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ABSTRACT: Real-time monitoring within industrial processing vessels is
essential for advancing process analytical technology. Flow-following sensors
represent an ideal approach for delivering continuous, in-line data from the
process stream. However, deploying these mobile sensors is constrained by the
physical barriers of sealed metallic vessels and harsh, battery-hostile
environments. To overcome these limitations, a non-invasive, retrofittable
wireless power transfer system is presented. The metallic vessel is structurally
repurposed into a 5.23 GHz multi-mode microwave cavity resonator by
coupling microwave energy through existing standard flanges. Electromagnetic
simulations validate that this method generates continuous energy coverage
throughout dynamic flow zones, demonstrated using a fluidized bed granulator
as an application example. To harness this energy, an omnidirectional antenna
and a compact RF-to-DC rectifier prototype were developed. By enabling the
continuous operation of autonomous, battery-free mobile sensor nodes, this framework provides a practical, scalable foundation for
high-density spatial analytics and data-driven industrial optimization.

■ INTRODUCTION
Even though chemical processes for industrial applications
have been developed and investigated for centuries, their
execution often still relies on experience and existing
experimental data. Details about chemical, physical, and
mechanical phenomena occurring throughout the process at
different scales, however, remain unknown or not sufficiently
understood. Reliable monitoring and control of the process are
crucial for ensuring a consistently high product quality and
process stability. Nevertheless, conventional approaches rely
on a limited number of stationary sensors and off-line
measurements of small samples, which often fail to capture
localized or transient phenomena inside the process. Without
real-time data about critical process variables, such as
composition or temperature in a chemical plant, disturbances
may be detected too late or not at all, leading to reduced yields,
deficient products, or safety risks.1 Off-line tests introduce
additional delays, which contribute to the late detection of
deviation from the desired process, resulting in inconsistent
product quality and inefficient reprocessing.2 Therefore,
capturing real-time in-line data would offer the possibility of
instant reaction to anomalies, increasing process robustness
and enabling the application of advanced control strategies.

One approach to address these challenges involves the
development of mobile, autonomous sensors designed to be
immersed within the process medium. This approach has been
successfully demonstrated in different process environments.
For instance, in liquid-phase applications, neutrally buoyant
sensor spheres have been engineered to track flow paths and
quantify hydrodynamic stress in large-scale stirred tank
reactors.3−5 Bisgaard et al.6 provide an additional overview of
flow following sensors in bioreactors. Furthermore, mobile
sensors have been developed and applied to bioreactors and
stirred tanks to track the flow and measure process variables,
such as temperature and pH value.7,8 Rathi et al.9 demonstrate
how to enable full 3D tracking of mobile sensors based on
accelerometer and magnetometer data using filtering algo-
rithms with a bespoke dynamical model. In addition, mobile
sensors for gas-solid processes have been introduced, providing
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data from different regions of fluidized beds.10−12 These
established examples prove the value of gathering data from a
Lagrangian or flow-following perspective, providing unprece-
dented insight into local conditions as they are experienced
along the material’s trajectory through the system. However, in
these works, energy is provided by non-rechargeable battery
cells. In contrast, Lauterbach et al.13 and Zhu et al.14 present
mobile sensors that can be recharged inductively outside of the
process. To advance mobile sensor techniques even further,
this work presents a non-invasive RF energy harvesting proof-
of-concept for in-process powering of the sensors. The
possibility of using an energy harvester for power management
in future versions of miniaturized mobile sensors was also
mentioned by Gelas̈chus et al.15 Table 1 presents an overview
of different Lagrangian sensor implementations in process
engineering.
To be effective, these sensor elements must not significantly

alter the process dynamics. This imposes strict requirements
on their physical properties, such as size, density, and shape, to
ensure that their movement is representative of the
surrounding process fluid or particulate phase.5 In addition
to those restrictions, key sensor functionalities, such as data
acquisition and transmission, must be guaranteed.
One process with the demand for reliable in-line measure-

ments is fluidized bed spray granulation or coating. It is an
established process for the production of high-quality granular
solids across various industries, such as pharmaceuticals, food,
and chemicals. Benefits of applying a coating layer on solid
particles include improved handling, taste and odor masking,
or providing a protective barrier against environmental
influences.16 To obtain this coated form, the particles are
fluidized by heated air while a solid-containing liquid is sprayed
onto them. The droplets collide with and spread on the
particle surface. As the liquid is evaporated, a solid shell is
formed around the core particle.17

Traditional methods for monitoring and control of fluidized
bed granulation rely on stationary sensors measuring the state

of the fluidization air at the inlet, in the process chamber, and
at the outlet. Additional information about product properties
are obtained from off-line analysis of samples.18 While other
non-invasive process analytical technology (PAT) tools have
been explored, such as acoustic emission sensors,19 electrical
capacitance tomography (ECT)20 and magnetic resonance
imaging (MRI),21 they often provide spatially averaged data,
have limited resolution or require complex setups. Based on
this data, the process is evaluated and parameters are adapted.
However, real-time information from inside the particle bed is
severely limited in its spatial resolution and often relies on
interpolation (e.g. stationary sensors) or projections (e.g. ECT,
MRI), which is non-ideal for precise process control.
Due to the liquid injected into the process chamber, process

