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Abstract: Energy harvesting technology allows Internet of Things (IoT) devices to be
powered continuously without needing battery charging or replacement. In addressing
existing and emerging massive IoT energy supply challenges, this paper presents the
design of multi-sourced multiple input and multiple output (MIMO) multiband hybrid
wireless RF-perovskite photovoltaic energy harvesting subsystems for IoT application. The
research findings evaluate the efficiency and power output of different RF configurations
(1 to 16 antennas) within MIMO RF subsystems. A Delon quadruple rectifier in the RF
energy harvesting system demonstrates a system-level power conversion efficiency of
51%. The research also explores the I-V and P-V characteristics of the adopted perovskite
tandem cell. This results in an impressive array capable of producing 6.4 V and generating
a maximum power of 650 mW. For the first time, the combined mathematical modelling
of the system architecture is presented. The achieved efficiency of the combined system
is 90% (for 8 MIMO) and 98% (for 16 MIMO) at 0 dBm input RF power. This novel study
holds great promise for next-generation 5G/6G smart IoT passive electronics. Additionally,
it establishes the hybrid RF-perovskite energy harvester as a promising, compact, and eco-
friendly solution for efficiently powering IoT devices in smart cities. This work contributes
to the development of sustainable, scalable, and smart energy solutions for IoT integration
into smart city infrastructures.

Keywords: energy harvesting; hybrid; Internet of things; MIMO; perovskite photovoltaic;
smart cities; wireless RF

1. Introduction

Today, sustainability is a major global issue, worsened by the increasing use of fossil
fuels. The necessity for sustainable and efficient energy sources has become increasingly
important with the rapidly evolving landscape of IoT applications. As a result, smart energy
and carbon-free energy generation methods, such as energy harvesting from environmental
sources like wind, solar, and electromagnetic waves, are emerging as key enablers for IoT
devices [1] and the expansion of smart cities. These smart cities rely heavily on smart
energy, smart sensing, and resilient infrastructure to support their interconnected systems.
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As shown in Figure 1, common energy harvesting technologies include solar, thermal,
vibrational, and RF harvesters. Each is designed for specific environments, contributing to
improved sustainability in IoT ecosystems with unique capabilities [2]. IoT devices have
transformed numerous sectors, such as healthcare, agriculture, manufacturing, and smart
cities [3]. With the growing number of IoT devices, RF waves are rising in the environment.
Hence, an efficient method is required to extract energy from the available spectrum and
power IoT devices [4,5].
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Figure 1. Common types of ambient energy harvesting.

The emergence of 5G/6G satellite—cellular networks with terrestrial and non-terrestrial
networks (NTNs) promises seamless, ubiquitous communication capabilities [6-10]. The
convergence of 5G/6G/Wi-Fi 6/6E/7 will enhance massive IoT device deployments at
an unprecedented rate [11-15]. Future IoT technologies in smart cities and heterogeneous
TN-NTN ecosystems will require energy efficiency, spectrum efficiency, and reconfigurable
signal coverage across various network ranges, from the wireless personal area network
(WPAN) (10-100 m) to the wireless vast area network (WWAN) (up to 100 km) [15-17]. Wi-
Fi 6/6E, with its additional 6-GHz band, boosts data rates to 9607 Mb/s, surpassing Wi-Fi
5’s 3476 Mb /s by using 1024-QAM OFDMA and uplink/downlink MU-MIMO (UL /DL
MU-MIMO), enabling massive IoT growth. As 5G/6G networks continue to evolve with
high speed, low latency, and increased bandwidth, the demand for wireless power transfer
(WPT) and energy harvesting solutions will grow [18], offering a practical means to sustain
the massive deployment of IoT devices in smart cities.

Integrating energy harvesting technologies with modern wireless communication
networks offers a sustainable power solution for IoT devices, especially in smart cities and
remote areas [6]. Since the 1990s, RF energy harvesting has become more feasible due to
the widespread use of TV, radio, cellular, satellite, and Wi-Fi signals, which create ambient
RF energy [19,20]. This energy is captured and converted into usable electrical power by a
rectifier and regulated by a power management unit [21,22], a typical RF energy harvesting
block diagram is given in Figure 2. While RF energy harvesting alone may not always meet
the full energy demands of IoT devices, the adaptability and versatility of these solutions
mean that they can be combined with other technologies, like perovskite photovoltaic
cells, to provide sufficient power for ultra-low-powered IoT applications, such as security
surveillance and smart sensing in smart buildings, smart infrastructures, and intelligent
agriculture [22,23].
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Figure 2. RF energy harvesting block diagram.

Perovskite solar cells (PSCs) are highly efficient solar cells made from a perovskite-
structured compound, typically a hybrid organic-inorganic material containing lead or
tin halide. Over the past five years, PSCs have surpassed most thin-film technologies
in power conversion efficiency, maintaining a consistently high efficiency even in low-
intensity or diffuse light [22]. These attributes make them ideal for hybrid energy harvesting
applications, including indoor and outdoor environments [24]. A recent technological
breakthrough has facilitated the development of hybrid energy harvesting systems by
evaluating the features and trade-offs linked to these harvesters. These hybrid designs
can integrate many energy sources and efficiently substitute batteries in IoT applications,
relieving technicians from the need to replace batteries often and expensively [25]. The
subsystem is designed to efficiently gather and convert many energy sources into usable
electrical energy [26].

This study explores MIMO technology in energy harvesting, emphasising using multi-
ple antennas for enhanced output voltage and efficiency, spatial multiplexing, filtering, and
diversity [27,28]. It introduces a novel approach by integrating MIMO RF-EH with PSCs,
addressing the challenges of low output voltage. The proposed energy harvesting system,
Figure 3, combines MIMO with multiple energy sources across different frequency bands,
improving IoT capabilities and reducing dependence on traditional energy sources. This
hybrid wireless RE-perovskite system ensures reliable, continuous power and offers lower
maintenance costs and deployment flexibility. It is well-suited for IoT applications such
as environmental monitoring, wearables, and intelligent infrastructure. Additionally, it
provides a sustainable IoT power solution using a hybrid multi-radio frequency system
and cost-effective thin-film solar cells optimised for indoor use [22] in smart cities.
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Figure 3. Proposed RF—perovskite multi-source energy harvesting block diagram.

