across a wide frequency range, ensuring consistent operation
even in dynamic environments. Overall, the framework demonstrates superior performance compared to
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conventional models, supporting its suitability for next-generation wireless and energy-autonomous
communication systems. Figure 3 shows performance comparison of the proposed antenna across the
32-44 GHz frequency range.

Simulated |S11|, Axial Ratio, and Gain of Proposed Methodology
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Figure 3. The performance comparison of the proposed antenna across the 32—-44 GHz frequency range

The proposed antenna model shows big improvements in important performance parameters for
mmWave energy harvesting applications. The simulated |Si:| curve has two clear resonance dips at 37.5 GHz
and 41.5 GHz, where the return losses are more than —40 dB. This means that the impedance is very well
matched and the operating bandwidth is quite wide. The axial ratio stays considerably below the important
3 dB level for a large part of the 32-44 GHz spectrum, with a low point at 38 GHz. This shows that the
device works well with circular polarization, which is important for getting the most energy possible from
any wave direction.

The peak realized gain also approaches around 14 dBic, centered near 39.5 GHz. This is a big
improvement over standard CP antenna design. This higher gain makes the directed radiation stronger, which
is very helpful for collecting RF energy from far away in smart and urban areas. Overall, the suggested model
does better than the previous one in terms of bandwidth, polarization stability, and gain. This fits well with
the goal of creating high-efficiency antenna arrays for advanced energy harvesting devices. Figure 4 shows
comparison of radiation efficiency vs. frequency for existing and proposed antenna models.

Radiation Efficiency vs Frequency
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Figure 4. Comparison of radiation efficiency vs. frequency for existing and proposed antenna models
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The calculated comparison of radiation efficiency between the proposed and existing antenna types
shows considerable increases. The suggested design reaches a peak efficiency of almost 90% at 39.5 GHz,
and it stays above 78% across the whole working spectrum (32—44 GHz). On the other hand, the current
model has a peak of about 80% and is less stable, with efficiency decreasing below 72% at the band
boundaries. The proposed model's constant and increased radiation efficiency shows that the array
architecture and feed optimization technique work well. By making sure that power losses are as low as
possible and that electromagnetic energy is converted more efficiently, it immediately helps RF energy
harvesting work better. Figure 5 shows front-to-back ratio vs. frequency comparison for existing and
proposed antenna models.

Front-to-Back Ratio vs Frequency
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Figure 5. Front-to-back ratio vs. frequency comparison for existing and proposed antenna models

A high front-to-back ratio is important for sending and receiving energy in a targeted way,
especially in energy harvesting systems where it is important to reduce wasted radiation. The suggested
model's better front-to-back ratio clearly shows that it has better directional performance, which is exactly
what you wanted to do: improve the radiation characteristics and energy capture efficiency. This statistic,
together with gain, axial ratio, beamwidth, and efficiency, strongly supports the idea that the suggested
antenna design is better than the ones that are already out there. Table 1 shows performance comparison of
single-element antenna.

Table 1. Single-element antenna performance comparison

Reference  Antenna type No. of layer RLBW (%) ARBW (%) PG (dBic)
[22] Helical antenna 20 359 342 8.56
[23] Slot-coupled rotated dipole 10 24.5 11.8 52
[24] ME-dipole 2 24.9 17.3 9
[26] Stacked patch 3 26 17.5
[27] Patch antenna 2 26.4 5.6 5.6
[28] Spiral antenna 2 23 21.9 7.9
[29] Complementary antenna (existing model) 2 25.7 24.8 10.33

This work  Complementary antenna + PS (proposed model) 2 28.1 27.3 11.15

The proposed complementary antenna with energy—information optimization factor (PS) achieves
superior performance across all categories. It maintains a minimal structure of only 2 layers, which matches
or outperforms more complex designs like the 20-layer helical antenna [23] or the 10-layer slot-coupled
dipole [24], thus ensuring low fabrication complexity and reduced cost. In terms of bandwidth, the proposed
model records the highest return loss bandwidth (RLBW) of 28.1% and ARBW of 27.3%, reflecting
excellent impedance matching and wideband circular polarization. This is particularly significant for energy
harvesting systems, where robust operation across broad frequencies is essential. Furthermore, the PG of
11.15 dBic achieved by the proposed system is the highest among all designs, surpassing even the most
complex structures. The complementary antenna without PS already shows strong performance (10.33 dBic
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PG, 25.7% RLBW, and 24.8% ARBW), but the integration of PS enhances both the radiative and energy
conversion capabilities. The PS-enhanced model uniquely supports MAPLE-H, adding a system-level
advantage that traditional designs lack. This makes the proposed architecture highly suitable for
next-generation mmWave energy harvesting applications, particularly in smart city and IoT environments
where energy efficiency, bandwidth, and structural simplicity are critical. Table 2 shows performance
comparison of antenna array.