variables, such as temperature and moisture, are not constant
throughout the particle bed. In the spray zone near the nozzle,
for example, the temperature of the particles is comparatively
low, while the moisture is high as particles come into contact
with injected droplets. In contrast, the drying zone, usually in
the outer regions, is characterized by higher temperatures and
lower particle moisture. In extreme cases, over-wetting or hot
spots can occur, which are not necessarily detected early on by
traditional monitoring equipment. This affects process stability
as well as product quality and can lead to collapse of the
fluidized bed and disposal of the product.
In case of a fluidized bed, a mobile sensor could be

integrated in the form of a particle, that is moving along with
the surrounding bulk particles. To achieve this fluidization
behavior and avoid segregation, the size and density of the
sensor node have to be carefully chosen.
For deployment of immersive, mobile sensors in fluidized

bed granulation processes, design limits are defined and
converted into mechanical and electrical constraints. Re-
strictions on sensor size imposed by product sizes ≤2 mm,22

process temperatures around >100 °C for typical model
materials such as sodium benzoate23,24 and sensor mobility

Table 1. Comparison of Lagrangian Sensor Particle Designs Deployed in Process Vessels

reference vessel/process size/shape power supply sensing/telemetry year

Higashida et
al.11

gas-fluidised bed Ø 30 mm sphere on-board battery 3-axis fluid force and Lagrangian acceleration 2016

Harada et al.40 liquid
settling/sedimentation

Ø 30 mm sphere on-board battery fluid force (3-axis accelerometer + magnetometer) 2011

Zhang et al.10 gas-fluidised bed Ø 60 mm stainless-steel
sphere

on-board battery; USB
data logger

3D Lagrangian acceleration; in situ phase-structure
analysis

2009

Zhu et al.14 conical hopper
(granular flow)

Ø 42 mm
polyformaldehyde
sphere

rechargeable polymer
battery (3.7 V)

3D translational + rotational tracking
(accel. + gyroscope, 200 Hz); Wi-Fi + flash

2020

Cai & Qiu12 gas-fluidised bed Ø 30 mm sphere on-board battery translational/rotational kinematics
(velocity, displacement, posture)

2016

Lauterbach et
al.13

bioreactor Ø 7.9 mm sphere inductive
charging/battery

local temperature (sens-o-spheres) 2019

Buntkiel et al.8 biogas fermenter Ø 40 mm sphere on-board battery orientation-resolved 3D acceleration with pressure
sensor

2023

Bisgaard et al.6 large-scale bioreactors
(review)

7.9−60 mm (multiple) battery/inductive review: T, pH, DO, pressure, acceleration 2020

Zimmermann et
al.7

laboratory
mixer/turbulent flow

Ø 25 mm PEEK sphere on-board coin cell 3D Lagrangian acceleration; real-time RF wireless
(316 Hz)

2013

Geläschus et
al.15

biochemical reactor Ø 10−15 mm sphere battery IMU and optical data transmission 2025

Reinecke et al.3 industrial vessels
(multi-type)

flow-following sphere on-board battery multi-parameter process characterisation 2022

Hofmann et al.4 stirred tank (15000 L) Ø 40 mm sphere on-board battery hydrodynamic lifeline analysis 2024
Haringa et al.5 pilot-scale bubble

column (2 m3)
32−55 mm PEEK
sphere

on-board battery Lagrangian lifeline mapping; pH, DO, pressure, T,
accelerometer

2025
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create challenges for electrical modules, especially on the
power supply.
Mobile power solutions range from on-board storage to

active and passive energy harvesting, with the optimal choice
dictated by the surrounding environment and on-board energy
demand. For example, solar, kinetic and thermoelectric
generators exploit ambient motion or temperature gradients
to power wearables and industrial monitors.25−28 In signal-
dense environments, ambient RF harvesting scavenges existing
Wi-Fi or cellular frequencies for low-power nodes.29−31

However, the low power densities of these ambient sources
often make them insufficient for continuous monitoring
applications, justifying the use of a dedicated source.25,32

When ambient sources are insufficient, such as in enclosed or
remote settings, dedicated RF transmission provides reliable,
active wireless power.33,34

In the context of fluidized bed reactors, most of these
approaches prove unfeasible due to optically opaque particle
beds, predominantly steel chamber walls, and practical
implementation limits regarding size and density.
Approaches of near-field inductive coupling and high

frequency electromagnetic field transfer are both capable of
penetrating typical, dense particulate phases without requiring
line-of-sight or adding weight-intense harvesting mechanisms
while offering potential for miniaturization. This penetrative
behavior holds true for many typical fluidized bed materials,
including lactose, microcrystalline cellulose, and polymers,
which are generally non-conductive and non-ferromagnetic in
their dried state. Nevertheless, both principles require physical
integration into the reactor to bypass its steel walls.
Despite its physical feasibility, the magneto-inductive

approach offers limited efficiency due to the size differences
between receiver and transmitter coil, while requiring high
integration effort including a cooling system directly into the
process chamber. Alternatively, an external generator can
introduce a microwave field into the process chamber via a
standard waveguide, where internal reflections establish a
standing wave. Conceptually, this configuration operates
analogously to a conventional microwave oven, utilizing the
metallic process chamber as a resonant cavity, a methodology
previously demonstrated for wirelessly powering multiple small
receivers throughout a large metallic volume.35,36 A key

challenge, however, is the frequency shift caused by moving
equipment or materials within the cavity, which can be
addressed with compensation techniques.37