2. Overview of MIMO Technology and Multi-band Systems

MIMO technology is pivotal for optimising energy harvesting in IoT systems by
enabling the simultaneous transmission and reception of multiple signals, which boosts
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energy transfer efficiency. It enables efficient power transmission from RF sources [23] and
ensures energy balance across network components by allowing each node to function
as a transmitter and relay [29]. Through MIMO technology, Figure 4, IoT devices can
efficiently harvest energy from multiple RF sources concurrently, resulting in improved
energy efficiency and harvesting capabilities [25]. MIMO'’s resilience to noise and jitter
ensures consistent energy transmission, which is vital for various IoT applications [10].
Additionally, it enhances overall system performance by facilitating directional energy
transmission through beam-forming, making it ideal for multi-sourced MIMO multi-band
hybrid RF-perovskite photovoltaic energy harvesting subsystems, thereby improving IoT
device power supply capabilities in smart cities [6,29].

Simultaneous wireless information and power transfer (SWIPT) technology ensures
reliable and uninterrupted energy acquisition. To enhance the SWIPT system’s energy
efficiency, a complex physical layer technique considering data transmission rate and energy
harvesting performance is crucial [30]. Two user grouping techniques and a dynamic
power allocation solution were suggested for a multi-input, multi-output, non-orthogonal
multiple access (MIMO-NOMA) system to optimise energy harvesting by including SWIPT.
These techniques achieved maximum energy and information transmission using RF
signals [31]. Multi-band technology enables system operation across various frequency
bands, providing flexibility in capturing RF energy from diverse sources. This approach
ensures that the IoT device can extract energy from various RF signals, optimise energy
harvesting capacity, and enhance overall power output. The proposed design combines
a PSCs array with RF energy harvesting subsystems, utilising abundant sunlight and RF
waves from communication systems to build a multi-sourced MIMO hybrid system that
efficiently powers IoT devices and supports future IoT paradigms.
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MIMO Channel
TXant 1 RxXane 1
RF Energy
~T T Harvesting
RF Slg_l"li_ﬂ TXant 2 Rxane 2 Blacks
Transmitting
Frontend — — ‘ !mpedance'
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Figure 4. MIMO system in RF energy harvesting.

3. Perovskite Photovoltaic: Basics and Related Work

Solar power is a vital renewable energy solution for meeting global energy demands.
Solar panels, also called photovoltaics (PVs), convert sunlight into electricity and are
critical for solar energy systems. These cells typically generate an open circuit voltage
(Voc) over 0.9 V under artificial sunlight (AM 1.5) or visible light [32]. The main PV types
are monocrystalline, polycrystalline, thin-film, and perovskite. Monocrystalline cells offer
higher efficiency but are more expensive, while polycrystalline options are more affordable
for large-scale use but less efficient. A monocrystalline silicon cell with an n-type structure
has achieved a 21.3% conversion efficiency using a passivated emitter and rear-diffused
design [33].
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Silicon (Si) solar cells dominate the current PV market, with a theoretical efficiency
limit of around 29.4% for single-junction cells. Multi-junction structures using absorbers
with suitable bandgaps have been developed to enhance efficiency and reduce thermal-
isation losses [34]. Tandem configurations of III-V materials with Si have achieved effi-
ciencies over 32% [35,36], but their high cost limits widespread adoption. Consequently,
organic—inorganic metal halide lead PSCs have gained attention for their impressive 25.2%
efficiency [37]. Despite facing durability and stability challenges, PSCs offer comparable
efficiency to Si cells at a lower production cost, enhancing their appeal as alternatives in
the PV market [38].

Researchers are drawn to perovskite materials for their unique crystal structure, offer-
ing excellent light absorption, performance, low-temperature processability, and versatility
as light energy harvesters [39]. PSCs utilise perovskites with an ABXj3 crystal structure. In
this structure, organic cations (methylammonium or formamidinium) or inorganic cations
(Cs* and Rb™) serve as A cations. B cations are divalent ions ( Pb?>*, Sn?*, or Ge>t), while
X represents halide anions ( I~, CI~, or Br™) [40]. Two typical designs are employed in PSC-
Si tandem solar cells (Figure 5): mechanically or optically stacked four-terminal (4T) and
monolithically integrated two-terminal (2T) architectures. In 2T tandems, high-bandgap
perovskite cells are stacked directly on silicon cells, requiring precise current matching due
to their electrical series connection. Conversely, 4T tandems involve separate production of
the two cells, which are then connected at the module level using optical coupling, which
eases current matching but increases production complexity. Both configurations require a
semitransparent upper cell with minimal parasitic absorption [34].

V- Perovskite
| sub cell

V _— ~ Refrative Matching Layer

TCO

a-Si:H(n

— Si

sub cell
a-Si:H(n)
TCO

a-Si:H(n)
TCO

Figure 5. Schematic diagram of common PSC architectures: 2-terminal (A) and 4-terminal (B).

Recent advances in 2T and 4T perovskite-Si tandem cells have achieved power con-
version efficiencies (PCEs) of 28.27% [41] and 31.34% [42], respectively. However, these
configurations face current and spectrum matching challenges, resulting in lower short-
circuit current density (Jsc) in bottom Si cells, typically ranging from 14 to 19 mA /cm?,
significantly lower than the original Si cells, which had a Js; of approximately 40 mA /cm?.
Consequently, half of the output power would be lost [42]. Single-junction PSCs show
strong efficiency, but semitransparent versions are less efficient due to difficulties in ap-
plying transparent electrodes without damaging underlying layers [43,44]. Moreover,
single-junction PSCs reached 38.18% efficiency under Sun conditions and 13.18% under
light emitting diode’s (LED) light [45], while concentrated PV cells can exceed 40% under
optimal conditions, making them suitable for regions with ample direct sunlight, surpassing
the Shockley—Queisser limit of 33% [45].