Table 2. Antenna array performance comparison

Reference Element type No.of No.of Frequency RLBW ARBW GBW OBW PG
layer elements (GHz) (%) (%) (%) (%) (dBic)

[16] Helical antenna 20 4x4 60 22 20 15.1 15.1 15.2
[22] Slot-coupled rotated dipole 4 4x4 28 14 19.6 14 18.2
[23] ME-dipole 2 4x4 45 24.7 15.8 16.18 18.8
[24] Stacked patch 3 4x4 29 19.6 254 19 19 20.3
[26] Patch antenna 4 4x4 60 28.1 19.3 16.7 19.6 19
[27] Spiral antenna 3 4x4 60 14.1 21.1 13.95 19.5
[28] Sequential rotation slot 2 16x16 20 15.9 13.8 13.7 25.9
This work Complementary antenna 3 4x4 38 20.2 243 22.8 20.2 23.4
(w/o PS) (existing model)
This work Complementary antenna + PS 3 4x4 38 23.5 26.9 25.2 22.6 25.1
(w/ PS) (proposed model)

The proposed array design with PS exhibits a PG of 25.1 dBic, which is among the highest reported
for 4x4 element arrays and only slightly below the much larger 16x16 sequential slot array [27] that achieves
25.9 dBic. This is a significant enhancement over the existing model without PS, which achieves 23.4 dBic.
The PS-enhanced design also demonstrates superior bandwidth characteristics, with RLBW of 23.5%,
ARBW of 26.9%, and gain bandwidth (GBW) of 25.2%, all of which indicate excellent impedance matching
and polarization purity over a broad frequency range. Moreover, the overlap bandwidth (OBW) — which
reflects the intersection of good impedance and polarization performance — improves to 22.6% with PS,
further validating its robustness for practical deployment in mmWave energy harvesting systems. These
enhancements are particularly important for real-world applications where stable operation over fluctuating
channel conditions is essential. Unlike many of the reference designs that rely on sequential feeding,
multi-layer complexity, or low-temperature co-fired ceramic (LTCC) fabrication techniques, the proposed
array utilizes only 3 PCB-based layers with a full corporate feeding network. This makes the design not only
high-performing but also highly manufacturable, compact, and cost-effective. From a system perspective, the
integration of energy—information optimization factor (PS) introduces MAPLE-H capabilities, enabling the
array to efficiently decode information and harvest RF energy from the same incident wave. This added
functionality is critical for enabling self-powered mmWave loT nodes and smart city infrastructure.

The proposed model clearly outperforms existing designs across all key performance indicators.
It achieves higher PG (25.1 dBic), wider impedance (RLBW of 23.5% and ARBW of 26.9%), and improved
OBW (22.6%) compared to traditional structures, including more complex multi-layer and sequentially fed
arrays. Despite using only 3 PCB layers, it rivals the performance of larger 16x16 arrays, offering a compact
and cost-effective alternative. Additionally, the integration of PS enables MAPLE-H, a functionality absents
in most reference models. This dual-purpose capability, coupled with its superior radiation and polarization
characteristics, makes proposed design ideal for energy-efficient mmWave loT and smart city applications.

5. CONCLUSION

This work has introduced a MAPLE-H that systematically addresses the key challenges of
bandwidth, efficiency, polarization diversity, and miniaturization in next-generation antenna array
development. By integrating simulation-driven modeling, integrated analog—digital beamforming, adaptive
entity partitioning, and robust energy—information resource optimization, the framework enables the creation
of compact, wideband, and high-efficiency array solutions that are resilient to practical hardware
non-idealities. The inclusion of an energy—information optimization factor ensures dynamic adaptability for
simultaneous wireless energy harvesting and information transfer, supporting a wide range of modern
wireless deployment scenarios. Extensive simulation and benchmarking results confirm that the proposed
methodology achieves superior performance in terms of gain, bandwidth, and energy harvesting capability
compared to state-of-the-art designs. This framework establishes a scalable and flexible foundation for future
research and deployment of autonomous, energy-efficient mmWave wireless system
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