Despite the clear physical advantages of the resonant cavity
approach, there remains a lack of practical hardware capable of
harvesting energy in the transient environment of a fluidized
bed, especially in the range around 6 GHz, that enables short
antennas and a high resonance density inside the process
chamber. At such high frequencies, achieving high efficiency in
miniaturized rectifying antennas (rectennas) is a significant
challenge. However, recent advancements in highly sensitive,
miniaturized CMOS rectifiers demonstrate the feasibility of
powering small devices in low-power environments.38,39

Addressing this existing hardware deficit, this work focuses
on two core objectives. Empirical performance data for a
prototype receiver board designed for miniaturization and
integration into mobile sensor nodes is presented. Alongside
this hardware validation, a generalized conceptual framework
detailing how to non-invasively transform a standard process
chamber into a microwave resonance cavity using existing
mechanical infrastructure is provided.

■ PROOF-OF-CONCEPT VALIDATION: REACTOR
SIMULATION AND HARVESTER PERFORMANCE

This section details the conceptual framework and hardware
architecture of the proposed powering strategy by explicitly
tracing the system’s end-to-end energy flow. The power
transfer initiates at an external microwave generator, which
couples energy into the metallic reactor vessel, structurally
repurposed here as a multi-mode cavity resonator, as depicted
in Figure 1a. Within this cavity, the injected energy is available
as a confined electromagnetic standing wave. On the receiver
side, the mobile sensor node intercepts this field utilizing a
miniaturized high-frequency energy-harvesting architecture. It
consists of a triaxial loop antenna, depicted in Figure 1b, which
converts the incident electromagnetic field into an alternating
voltage. The captured alternating voltage is subsequently
rectified into direct current (DC) and temporarily buffered to
reliably drive the sensor payload. The stored energy is available
for the sensor node. The harvesting architecture is summarized
in Figure 1c. It eliminates the requirement of internal batteries,
which otherwise impose significant mass, volume, and thermal

Figure 1. System overview of the microwave-powered fluidized bed concept. (a) Cross-section of the reactor vessel acting as a multi-mode cavity
resonator, illustrating the simulated magnetic field (H-field) distribution, the microwave power supply, and the distribution of mobile sensor nodes.
(b) Schematic of the orthogonal three-loop antenna ensuring omnidirectional energy harvesting. (c) Block diagram of the sensor node architecture,
detailing the individual rectifiers, the energy buffer (supercapacitor), and the sensor payload.
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constraints. The sensor nodes achieve a maintenance-free
operating life with a minimal physical footprint. This work is
separated into two main categories as follows.

• The process and expansion chamber:
• Electromagnetic resonance cavity: Figure 1a

depicts a typical fluidized bed process and
expansion chamber acting as the propagation
medium, inside which a standing wave pattern
with high-field regions and nodal points (dead
zones) is created.

• The microwave feed interface: Electromagnetic
waves are coupled into the process chamber via a
standard flange (e.g. DN40/DN50), which acts as
a waveguide aperture. This eliminates the need for
structural modifications to the reactor. A micro-
wave-power source feeds the flange as shown in
Figure 1a. The microwave power source can react
to yield the optimal input power, and therefore
react to environmental changes due to the
process.

• Harvesting electronics:
• 3D Loop Antenna: Figure 1b shows an

omnidirectional alignment of three loops. This
prevents an energy timeout due to misalignment
of the loop to the magnetic field. For simplicity,
the antenna was approximated as an electrically
small loop antenna (ESLA).

• RF to DC converter: Figure 1c shows the
schematic of the power transfer of the sensor
node. The sensor node is equipped with a
compact rectification circuit. Although the stand-

ing wave pattern exhibits local minima, the
hydrodynamic movement of the sensor ensures
that it continuously traverses varying field
strengths. This stochastic motion results in a
sufficiently time-averaged energy intake, which is
buffered in an onboard supercapacitor41 to bridge
temporary dead zones and provide a constant
power supply. The harvested and stored energy is
made accessible to the sensor.

The Process and Expansion Chamber−Creating the
Electromagnetic Resonance Cavity
Figure 2 depicts the investigated stainless steel laboratory
fluidized bed setup. Analogous to typical models, it utilizes
standardized flanges (e.g., DN40, DN50) as service ports for
external media interaction and probe insertion. Another
example of a possible interaction could be found in wireless
energy transmission to power sensor nodes inside the reactor.
For this, a flange would be used as a connection point for a
circular waveguide to feed an externally generated electro-
magnetic field into the reactor’s chamber, where said sensor
nodes could harvest the field’s energy. The propagation of
electromagnetic energy through a flange is strictly governed by
a geometry-dependent cutoff frequency fc. The cutoff
frequency for a circular waveguide is defined as

=
×

f
c

r
1.841

2c
0

r (1)

where c0 is the speed of light in vacuum, r is the inner radius of
the nozzle, and ϵr is the relative permittivity of the fill
material.42 Dielectrics such as PTFE therefore lower fc while

Figure 2. Granulator geometry and simulation setup. (a) Photograph of the exemplary fluidized bed process and expansion chambers, highlighting
the three available standard flanges (①, ②, and ③) evaluated as microwave feed ports. (b) The corresponding reduced 3D simulation model utilized
for the electromagnetic full-wave analysis, annotated with the primary internal dimensions.
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simultaneously providing process isolation, as illustrated in
Figure 3 for air, PTFE, and quartz as a function of nozzle
radius.