Technologies 2025, 13, 92

6 of 26

The study in [39] introduced a cost-effective indoor sensing method using PSCs for
powering backscatter sensors. Additionally, [32] generated about 1 V photovoltage using a
red LED, while [46] developed a wireless temperature sensor powered by PSCs, offering
a 4 m communication range and 4.3 V output. These prototypes highlight the potential
of PSCs to meet the energy demands of IoT devices, though efficiency enhancements
are necessary.

4. System Architecture and Design Procedures
4.1. RF Energy Harvesting System

A typical RF energy harvesting (RF-EH) system, as shown in Figure 2, consists of
crucial components for capturing, converting, and managing ambient RF energy. The
system includes an antenna strategically placed to capture ambient RF energy, directing
the received power to a rectifier circuit [7]. The rectifier plays a vital role by converting RF
power into DC power, which is then stored or managed in a system using capacitors or
batteries for future use [47]. Impedance matching connects the antenna and the rectifier
and is vital to reduce signal loss and ensure efficient energy transfer, especially with low-
input RF signals. A high-quality matching network and low-loss rectifier are critical for
optimising power transfer and system performance [48].

This paper presents the design and simulation of an RF-EH system using Keysight
Advanced Design System (ADS) 2023 update 1.0 software, developed by Keysight Tech-
nologies, headquartered in Santa Rosa, CA, USA. A variable RF power source (Plrone)
with input power ranging from —25 to 20 dBm was used as the antenna input to eval-
uate system performance across different power levels. The simulation was conducted
at 2.4 GHz, targeting indoor IoT applications, commonly using WIFI-4 and WIFI-6. The
rectifier generates an output voltage (V};.) and current (I,) at a fixed load, as shown in
Figure 6, with V. exhibiting minimal ripple, stabilised by a 470 pF capacitor.

G D, I
Iy, H ; ® Y Vae
D1 —GCs L
0
a
Vae i d
RF Energy = |||II
Harvested 7:{ D
| < N
I
C,y

Figure 6. Delon quadruple rectifier used in the RF energy harvester.

A RF-EH system at low power levels, often as low as —25 dBm (3.2 uW), poses
significant challenges due to the high threshold voltages of conventional diodes [47,49].
For a typical 50 Ohm antenna, the resulting peak AC voltage may be as low as 5.7 mV,
necessitating diodes with low forward voltage drop (V) and fast switching speeds to
ensure efficient rectification [18,47]. Schottky diodes, such as the SMS7630 (Skyworks,
V¢ =150-250 mV and HSMS-2860 (Broadcom, V¢ = 150 mV), are well-suited for these
applications due to their low conduction threshold and high-frequency operation. Forward
voltage drops and reverse leakage current impact overall rectification efficiency and result
in power dissipation in Schottky diodes. Impedance matching networks are employed
to optimise power transfer and reduce reflection losses. Multi-stage rectifiers, including
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voltage multipliers (such as the Delon quadruple rectifier), help compensate for low RF
voltage levels, improving DC output without significantly increasing power dissipation.
Advanced semiconductor materials, such as graphene-based and tunnel diodes, further
enhance energy conversion efficiency with even lower voltage drops and faster response
times. Effective thermal management techniques, such as heat sinks and PCB thermal vias,
prevent overheating and maintain performance stability [12]. This study selected the HSMS-
2860 Schottky diode due to its wide operating frequency range (up to 24 GHz), low turn-on
voltage, and market availability. By integrating optimised rectification techniques, low-
V¢ Schottky diodes, and advanced power management strategies, RF energy harvesting
systems can achieve higher efficiency, making them viable for low-power lIoT and wireless
sensor applications [49].

The RF Schottky diode HSMS-2860 was used in this research due to its low forward
voltage drop and high switching speed, which make it ideal for rectification. A unique
Delon quadruple rectifier (Figure 6), known for its high RF-DC conversion efficiency, was
implemented in the RF-EH system to boost voltage conversion and significantly enhance
system performance. The rectifier was designed and simulated using ADS software, and
its efficiency was calculated using (5). A diode was added in series with the load resistance
to improve sensitivity, allowing the RF-EH system to operate effectively down to —25 dBm.
The Schottky diode’s current—voltage relationship (1) describes the current flowing through
the diode (Ip) to the applied voltage (Vp). Understanding this behaviour is fundamental
for effective rectification. The diode voltage, Vp, is provided in (2).

Ip = I - (eV0/1V1) 1), 1)
I
Vp = 17~VT-ln((I—°) +1), 2)

where the reverse saturation current is (I5), 7 is the ideality factor, i.e., the deviation of an
actual diode’s behaviour from the ideal diode model, and V7 is thermal voltage provided
by kT/q.

The input RF signal to the rectifier, represented as V,, varies with frequency. The
average output current of the rectifier, I,, can be expressed using (3).

1 T
10:?/0 Ip - dt. 3)

The output current, I,, can be analysed for two key energy harvesting scenarios:
optimising device efficiency and maximising energy storage [48]. The maximum energy
storage of the system occurs at the no-load output voltage, I, = 0, which is determined
by (4).

(Cout : dec)

Egr = — 4)

The proposed rectifier functions during a complete cycle, transferring an average
power (Vg - I1n) from the RF source. The maximum power available to the rectifier is
(Vac - I1n) /2 when optimal impedance matching is applied. The corresponding PCE of the
rectifier is defined as the ratio of input RF power (P;y) to output DC power (Pp) and is
provided by (5).

Po
PCE = —, 5
Pix ®)
where 5
. 1%
Py = Vac - Iiy d Py= -de, (6)
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The efficiency of an RF-EH system relies on the antenna’s performance, impedance
matching, and rectifier efficiency. Thus, the energy harvesting efficiency of a single-input
single-output (SISO) RF-EH system (#,,,) is defined by (7).

Nsiso = (PEEant x PCEmN x PCE), (7)
where,
P; P L
PEEg; — —PMMN_ 0d PCEy Ny = —putrectifier, ®)
Preceived.antenna Pinput.MN

The PCE of the rectifier is provided in (5). The power extraction efficiency of the
receiving antenna PEE,;;;; and the power conversion efficiency of the impedance matching
network PCE sy can be calculated using (8).