As standard practice often dictates operating within
Industrial, Scientific, and Medical (ISM) bands to prevent
electromagnetic interference (EMI), these frequencies are
highlighted in Figure 3. Since the metallic reactor inherently
functions as a Faraday cage and therefore confines the field
inside, the operating frequency can be treated as an adaptable
design parameter rather than imposing ISM standards.
It should be noted that industrial vessels frequently feature

sight glasses for process observation (e.g. see Figure 2a). Since
standard glass is transparent to microwaves, these windows can
lead to electromagnetic leakage, resulting in both energy losses
within the resonator and occupational safety hazards. To
mitigate this issue, such windows must be electromagnetically
sealed. In practice, this is achieved by integrating a conductive
metal mesh into the glass, with a grid to block radiation while
maintaining visual transparency. Yue et al.36 introduced a
meshed resonator cavity wall that still enables outside
communication which is needed to enable in-line measure-
ments of mobile sensor nodes with data transmission from
inside the reactor.
For this fluidized bed reactor equipped with standard DN50

flanges, an operating frequency of 5.23 GHz was selected, as it

coincides with the resonance and peak conversion efficiency of
the as-manufactured harvesting circuit. This operating point
also operates safely above the waveguide cutoff frequency of
the flange without requiring additional dielectric loading, while
minimizing frequency-dependent dielectric losses within the
processed materials.
Inside the reactor cavity, the injected energy reflected by the

steel walls forms a complex standing wave pattern determined
by the vessel geometry, the dielectric properties of the process
medium, and the excitation frequency. The local field strength,
hence the harvestable energy, can be directly controlled via the
generator’s output. Specifically, the electromagnetic field
amplitude scales with the square root of the input power
| |E P( )in , allowing precise adjustment of the energy levels
to meet the sensor’s requirements.
To predict the energy availability and to optimize the

generator coupling, the electromagnetic field distribution
inside the process chamber was simulated using the frequency
domain solver in CST Studio Suite 2024 (Dassault System̀es,
Veĺizy-Villacoublay, France).
The simplified simulation model is depicted in Figure 2b. A

waveguide port excites the structure with an input power of 0.5
W at the supply nozzle. To reduce computational complexity
while maintaining accuracy, the reactor walls were modeled as
perfect electric conductors (PEC), and the interior was defined
as a vacuum. To identify the optimal feed point, independent
simulations were performed for each available flange (①, ②,
and ③).
The simulated magnetic field strength distribution (H-field)

reveals a non-trivial standing wave pattern (see Figure 4a−c),
with local maxima reaching approximately 12 A m−1. While the
highest field intensity is concentrated in the lower central
region of the vessel, several nodal points are clearly evident.
Furthermore, comparative simulations demonstrate that flange
① provides the most efficient power coupling into the reactor
cavity (see Figure 4a).
To quantify the utility of this field for the sensor, the

volumetric “coverage”, defined as the percentage of the reactor
volume where the field strength suffices for energy harvesting,
was analyzed using the optimal feed ①. Although a precise
spatial probability density function could be derived for a fixed
and well-defined process, a uniform spatial distribution was
assumed for simplicity. The reactor volume was partitioned
into distinct spatial zones, as shown in Figure 5a, to evaluate
the varying field conditions encountered by the sensor nodes.

Figure 3. Calculated cutoff frequency versus nozzle radius for
different dielectric materials, highlighting relevant standard flange
sizes (DN) and ISM bands.

Figure 4. Simulated magnetic field strength distribution (H-field) in the yz-plane of the reactor cavity at 5.23 GHz. The panels illustrate the
standing wave patterns generated when utilizing different standard flanges as the microwave feed point: (a) flange ①, (b) flange ②, and (c) flange ③.
Panel (d) demonstrates the severe cavity loading and field attenuation when utilizing the optimal feed ① in the presence of a dense, lossy liquid
spray cone (vf = 5%).
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Figure 5b plots the volumetric coverage as a function of the
normalized magnetic field threshold, with Hmax taken locally
within each zone. The analysis reveals that Zones II and III
yield the best coverage, while Zone IV exhibits the poorest
coverage, however, this region is not expected to be reached by
the sensor sphere during normal operation. Crucially, under
typical process conditions, the sensor nodes are expected to
predominantly circulate within Zones I and II, ensuring a
highly favorable overall energy availability.
While these initial simulations assume an empty cavity (air/

vacuum) to establish the baseline mode distribution, the
introduction of the actual process medium, specifically the
injected liquid spray, significantly impacts the electromagnetic
resonance. Depending on the liquid volume fraction, the spray
can cause slight frequency detuning or severe cavity loading.
To explicitly model the worst-case attenuation during the
active spraying phase, the dense spray cone was approximated
as an effective macroscopic medium with a fractional water
volume of vf = 5%. The complex permittivity of the pure liquid
water droplets at the operating frequency of 5.23 GHz and a
nominal process temperature of 40 °C was determined using
the double-Debye model proposed by Liebe et al.43