MIMO configurations in RF-EH provide benefits like spatial diversity, adaptability to
varying environments, increased robustness, and potentially greater efficiency compared
to standard antenna arrays [50]. This investigation evaluates MIMO technology by em-
ploying multiple RF power sources as antennas, focusing on configurations with 1, 2,4, 8,
and 16 antennas for IoT applications. Each MIMO subsystem comprises an SISO RF-EH
setup, including an antenna, matching network, and rectifier, with their output powers
combined using a power combiner tool in ADS. Efficiency is assessed using probability

theory, with each subsystem’s efficiency, representing the probability of successful

Hs1s07
energy harvesting. The overall MIMO RF-EH efficiency, 7., is determined as one minus

the product of the complementary probabilities (1 — 77, )-

24

ke =1- H(l_(WSISO)N)' (9)

N=1

In this context, (4,4, )y represents the efficiency of the N-th antenna in the RF-EH
system. The variable N ranges from 1 to 2%, where a varies from 0 to 4, corresponding to
MIMO RF-EH with 1, 2, 4, 8, and 16 antennas, respectively.

Several optimisation techniques can be implemented on the antenna front-end of the
RF energy harvesting subsystems to further enhance the performance of the MIMO RF
energy harvesting system. The integration of adaptive impedance matching networks
ensures that the impedance of the rectifier and the antenna remains optimally aligned
across varying RF input conditions. Moreover, reconfigurable metasurface-based antenna
designs enhance wavefront manipulation, optimising RF energy absorption and redistribu-
tion within the MIMO systems. By integrating beam-forming techniques, RF energy can
be dynamically focused toward the energy harvesting antenna at higher power densities,
maximising received power while reducing interference. High-gain configurations, such as
MIMO arrays, metasurfaces, and fractal geometries, improve RF energy capture and direc-
tivity while using low-loss substrates and metamaterials to improve radiation efficiency. A
critical component for optimised RF energy harvesting is a high-PCE, low-power rectifier
architecture, especially under low RF input power conditions. This study employs such a
rectifier to improve power output and efficiency.

4.2. Perovskite Photovoltaic Energy Harvesting System

Significant research has focused on enhancing the performance and efficiency of PV
energy harvesting cells, particularly PSCs, which have made remarkable strides over the
past decade, achieving efficiencies between 5% and 33% [51,52]. The PV characteristics,
represented by I-V and P-V curves, are essential for optimising system performance and
assessing the efficiency and reliability of solar energy conversion. While PSCs and Si cells
show minor differences in hysteresis and temperature sensitivity, both aim to convert sun-
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light into electricity, possess a maximum power point, and focus on efficiency optimisation.
These characteristic curves can be generated using single or double-diode modelling, with
the latter being more complex to develop and implement [53].

This section presents the mathematical modelling of PV systems, both cell and module,
utilising the one-diode model. The equivalent circuit model for the cell, as shown in
Figure 7, includes components such as a photocurrent (I,;,), diode (D1), series resistor
(Rs), and shunt resistor (R, ). Rs represents the resistance in the current circuit, primarily
caused by losses from metal grids, semiconductor materials, and interconnections. At
the same time, Ry, is associated with current leakage due to cell thickness and surface
effects. The impact of R, is more pronounced at the cell level due to the multiplication of
resistances within a module, whereas Ry, becomes significant when multiple PV modules
are involved [54]. Figure 7 illustrates the cell’s Vo, and I, which are directly proportional
to incident light on the cell and expressed in (10).

Iph Ipi,
’ "ANNVN—C0
R, +
> l 1d Ip

Fu

\\: <> D Ry, Vom

Figure 7. Single—diode PV cell equivalent circuit.

G
1000”

where irradiance (G) is 1000 W/m? in standard test conditions (STC), I is the short-circuit
current at STC, K; is temperature coefficient of I, T, is cell temperature, and T is standard

Iph - [Isc + Ki(TO — Ts)] X (10)

temperature (298 K).
The reverse saturation current for a single PSCs, I, ,, is as follows:

ISC

Is,r = (11)

(e 4
e\kxAxTy /) — 1

Referring to Figure 7, the expressions for the current through the diode (D), (1), the
current through Ry, I, the output current (Iy), and the output power (Pppo) of a PV cell
ataload (Ry) are as follows:

( Vout +Ippo xRs )

Iy =Ile &1 —1], (12)
Vout + Ippo X Rs
=—, (13)
$ R
Ippv = Iph —I;— Ip/ (14)
Pypo = lipo 1
ppo = RiL (15)

In (10) and (11), Vr is the thermal voltage equivalent (V), Vr = k XqT” , q is electron

charge (1.6 x 1071 C), V, is the open circuit voltage, k represents the Boltzmann constant
(1.3806 x 10722 J/K), and A is the ideality factor for PSCs.
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A single PSC produces low output power, but its voltage or current can be increased
to meet IoT device requirements by combining multiple PSCs. This can be carried out by
connecting cells in a series to form a perovskite module or by creating a perovskite array by
connecting modules in parallel. The performance of these configurations can be assessed
by calculating the voltage from a single cell multiplied by the number of series-connected
cells for module voltage and the current multiplied by the number of parallel-connected
cells or modules for the array current. The configuration of the general PSCs, shown in
Figure 8, varies based on the number of series diodes (Y;) and parallel diodes (X,). A
PSC is represented as (X, = Y5 = 1), amodule as (X, = 1,Ys # 1), and an array as
(Xp = Y5 # 1). Equation (11) can be modified for the perovskite module reverse saturation
current, I; 1, as follows:

I
Is,r,M = ﬁ (16)
e\ YscxkxAxTo/ — ]
The photon currents of the modules ( Iy, Ipp, - - - Iphxp) (Figure 6) are identi-
cal and equal to the incident light on the unit PSCs (Iph), as outlined in (10). Hence,
Ly, =L = ... =1y = Ly, = L,). Thus, the perovskite array incident current,
phy = lphy phix,—1) = tphx, = 'p P y
Ipy, is expressed by (17) or (18).

Ipyg = Xp X Iph/ (17)

XP
Ipg =Y Ly, (18)

k=1

The perovskite array’s output current (Ipscs), illustrated in Figure 8, is expressed
as follows:

Ipscs = Ipg — (Xp x I) — Ip. (19)

Hence, the current (Ip) through Ry, is defined by (20).

(Vpscs x Xp/Ys) + (Ipscs X Rs)
Rsh

Ip = : (20)

Hence, the output current for a PSC array, depicted in Figure 8, composed of Y; cells
connected in series and X, modules in parallel, can be mathematically expressed as follows:

X Vpscs | IpscsRs
P (%)
Ipscs = Z Iphk - Xp : Is(e T - 1) — Ip. (21)
k=1
X
P
T ! 1 Ipscs
r L | 00X Ry \
Ipp=Xp-Ipp . §
S
- T (YJ/Xp)*Ry Vescs
*Iphl %phl %ph(){p-liph(xm O’

Figure 8. PSC array equivalent circuit.

In general, Equations (17), (19) and (20) can be adapted for unit cells by setting
Xp = Y5 = 1 and for modules by setting X, = 1 and Y; # 1. The power generated by
PSCs, Ppscs, supplies energy to IoT devices during the operational time (¢pscs), which is
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the maximum available time (t,;) minus the inactive duration (f,¢¢) when the cell cannot
produce electricity due to low light or shading. The electric power (Ppgc;) and total
harvested energy (Epsc;) from a perovskite array can be computed as follows:

12
Ppgcs = 225, (22)
Ry
Epscs = Ppscs X tpscs = Ppscs(tm — toff)- (23)

The efficiency of a cell, ., is determined using (24), considering key parameters such
as open circuit voltage (Voc), short circuit current (Is;), input irradiation power (P;,), fill
factor (FF,,), and the current (I;p) and voltage (V) at the maximum power point (MPP).

_ FF,.;1 X Vo X Isc

He 2 (24)
1
Imp X Vmp
FF.py = ———. 25
cell Toc X Vor ( )
Substituting the expression (25), FF,.j;, into (24) gives:
Ly X'V,
o=~ (26)
1

The efficiency of a PSC array is evaluated using (9), which factors in the efficiencies
of individual modules arranged in parallel. Each module’s efficiency is determined by
multiplying the series-connected cells’ efficiencies. The module’s efficiency, #,,, is provided
by (27).

M = Met X Mea X 73 X Ty, (27)

In this context, #.1, %2, c3, - - . , 11 Ys represent the efficiencies of individual PSCs within
the module. Since these cells are identical and made from the same material, their efficien-
cies are equal and denoted as 7. Therefore, (27) can be simplified as follows:

My = (1) (28)
The overall efficiency of the entire PSCs system array, 77, is as follows:

Xp

Un =1- H(l_(WM)N)/ (29)

N=1

where N represents the number of parallel-connected modules, ranging from 1 to Xp
(Figure 8). Since all the modules have equal efficiency, (29) can be simplified as follows:

ny=1—[1—(,)]*. (30)

This study utilises data from a previously reported perovskite-on-Si tandem solar
cell [55] for mathematical analysis and assessment of PSCs. I-V and P-V curves are gener-
ated and depicted using MATLAB (version 9.9) in Figure 9. The ADS software is employed
to develop and simulate a diode model, shown in Figure 7, to replicate the PV characteristics
illustrated in Figure 9. Within the ADS simulation, a current source represents the photon
current generated by the cell due to irradiation. Individual cells demonstrate Iy, Vinp,
and P,y values of 21.69 mA, 1.99 V, and 43.36 mW, respectively, as depicted in Figure 9.
Cells are arranged in series and parallel to meet the power requirements of IoT devices,
with results detailed in the next section. Like other solar systems, the perovskite-on-Si
tandem solar array stops operating during darkness or at night due to decreased photon
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current, making the cell inactive as it functions like a diode, producing no voltage or current.
Therefore, an alternative energy source is necessary to power IoT devices overnight, leading
to the proposal of a hybrid energy harvesting system.

T T T T -
l @< Pmax 45
Isc>

Power (mW)

Current density, Jsc, ( mA/em? )

0 0.5 1 L5 2
Voltage (V)

4
Voc
Figure 9. I-V and P-V characteristic curve of the perovskite-on-Si tandem solar cell used on this study.

4.3. Hybrid RF-Perovskite Energy Harvesting System

Hybrid RF-perovskite energy harvesting optimises efficiency and addresses constraints
of standalone systems, enhancing reliability across environmental conditions, extending de-
vice lifespans, and advancing sustainability, especially in IoT and wireless sensor networks.
The proposed system aims to provide a continuous power supply to IoT devices, enabling
autonomous operation. The total energy harvested over 24 h by the hybrid system is the
cumulative sum of the energy captured by individual components, as defined by (31).

Enypria = Err + Epscs- (31)

Mathematically, for the proposed MIMO and array configurations, (31) is expanded
below:

N=2° k=X
Enoria = Y, Erry + Y (Ppscs, X tpscs,)- (32)
N=1 k=1

Here, N represents the number of antennas in the MIMO system, expressed as 2*
(where a =1, 2, 3...), and k denotes the number of modules in an array. Equations (22) and
(23) determine the energy harvested by the PSC array, taking into account the number of
parallel modules, (Xp) (Figure 8).

The proposed RF-PSC energy harvester subsystems, connected in parallel, indepen-
dently capture energy from RF signals and light irradiation, storing it in capacitor-based
energy storage. This stored energy sustains IoT devices during low irradiation periods,
such as at night when only RE-EH operates or in the daytime when PSCs and RF-EH face
challenges due to low light or insufficient RF power. The hybrid system ensures unin-
terrupted power harvesting, even in subsystem failure or inadequate power generation,
enhancing the overall efficiency. Mathematical determination, outlined in (33), considers
the efficiencies of RF-EH, 7., and the array, 7, derived from (9) and (30).