Subsequently, the effective dielectric properties of the spray
zone were calculated by applying the exact Maxwell-Garnett
mixing rule for spherical inclusions within a host medium of air
(εair = 1). Assigning the resulting effective relative permittivity
(εr ≈ 1.1513) and loss tangent (tan δ ≈ 0.001012) to the
modeled spray zone. This zone is modeled as a cone, with a
centric injection point at a height of 500 mm and a cone height
of 300 mm with a bottom radius of 80 mm. The spray damps
the resonant standing wave pattern by 4 dB, as depicted in
Figure 4d. The previously dominant magnetic field hotspots
collapse, leading to a substantial reduction in the local field
intensity compared to the empty state.
Operating frequency determines dielectric loading. The

spray medium’s loss tangent scales linearly with frequency
across the 1−10 GHz range. For example, tan δ ≈ 2 × 10−4 at
1 GHz and ≈1.9 × 10−3 at 10 GHz. The relative permittivity,
εr, remains constant. Lower frequencies minimize dielectric

attenuation. This improves energy delivery to distant high-field
regions. However, standing-wave patterns scale with wave-
length. Lower frequencies therefore enlarge dead zones within
a fixed reactor geometry. The net impact on volumetric
coverage remains unpredictable a priori. Frequency-specific
electromagnetic simulations must evaluate these competing
trends.
This methodology enables a physically rigorous emulation of

the localized electromagnetic wave attenuation during the
active spraying phase, which dictates the dynamic power
requirements and hardware protection strategies for the mobile
sensor node. While a simulative approach provides a promising
initial estimate by approximating εr and tan δ, the precise
material parameters in the final assembly remain unknown.
This uncertainty introduces integration risks that necessitate
experimental validation, where the group of Gutieŕrez-Cano et
al. introduced an approach to quantify the complex
permittivity of dielectric materials at microwave frequencies.44

■ RF HARVESTING ELECTRONICS
This section introduces a prototype of the RF-harvesting
circuit, that once miniaturized is intended for integration into a
mobile sensor node. As the sensor node requires a stable DC
supply voltage, a rectification circuit was designed based on a
shunt diode topology. This design consists of a receiving
antenna (see Figure 1b) and a rectifying circuit, commonly
combined to the term “rectenna”. In general, the antenna
induces a high-frequency AC signal, which is subsequently
converted to DC.
Three-Dimensional Harvesting via 3D Loop Antenna

The electromagnetic field distribution within the reactor is a
complex vector field. Consequently, the energy transfer
efficiency highly depends on the alignment between the field
vector and the receiving antenna. Since the mobile sensor
nodes are able to freely rotate within the dynamic process, a
single-axis antenna would suffer from frequent polarization
mismatches and power dropouts.

Figure 5. Spatial analysis of energy availability using feed ①. (a) Partitioning of the fluidized bed plant into four distinct evaluation zones. (b)
Volumetric field coverage as a function of the normalized magnetic field threshold (H/Hmax, with Hmax taken locally within each zone),
demonstrating the highest energy availability in Zones II and III.
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To maintain continuous power delivery during stochastic
particle rotation, the antenna is designed as a triplet of
mutually orthogonal loops (see Figure 1b). According to
Faraday’s law of induction, the voltage amplitude |Vi| induced
in loop i (where i denotes x, y, or z) is given by

| | = | × |V N H Adi 0 A (2)

since the dimensions of a ≤2 mm particle to perfectly imitate
the particle bed constraints22 and the corresponding wave-
length at 5.23 GHz render the antenna approximately
electrically small, (2) simplifies to

| | = | |V H AN cosi i0 (3)

where ω is the angular frequency, μ0 is the vacuum
permeability, |H| is the local magnetic field strength amplitude,
A is the loop area, N is the number of windings, and ϑi is the
angle between the field vector and loop i and its surface
normal. The maximal amplitude of a single loop is Vmax = ωμ0|
H|AN.
The equivalent circuit diagram of a single shorted loop is

shown in Figure 1c. The source impedance Zs consists of the
loop inductance Ll and the wire resistance Rw, the latter
comprising both the ohmic (DC) and skin-effect contributions,
given as

= +Z j L Rs l w (4)

For the considered dimensions (R = 1 mm, gold bond-wire
feed, a ≈ 12.5−25 μm), the loop self-inductance is Ll ≈ 4.7−
5.6 nH, and the matching capacitance for series resonance lies
in the range Cmatch ≈ 165−196 fF, confirming that it is readily
realizable in CMOS-processed circuits.
Ideal orthogonality prevents mutual magnetic coupling.

Manufacturing tolerances introduce tilt angles αi,j between
nominally orthogonal loops. Here, i, j ∈ {x, y, z} and i ≠ j. This
tilt yields the mutual inductance

=M M kLsini j i j i j, 0 , l , (5)

M0 is the coplanar mutual inductance. Ll is the self-
inductance from eq 4. The geometric coupling coefficient k ≪
1 for edge-sharing loops. Consequently, Mi,j ≪ Ll for realistic
tolerances. A nonzero Mi,j shifts the reactive part of Zl. This
detuning remains negligible. The matching network’s band-
width absorbs the shift. Additional coupling is introduced by
connecting the antennas to the rectifiers.
Three serial rectennas using this geometry ensure that the

total harvested power is proportional to the amplitude of the
magnetic coupling across all three axes. Effectively, the