Mgoria = 1 — (1= 1750) x (L=1,)]- (33)

4.4. IoT Device Energy Consumption

IoT devices play a key role in data collection for environmental monitoring and security
applications. Optimising their performance involves considering factors like individual
voltage range, power needs, and energy consumption. Ensuring sufficient captured energy
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is vital to sustain device operation and lifespan in energy harvesting systems. The total
energy required by an IoT device (Ej,7) is expressed as follows:

Ejor = Pior X tior. (34)

Pj,7 represents the power consumption of the IoT device, and t,7 denotes its operation
time. The operation time of the IoT device, t[,1, considering multiple modes, such as sleep
(t5), standby (t,p), power-off (t,), power storing (tps), etc., can be obtained as follows:

In (35), T, represents the maximum operation time (24 h) for the IoT device. t1, f; and
t, are the duration of other power modes such as communication, processing, and other
overpower modes. For a multi-mode active IoT device, the energy budget balance can be
determined as follows:

EIoT:Es+Esb+Ep+Eps+El+---+Enr (36)

where Es, Egp, Ep, Eps, and E;; represent the IoT energy during sleep mode at ¢;, standby mode
at tg,, power-off mode at t,,, power-storing mode at t5, and other modes at ¢,;, respectively.

The hybrid RF-PSC system needs to produce energy from its surroundings consistently
to ensure the continuous operation of IoT devices. Moreover, the generated energy must
meet or surpass the power requirements of IoT devices, as shown in (37). The lifetime
of an IoT device (Tj;fetime) indicates its operational duration before ceasing to function,
depending on its data gathering and measurement activities [56]. The formula used to
calculate the network lifetime is expressed as (38).

Enybride = Erot, (37)

(Ei - EW)

Thifetime = m- (38)

In (38), E; refers to the initial energy of the device, Ey, is the wasted energy, E, is the
consumed energy, P is the overall power consumed, and Ry, is the rate at which packets
are received.

5. Results and Discussion

The rectifier, shown in Figure 6, was simulated over a range of input RF powers
(—25 dBm to 20 dBm) to evaluate its performance regarding output voltage, efficiency, and
power. As shown in Figures 10 and 11, both output voltage and efficiency at a 50 Ohm load
increased consistently with rising RF input. Specifically, the output voltage started at 0.2 V
at —5 dBm and peaked at 1.8 V at 20 dBm. Notably, meaningful output power and current
were observed only for RF inputs exceeding 5 dBm, peaking at 27 mA and 45 mW at 20 dBm
(Figures 10 and 11). However, the generated power remains insufficient for IoT devices,
prompting the exploration of alternative architectures to enhance the rectifier’s output
capabilities. Additionally, Figure 11 illustrates that the rectifier achieves an efficiency of
20% at —5 dBm, increasing to a maximum of 52%.
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Figure 10. The proposed rectifier’s output voltage measured at the node (Vdc), shown in Figure 6,
and current at different input RF power levels.
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Figure 11. The rectifier’s output power measured at the node (Vdc) (refer to Figure 6) and efficiency
for different input RF power levels.

The RF-EH, single antenna, and rectifier were evaluated across a range of load resis-
tances (50—1000 ohms) and input RF power levels (Figures 12 and 13). As load resistance
increased, both efficiency and output voltage generally improved. At an input power of
20 dBm, the output voltage rose significantly for resistances up to 450 ohms, peaking at
6.5 V at 1 kohm. Meanwhile, the efficiency gradually increased with load resistance at
all input RF power level values, reaching a maximum of 83% for 450 ohms and 20 dBm
(Figure 13). For load resistances above 450 ohms at 20 dBm, efficiency declined because the
output voltage increased only slightly compared to the increase in load resistance, while
the input power remained constant.
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Figure 12. The output voltage of a single—antenna RF energy harvester across various loads and
diverse levels of RF input power.
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Figure 13. The efficiency of a single-antenna RF energy harvester under different loads and RF input
power levels.

Various MIMO configurations, ranging from 2 to 16 antennas, were explored to en-
hance power output for IoT devices. Simulation results (Figures 14-16) demonstrate a
steady increase in output voltage, current, and power as the number of antennas increases.
Figure 14 shows that MIMO systems can generate output voltage even at —10 dBm input
power; practical voltage is achieved only at higher RF input levels. At 20 dBm, the maxi-
mum voltages recorded are 6.3V,4.5V,3.2V,2.4V, and 1.8 V for MIMO configurations with
16, 8, 4,2, and 1 antennas. Notably, all MIMO setups at low RF input exhibit reduced output,
highlighting inadequacy for IoT power requirements. This is due to power dissipation
across rectifier diodes, a challenge mitigated by employing diodes with low voltage drop
or utilising cascade rectifiers.
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Output Voltage (V)

Figure 14. The MIMO RF-EH output voltage at various RF input power levels.
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Figure 15. The output power of the MIMO RF-EH at different RF input power.
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Figure 16. The MIMO RF-EH output current at varying input RF power levels.
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The MIMO designs’ efficiency is assessed using (5) and (9). Figure 17 depicts the
system’s efficiency, indicating a notable rise in the growing antenna count. Efficiency
exceeds 95% at higher input power levels, showcasing the system’s effectiveness. More-
over, it underscores that increasing the number of antennas improves efficiency for low
inputs. The output voltage, current, and power of the 16-antenna MIMO RF-EH, as de-
picted in Figures 14-16, peak at 6.1 V, 108 mA, and 649 mW. This highlights the system’s
ability to power IoT devices under high RF input conditions. However, alternative
energy sources are necessary for low RF input scenarios.

100 16 Antennas
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80— 2 Antennas

"~ | = Single antenna
S g
g 60—
o
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&
g 40—
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Figure 17. Efficiency of the MIMO of RF-EH at different levels of input RF power.