orthogonal arrangement spans the three-dimensional space,
ensuring that the superposition of the antenna patterns
eliminates the “null points” (blind spots) typically associated
with a single-axis magnetic dipole, as illustrated in Figure 6a.
By integrating three orthogonal loops, the system eliminates
angular dead zones summing to Vtot = ∑i|Vi|. The minimum
Vtot, min occurs when the field vector is aligned with one of the
three axes, while the maximum occurs when the field vector is
aligned equidistantly to all three axes (at π/4), resulting in a
harvesting gain Gharv between |Vi| and | |V3 i , i.e., a factor of up
to 3 relative to a single loop. This spatial dependence and the
resulting orientation-dependent gain are confirmed by the field
simulations shown in Figure 6b−d: panels (b) and (c) show
the spatially resolved relative harvested voltage Vtot/Vref for
normal alignment (0°, 0°) and rotated alignment (45°, 45°),
respectively, while panel (d) shows their difference, high-
lighting regions where the harvested voltage is particularly
sensitive to sensor orientation.
It should be noted that the lumped-element simplification in

eq 3 is only valid for electrically small loops. Once the loop
circumference exceeds approximately 0.1λ, the field can no
longer be assumed uniform over the loop area. Moreover, since
the antenna operates in the reactive near field of the resonant
cavity rather than under classical far-field conditions, the
surface integral of eq 2 must be evaluated directly.
Performance of the 5.23 GHz Energy Harvesting Interface

Since the induced signal operates at the system’s microwave
frequency of 5.23 GHz, a rectification circuit is required. Figure
7a shows the considered Shunt Diode Rectifier.45 This circuit
short-circuits the negative part of the sine wave and smoothes
the remaining positive half wave. This topology avoids placing
any diode in series with the load path, thereby avoiding an
additional forward voltage drop at the output. At the low input
power levels considered here, where the signal amplitude is
comparable to the diode’s threshold voltage, such a drop would
reduce the PCE.
This approach prevents the destructive interference that

would occur if the phase-shifted AC signals were combined
directly prior to rectification, although at the expense of an
increased component count and footprint. Not further
discussed in this paper is the application specific energy
density optimization, where a global optimum for the ratio of
energy storage size to harvesting architecture size (including
antennas, rectifiers and buffers) can be found.
To bridge the “dead zones” (nodes of the standing wave

pattern) encountered during the sensor’s trajectory, the system
employs a supercapacitor as an intermediate energy buffer.

Figure 6. Spatial analysis of a virtual triaxial loop receiver in the reactor cross-section. (a) Theoretical sensitivity pattern of the triaxial loop as a
function of the local H-field orientation. (b,c) Spatially resolved relative harvested voltage for (b) normal alignment (0°, 0°) and (c) rotated
alignment (45°, 45°). (d) Difference between (b,c).
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This ensures continuous sensor operation, data logging, and
data transmission, even when the instantaneous harvested
power drops below the required consumption threshold, while
introducing only a small energy storage for short term power
supply.
Instead of a single diode, a double-diode arrangement

utilizing Silicon Schottky barrier diodes D1 and D2 (Skyworks
SMS7630) is implemented to extend the maximum input
power capability and enhance overall efficiency. The selected
diodes enable operation at frequencies up to 24 GHz while
introducing restriction on the maximum voltage (breakdown
voltage ≤2 V per diode).
To ensure signal purity, a high-frequency (HF) lowpass filter

with a cutoff frequency of approximately 8 GHz is utilized to
suppress the 2nd, 3rd, and 4th order harmonics generated by the
nonlinear diode characteristics. Finally, a DC lowpass filter
( fcutoff ≈ 1 GHz) blocks any residual radio-frequency (RF)
power from flowing into the load. A spectral investigation of
the rectifier output revealed measurable spurious components
only at 5.23 and 10.46 GHz, both more than 36 dB below the
DC power. Due to their high frequency, these are irrelevant to
the powered system.
Due to the operation in the gigahertz range, precise

impedance matching is critical to minimize reflections and
maximize power conversion efficiency (PCE) ηPCE, on a size of
approximately 30 mm × 80 mm. Therefore, the rectification
circuit was designed on a Rogers RO4350B substrate (εr =
3.48, thickness 0.51 mm). It employs an input matching
network to adapt the diode impedance to the 50 Ω antenna
system, followed by a DC-blocking capacitor to isolate the RF
input. The fabricated prototype is shown in Figure 7b.

To characterize the manufactured board, a conducted
measurement setup, as depicted in Figure 8, is used. An RF
signal generator (MG3694B, Anritsu, Atsugi, Japan) mimics
the antenna signal, while a variable load resistance (Manger
Electronic) and a multimeter (VC608, Voltcraft, Hirschau,
Germany) capture the rectifier’s output VDC across the relevant
power range.
Figure 9 illustrates the PCE calculated from the measured

output voltage as a function of the input RF power and the

connected load resistance. The heatmap reveals a distinct
optimal operating region for the harvesting circuit. The peak
efficiency is consistently achieved at an optimal load resistance
of approximately 2 kΩ. Notably, this optimal load point
remains highly stable across the entire swept input power range
from 1 dBm to 10 dBm. At this matched load condition, the
rectifier reaches a maximum PCE of over 14% at 10 dBm input
power. Deviating from this optimum, particularly towards
higher resistance values above 5 kΩ, results in a significant
drop in conversion efficiency, which can be attributed to an
increasing impedance mismatch between the rectifying diode
network and the load. The achieved PCE of 14% reflects the
proof-of-concept nature of this work. The primary contribution
is not the maximization of rectifier efficiency, but the non-
invasive, cavity-based wireless powering concept for mobile
sensor nodes in metallic process vessels. Any resulting
reduction in available power can be compensated by increasing
the generator output, which is negligible compared to the
overall process energy demand. To reduce size and increase
PCE in future iterations, different approaches are summarized
and compared in Table 2 operating in the 2.4−5.8 GHz range.
Considering those approaches,46 appears particularly promis-
ing for miniaturization, reducing size below 2 mm due to the
applied CMOS manufacturing by yielding a PCE of 52%.