The I-V and P-V simulation results conducted in ADS and MATLAB are depicted
in Figure 18 and Figure 8, respectively. From the simulations, Iy, Vinp, and Pyax were
obtained at 21.69 mA, 1.99 V, and 43.36 mW. Additionally, V,. of 2.2 V and ;. of 23 mA
are shown.
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Figure 18. I-V and P-V characteristic curve of the perovskite-on-Si tandem solar cell with ADS-based
simulation.
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An array of five modules, each comprising three cells, was designed to enhance output
powet, achieving a Py, of 650 mW at 6.1 V and 108 mA. MATLAB-based (Figure 19) and
ADS-based (Figure 20) simulations illustrate V;,. of 6.4 V and ;. of 110 mA. Assuming an
irradiation of 1000 W/m?, the cell’s efficiency is 48%,; therefore, using (28), the efficiency of
each module is found to be 11% and for the array is calculated as 44% using (30).
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Figure 19. I-V and P-V characteristic curve of the perovskite-on-Si tandem solar array with
MATLAB simulation.
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Figure 20. I-V and P-V characteristic curve of the perovskite-on-5i tandem solar array with
ADS-based simulation.

The integration of MIMO RF and solar energy harvesting is crucial due to their com-
plementary nature. This ensures continuous power availability for IoT applications under
varying environmental conditions. While perovskite solar cells provide high-efficiency energy
conversion during sunlight hours, RF energy harvesting remains effective even in low-light
scenarios, such as cloudy or rainy days. This dual-source approach significantly enhances
system reliability and minimises power interruptions.

Figure 21 showcases the hybrid energy harvester’s performance, merging a MIMO
setup with a PSCs array, predominantly during daylight when the perovskite cells reach
peak output. It indicates the hybrid system’s capability to produce significant power during
the day, powering IoT devices and storing surplus energy in a storage unit, particularly
with the 16 MIMO configuration. During low-light conditions, only the RF subsystem
of the hybrid operates, generating lower power. Nevertheless, the excess energy stored
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during high-light periods can be utilised. Since both subsystems function concurrently, the
hybrid system’s efficiency can be computed using (33), accounting for the efficiencies of
both the array and RF-EH. Hence, the hybrid energy harvester attains an efficiency of 90%.

One of the primary challenges in using both sources simultaneously is efficiency optimi-
sation. Perovskite solar cells can generate sufficient power during peak sunlight, potentially
overshadowing RF harvesting. However, in scenarios where solar energy is unavailable, such
as during night-time or heavy cloud cover, RF energy harvesting can sustain IoT devices [49].
To address efficiency concerns, an intelligent power management unit (PMU) will be incorpo-
rated to dynamically regulate power distribution, prioritising solar energy when available
and switching to RF energy when solar input is insufficient. This hybrid approach allows
for continuous and resilient energy harvesting in diverse environments, making it a viable
solution for large-scale IoT deployments.
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Figure 21. The power output of hybrid RF-PSC configurations varies across different levels of RF
input power, particularly at the peak power point of the PSC array under irradiation of 1000 W/m?.

Evaluating the impact of environmental factors is crucial for ensuring the efficiency
and stability of the hybrid RF-PPV energy harvester when moving from simulation-based
analysis to real-world deployment. While simulations provide valuable insights into theoreti-
cal performance, practical implementation must account for variables such as temperature
fluctuations, humidity-induced degradation, and RF signal attenuation due to atmospheric
conditions. A detailed investigation of temperature effects on perovskite photovoltaic cells
was evaluated in [57-59], focusing on the power conversion efficiency and degradation mech-
anisms at varying temperatures. PSCs exhibit strong thermal stability between 20 °C and
55 °C, with a low power temperature coefficient of —0.25% °C~!, outperforming ¢ — Si solar
cells [59]. In the practical aspect of this study, advanced encapsulation techniques will be
employed to protect perovskite materials from thermal stress (for temperature > 55 °C) and
prolong operational stability. High humidity levels can also accelerate perovskite degradation,
reducing efficiency over time [60]. Hence, protective coatings and encapsulation methods are
proposed to improve resistance to moisture-related deterioration.
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In terms of RF propagation, atmospheric conditions such as rain and fog introduce signal
attenuation, necessitating frequency diversity. Adaptive filtering techniques will be used to
optimise energy reception under varying environmental conditions. Moreover, multiple RF
sources in smart city environments introduce potential interference, which will be addressed
through strategies such as frequency diversity, spread-spectrum techniques, and adaptive
filtering. Long-term system stability will be examined, including material degradation rates
and performance retention over extended deployment periods.

5.1. Comparative Analysis of Hybrid RF-PSC Energy Harvesting with Other Technologies

The feasibility and advantages of the proposed hybrid RF-PSC energy harvesting system
must be evaluated. Hence, a comparative assessment of the proposed hybrid RE-PSC system
against alternative energy harvesting technologies has been incorporated. Thermoelectric
energy harvesting (TEG) systems, which convert waste heat into electricity, offer a viable
solution in industrial applications but are constrained by their lower power density than RF-
PSC hybrids [61]. Vibrational energy harvesters, including piezoelectric and electromagnetic
systems, have also been explored. While effective in converting mechanical vibrations into
energy, these systems require frequent movement, limiting their suitability for static IoT
applications. A comprehensive comparison table summarising these systems’ power density,
efficiency, scalability, and deployment costs is provided in Table 1.

Table 1. Comparison of energy harvesting technologies.

Technology Power Density Efficiency Scalability =~ Reference
RF-PSC Hybrid 11 pW-110 pW/ sz—Combining RF  >90% Excellent This paper
and Perovskite
Thermoelectric 40 uW-10 mW /cm3-Industrial 10-50% Good [62-64]
(TEG)
1 pW=60 uW /cm3—Wearable
Piezoelectric 0.33 mW-30 mW/cm3 25-50% Good [62,65-67]
Electromagnetic 4 pW-306 uW /cm? 60-70% Moderate [62,63]
Perovskite-PV 10 uW-100 uW /cm? 20-38% Excellent [45,55,62,68]
Solar (PV) Outdoor  15mW/ cm3—Sunny day 10-25% Excellent [33,62,63,69]

0.15 mW/cm3—Cloudy day

RF Energy 0.08 nW-6.3 uW/cm? 30-88% Good [69-71]

5.2. Cost—Benefit Analysis and Scalability of Hybrid RF-PSC Energy Harvesting Systems

The financial viability of energy harvesting technologies is crucial for widespread
adoption, particularly in cost-sensitive applications such as large-scale IoT networks. Hy-
brid RF-PSC systems offer a promising alternative to conventional battery-powered and
standalone solar solutions by enhancing energy efficiency and reducing long-term op-
erational costs. The cost of materials, including perovskite solar cells and RF antennas,
has been compared against conventional battery-powered and standalone solar solutions.
Installation and maintenance costs have been assessed, focusing on deployment scalability,
PSC longevity encapsulation methods, and RF antenna recalibration requirements. The
analysis also highlights the economic benefits of reducing battery dependency, particularly
in large-scale IoT networks. The cost analysis is provided in Table 2.
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Table 2. Cost-benefit comparison of hybrid RF-PSC and conventional systems.

Category Hybrid RF-PSC Sys-
tem

Conventional Systems (Solar
Panels/Battery-Powered IoT)

Remarks/Notes

Material Costs Moderate, High, PSCs are cheaper than silicon PV cells; bat-
USD 50 to USD 80 per  USD 70 to USD 100 per solar teries require frequent replacement. MIMO
unit (PSC + RF an- panel RF antennas add moderate cost.
tenna) USD 10 to USD 20 per battery
[72-76] [72,77,78]

Installation Costs ~ Moderate,

Moderate-High,

Hybrid systems require integration of RF

USD 30 to USD 50 per  USD 50 to USD 80 per device and PSCs with IoT devices; solar panels
device [72,77] need structural support and batteries re-
[72,76,76] quire distributed installations.

Maintenance Low-Moderate,
Costs (annually) USD 5 to USD 10 per

High,
USD 20 to USD 30 per device

PSCs require encapsulation to extend lifes-
pan; batteries need frequent replacement;

device [72,77] solar panels require cleaning and periodic
[72,73,76] inspection.

Battery  Depen- Minimal, High, Hybrid systems reduce battery dependency
dency USD 5 to USD 10 an- USD 10 to USD 15 per battery  significantly, lowering long-term costs and
nually annually environmental impact.

[46] [79]

Lifespan 20-25 years (with en- 5-7 years for batteries PSC lifespan depends on encapsulation; bat-
capsulation) 10-15 years for panels teries degrade faster.
[72,75,80,81] 179,811

In a large-scale IoT deployment of 1000 devices over 10 years, the hybrid RF-PSC
system demonstrates a significantly lower total cost, which is a reduction of approximately
50% compared to conventional solar and battery-powered systems. It benefits from reduced
material, installation, and maintenance expenses and minimal battery dependency. This
leads to substantial cost savings over time, with a shorter return-on-investment period
(3-5 years due to reduced maintenance and battery replacement costs) and enhanced
economic viability for large-scale IoT networks [73,81]. An RF-PSC hybrid system offers
linear scalability with minimal additional costs, unlike conventional battery-powered
systems, which face exponential scaling challenges due to logistical constraints. Thus, the
RF-PSC hybrid system provides a financially feasible and operationally efficient alternative.
Its scalability and efficiency make it well-suited for sustainable and cost-effective IoT
deployments, ensuring long-term reliability with reduced maintenance and energy costs.

6. Conclusions

To solve the inadequate output voltage caused by low input RF power, the single-
antenna RF-EH was altered to incorporate an MIMO system with multiple antennas,
significantly improving voltage and efficiency. The MIMO RF-EH achieved a 95% efficiency
with a peak output voltage of 6.3 V, although voltage fluctuated with RF signal strength.
Despite this, the MIMO system provides key insights for developing hybrid RE-perovskite
energy harvesters for low-power IoT applications. Integrating RF-EH and perovskite
photovoltaic technologies holds promise for achieving sustainable and self-sufficient IoT
systems, leveraging their complementary strengths and overcoming individual limitations.
The study’s mathematical modelling tools provide a novel approach to examining system
architecture and identifying the compatibility of perovskite solar and RF-EH systems. This
study demonstrates that increasing MIMO configurations can generate sufficient power,
particularly at high input RF power levels (>10 dBm). However, due to the intermittent
nature of high RF power, the study proposes a significant solution: integrating PSCs as
an alternative energy source. This approach enhances the reliability and autonomy of
IoT devices, ensuring continuous operation even during low RF input power periods. By
combining MIMO RF-EH and PSC technologies, this research offers a solution that is not
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only cost-effective and high-performing but also flexible, allowing for low-temperature
processing and prolonged operation without frequent battery replacements.

This research offers innovative solutions for smart cities, providing sustainable power
for sensors and IoT devices to enhance urban infrastructure and operations. The hybrid
RF-perovskite energy harvester can be integrated into buildings, creating smarter, energy-
efficient spaces while enabling wirelessly charged health-monitoring sensors in homes and
public areas. The technology can also contribute to a smart economy by optimising energy
use, monitoring consumption, and reducing reliance on non-renewable sources. In remote
agricultural areas and critical infrastructure, it powers IoT devices for monitoring soil, crop
health, and structural integrity, improving sustainability and resilience. By combining
MIMO RF-EH and PSCs technologies, this research delivers a versatile, cost-effective
solution for diverse applications in smart cities and remote settings. It enhances IoT device
reliability and autonomy, ensuring uninterrupted operation and establishing hybrid energy
harvesting as a key enabler of future smart cities.

While simulation results highlight the potential of integrating MIMO RF-EH with
perovskite photovoltaics to enhance energy efficiency and device autonomy, real-world
testing is essential to validate its practical performance and adaptability in dynamic en-
vironments. Acknowledging the importance of real-world validation, we have outlined
a future experimental plan to assess the system’s practical performance. The prototype
will be tested in urban environments, analysing its functionality under diverse indoor and
outdoor conditions. Key performance indicators, such as energy yield variations, efficiency
under dynamic RF conditions, and IoT device uptime, will be measured over extended
deployment periods. Encapsulation technique and protective coatings will be employed in
the practical aspect of this study to protect perovskite materials and prolong operational
stability. Furthermore, we plan to integrate the system with IoT networks and evaluate its
communication reliability and energy sustainability in smart city infrastructures. The im-
pact of environmental stressors, user mobility, and network congestion will be analysed to
refine system robustness. These future studies will strengthen the real-world applicability
of hybrid RF-PSC energy harvesting technologies.
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