Figure 7. Microwave energy harvesting rectification circuit. (a)
Schematic diagram illustrating the input impedance matching
network, DC-blocking capacitor (C1), HF filter, double-diode shunt
rectifier (D1, D2), DC filter, and output smoothing capacitor (C2). (b)
Photograph of the fabricated prototype on a Rogers RO4350B
substrate, with the corresponding functional blocks annotated.

Figure 8. Schematic of the conducted measurement setup used to characterize the rectifier. The RF signal generator emulates the harvested
antenna power (Pin), while the rectified DC voltage (VDC) is measured across a variable load (RL).

Figure 9. Power conversion efficiency (ηPCE) as a function of input
power Pin and load resistance RL, bicubic-spline interpolated from the
measured points (black crosses).
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While the current proof-of-concept focuses on maximizing
the core RF rectification efficiency, deploying the sensor in a
highly dynamic fluidized bed introduces overvoltage risks.
Process-induced variations in relative permittivity, such as
those from liquid injection, can temporarily alter the cavity’s
resonant modes, causing spikes in local field strength. To
protect sensitive microelectronics in future fully integrated
sensor nodes, two complementary strategies are proposed. On
a hardware level, a miniaturized transient voltage suppression
(TVS) diode at the DC output could provide robust voltage
clamping without introducing parasitic capacitance at 5.23
GHz. On a system level, a closed-loop power control
mechanism could be implemented. By establishing a wireless
communication link, the sensor could provide real-time voltage
feedback to the microwave generator, enabling adaptive
regulation of the transmitted power to mitigate transient
variations and ensure stable operation. This communication
link might also be used for transmitting sensor data.
Due to the highly dynamic nature of the fluidized bed, the

continuous motion of the sensor nodes relative to the
microwave feed introduces a frequency deviation via the
Doppler effect. To accurately assess the impact of this
phenomenon on the PCE, the maximum expected particle
velocity must be evaluated. Pietsch et al.54 analyzed the vertical
particle velocity in a spouted bed, demonstrating that for the
majority of particles, the velocity does not exceed 2 m s−1.
Because particles in spouted beds typically experience higher
velocities than those in standard fluidized beds,55 even lower
particle velocities are expected for the process considered in
this work.
The maximum Doppler shift Δf is determined by the

relationship

=f f
v
c0 (6)

where f 0 is the 5.23 GHz carrier frequency, v is the relative
particle velocity of ≈2 m s −1, and c is the speed of light.
Assuming a conservative upper-bound velocity of v = 2 m s−1,
the resulting maximum frequency deviation is approximately
34.89 Hz.
Because this deviation is orders of magnitude smaller than

the carrier frequency, the detuning effect is physically

negligible. Consequently, it is concluded that the hydro-
dynamic motion of the particles does not degrade the stability
or efficiency of the high-frequency wireless energy transfer.
Performance Analysis for In-Line Energy-Harvesting

A key requirement for applying microwave energy harvesting
in this context is a low input power demand, which ensures the
overall energy efficiency and safety of the setup. To
demonstrate that the designed system meets this criterion,
the power requirements of the miniaturized single-loop
antenna (R = 1 mm, A ≈ 3.14 mm2, N = 1) operating at
5.23 GHz were evaluated, and the resulting safety margin
against diode breakdown was assessed.
First, the system’s operational boundaries are determined by

the induced voltage requirements of the rectifier’s Schottky
diodes (Skyworks SMS7630). The circuit requires a minimum
operation voltage of 60 mV, while the maximum breakdown
voltage is 4 V (comprising two diodes in series, each with a 2 V
maximum breakdown voltage).
Second, these voltage thresholds define the necessary local

magnetic field strengths, defined by (3). To maintain the
minimum operational voltage within the nodal regions, a field
strength of at least |Hdead| ≈ 462.5 mA m−1 is required.
Conversely, to prevent diode breakdown, the local magnetic
field must not exceed |Hmax| ≈ 30.833 A m−1.
These field limits can then be related to the simulated

magnetic field distribution inside the fluidized bed reactor. At a
nominal simulated input power of 0.5 W (27 dBm), the
baseline peak field reaches 12 A m−1. Because the injected
power scales with the square of the field strength (P ∝|H|2),
increasing this simulated peak field to the maximum allowable
30.8 A m−1 corresponds to a power increase factor of
approximately 6.6 (≈8.2 dB).
Consequently, an actual input power of roughly 3.3 W

(35.19 dBm) is sufficient to drive the miniaturized sensor
node. This assessment shows that the system meets the low-
power requirements for microwave energy harvesting, allowing
for continuous operation using standard, low-cost microwave
signal sources.
Furthermore, system planning must account for additional

power losses. Pre-diode losses, such as flange coupling, cavity,
process-medium, and antenna mismatch losses, allow com-

Table 2. Comparative Summary of Representative RF Energy Harvesting and Rectenna Designsa

ref
freq

(GHz) antenna type & size pol./orient. topology
Pin

(dBm)
RL

(kΩ)
ηPCE
(%) application

Mohamed et
al.47

4.0−5.5 CP leaky-wave (297 × 70 mm2) circ., ±21° scan volt. doubler (SMS7630) 0.0 2.5 53.8 free-space 5G
midband

He et al.48 2.45 dual-pol. patch (67.6 × 67.6 mm2) all lin. pol.
(2D fixed beam)

dual-port (HSMS282) 23.3 0.4 82.2 free-space WPT

Deng et al.49 5.80 CP microstrip slot (45 × 45 mm2) circ., fixed V. doubler (HSMS-286C) 5.91 1.8 60.0 free-space WPT
Shi et al.50 2.50 broadband slotted patch (35 × 50 mm2) lin., fixed V. doubler (HSMS-2852) 5.0 4.0 70.0 ambient LTE

(2.0−3.1 GHz)
Reed et al.51 2.40 patch (36 × 32 mm2) lin., fixed dir shunt schottky

(SMS7630)
5.2 2.0 69.3 free-space WPT

Wang et al.52 5.80 CP stacked patch array (25.9 × 25.9 mm2) circ., fixed parallel subrect.
(HSMS286F)

∼13 0.24 80.6 free-space WPT
(CubeSat)

Assimonis et
al.53

0.868 strip-SSRR
(d = 19.2 mm, h = 52.1 mm, ka = 0.53)

omni-az., lin. vert half-wave (HSMS285B) −4.9 2.2 36.6 ambient batteryless
sensor

Dang et al.45 5.80 �(conducted) N/A lateral GaN Schottky 34.0 0.3 71.0 circuit benchmark
Dehghani et
al.46

5.75 �(chip, 0.35 mm2) N/A class-DE sync. CMOS
rect. (65 nm, bidir.)

5.0 0.4 52 chip benchmark
(50 Ω port)

this work 5.23 triaxial loops (R30 × 80 mm PCB) Full 3-D isotropic shunt double-SBD
(SMS7630)

10.0 2.0 14.0 metallic cavity;
fluidized node

aEntries are ordered by decreasing antenna footprint.
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pensation via increased generator input power. The diode
breakdown voltage bounds this compensation to |Hmax|. Post-
diode losses, including diode junction capacitance, switching,
and supercapacitor storage losses, resist input power
compensation. Circuit and system design must minimize
these downstream losses. Considering the maximum output
voltage per rectifier of 4 V and the system gain of 3 , the
available power reaches up to 23 mW at the optimal load
resistance of 2 kΩ. This is sufficient to supply a wide range of
miniaturized sensors, including temperature, IMU, and
pressure sensors, which typically consume between 100 μW
and 5 mW during active measurement,56−58 noting that
continuous measurement is not expected to be required in the
target application.

■ CONCLUSIONS
This work establishes the feasibility of a wireless power transfer
system for mobile sensor nodes within metallic apparatuses by
treating the vessel as a resonant cavity. The concept was
validated through electromagnetic simulations, which indicated
that an input power of 3.3 W could be sufficient for powering a
sensor node, suggesting a highly efficient power transfer
mechanism. A hardware prototype of the energy-harvesting
rectenna was also developed and characterized, achieving a
power conversion efficiency of about 14% at 5.23 GHz
confirming the viability of the core components. The
comparably low PCE can be improved by more precise
impedance matching.
For practical implementation, several aspects warrant further

development. The current findings are based on simulations
and laboratory measurements, making testing within an
environment as close to a real dynamic process environment
as possible the next necessary step. The study notes that
process dynamics, such as liquid injection, can introduce
transient loading and frequency shifts, though the underlying
assumptions for this water spraying require validation. These
effects underscore the need for future designs to incorporate
robust overvoltage protection and a closed-loop power control
system to ensure stable and reliable operation. A closed-loop
power control system would additionally increase the robust-
ness of the concept across a wider range of process conditions
and reactor configurations.
Scaling the proposed concept to larger reactor geometries

primarily requires an increased generator power to maintain
the local field strength |Hmax|, as the same standing-wave
pattern is distributed over a larger volume. Both, a change in
reactor size, and a change in reactor geometry alter the
resulting mode pattern and therefore require a dedicated
electromagnetic simulation, following the methodology pre-
sented in this work. Beyond fluidized beds, the underlying
requirements, a metallic, resonance-capable enclosure and a
mobile sensor node traversing the field, are not specific to this
process type and could in principle extend to other agitated or
flow-following sensing applications, provided the process
medium does not introduce excessive dielectric loss, as
discussed. Consequently, possible applications include for
example solids mixing and high-shear granulation processes as
well as flow of bulk materials such as discharge from a hopper.
Furthermore, this investigation was focused on the power-

harvesting unit. A fully functional system will require the future
integration of sensor payloads and a data transmission module.
Miniaturizing all subsystems into a single particle with

appropriate physical properties to match the process medium
also remains a key objective for future work.
In summary, this research provides a strong foundation for a

novel wireless powering application. By addressing the outlined
areas for future work, such as system integration, miniatur-
ization, and the implementation of control and protection
circuits, this approach has the potential to enable advanced in
situ process monitoring for improved process control and
contribute to the development of self-regulated reactors.
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