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Abstract—Monitoring large civil structures during con-
struction and over their entire lifetime is key to predicting
structural weaknesses and providing predictive mainte-
nance. Existing approaches to structural health monitoring
typically rely on wired or wireless sensors placed on the
exterior of the structure. These approaches, though easy
to power and replace and provide useful information, fall
short of measuring what is happening deep within the
structure itself. Wireless sensors embedded inside are par-
ticularly attractive for this type of applications, but its life-
time is limited by battery capacity. Charging these sensors
has been the bottleneck. Existing wireless power transfer
approaches based on electromagnetic propagation suffer
heavy attenuation due to the high dielectric absorption of
the dense concrete. To resolve the issue, the limitation
of dielectric absorption is tackled with a novel physical
layer. In this work, power transfer is built on the fact that
nearly all concrete structures are reinforced with steel bars,
also known as rebar, to provide tensile strength. Instead of
transferring power over a few centimetres of concrete with
a large transmitter, the reinforcing steel can act as a conduit
for extremely low frequency (<200 Hz) magneto-inductive
fields. To exploit the energy conduction via the magnetic
conduit, an equivalent circuit based on physical model
of multi-coil coupling over rebar is derived and mathe-
matically analysed. Practical experiments demonstrate that
the transmission distance of rebar-rebar coupled wireless
power transfer is an order of magnitude further than air-
concrete coupled wireless power transfer, allowing sen-
sors to be realistically powered at distances approaching
700 mm.

Index Terms—Magnetic resonant coupling, wireless
power transfer, wireless sensor networks.

I. INTRODUCTION

ENERGY harvesting and wireless power transfer (WPT)
have become a heated topic as a result of challenges in

powering mobile and sensor devices. Within the umbrella of
WPT, the three most widely known mechanisms are inductive
coupling [1], [2], strongly coupled magnetic resonance [3]–[5]
and far-field radio frequency harvesting using a rectenna [6],
[7]. In recent research, WPT has been explored as a sustainable
energy supply for wireless sensor networks (WSN) [8], [9],
and structural health monitoring (SHM) [10], [11]. Long-
term structural health monitoring, in particular, is the key
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to providing information about the safety and performance
of large civil structures (e.g., bridges and buildings). This
work will thus focus on challenges of acquiring sensor data
from within the structure itself, i.e. embedded within concrete
beams, pillars and foundations.

Wired sensors are extensively used but complex to install
and connections are prone to break in case of structural
damage. More critically, the wire ingress point can accelerate
water seepage, increasing corrosion of the steel reinforcing
[12], [13]. Wireless sensors, on the other hand, bear nu-
merous advantages in terms of deployment flexibility and
operational robustness. However, it is clear that for long-term
deployments of concrete-embedded sensors, primary batteries
are not a viable option. The majority of WSN-based power
transferring techniques target operation in free-space, i.e.
transmission of power through air. However, WPT through
obstacles (e.g., concrete, soil and pipeline) has been under-
investigated. Penetration, reflection and attenuation losses can
be very challenging for such power transmissions. Charging
embedded sensors through obstacles is more critical in these
applications due to the impossibility of replacing batteries
without damaging the structure. This is particularly important
for critical civil infrastructures that typically demand long-
term condition monitoring over decades. To this end, recent
work has demonstrated the feasibility of powering a sensor at
a depth of 9 cm within reinforced concrete using a 900 MHz
carrier, with an efficiency of 1.32 % [14]. Downhole telemetry
using modulated reflectance was investigated for oil-well mon-
itoring [15], [16], which indicated the possibility of using a
pipeline as a waveguide. In general, magnetic resonance based
WPT within concrete can achieve a range of several millime-
tres to centimetres [17]. The short transmission range results
from high moisture content in concrete that leads to significant
electromagnetic absorption, as well as the rebar mesh structure
inside concrete that causes Faraday cage shielding. Alternative
approaches like piezoelectric energy harvesting [18] have been
applied to SHM to supply microwatt levels of power, but this
depends on sufficient vibrations of the structure, which is not
always the case (e.g., foundations or piles).

This research proposes a new WPT method for wireless
sensors nodes embedded deep inside concrete. Unlike previous
work attempting to avoid the rebar’s lossy impact, the rebar is
exploited as an efficient conduit for very- and extremely- low
frequency magnetic fields (<200 Hz). Both circuit theory and
numerical simulations of rebar channel are analysed to explain
how low frequency magnetic fields propagate through a steel
rod. Although rebar cage, rebar net, and single rebar have
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Fig. 1. Conceptual model of the proposed system.

different geometric structures, this paper primarily studies the
physics phenomena of a single rebar. Based on the theoretical
and numerical model, the key factors are discussed to optimise
WPT, allowing around 1 Watt to be delivered at a range of
0.1 m, and several mW to be harvested up to 0.7 m from
a 10 W transmitter, whilst using miniature 25-mm-diameter
coils. The transmission distance is approximately an order
of magnitude deeper than prior work [14] and opens up the
possibility of new wireless sensing applications. This work
further presents a system design and demonstrates that the
experimental and theoretical results coincide in laboratory
tests.

In particular, the contributions of this research work are:
• A novel analytical model describing the coupling through

the rebar, which employs a novel inductive constant-
phase-element.

• Validation of the model through extensive simulations and
practical experiments.

• Demonstrations of miniature coils’ power transfer over
long distance through the rebar core, sufficient to charge
an embedded low-power sensor.

The paper is organised as follows: Both the circuit and
physics of rebar coupled WPT in theory are presented in
Section II. The equivalent circuit representing rebar guided
WPT is also derived. In section III, the rebar guided WPT is
designed, fabricated and measured systematically. The mea-
sured results are further compared with the analytical and
simulated results.

II. THE REBAR-WPT PRINCIPLE

A. System Overview
The transmitters and receivers are formed by coils wrapped

around the steel reinforcing in a rebar-rebar coupled WPT
system, as the high-level conceptualisation of proposed system
shown in Fig. 1. Sensors embedded within concrete beams and
foundations can be wirelessly powered by exploiting existing
reinforcing steel. Intermediate resonator nodes can boost the
effective coupling to more distant receivers. The transmitter
can be externally powered (e.g., through a solar panel) for

(a)

(b)

Fig. 2. Simulated magnetic flux density from the transmitter (left coil) to
the receiver (right coil) in cross-sectional view. (a) Rebar Channel (b) Air
Channel / Logarithmic Tesla in Base 10.

continuous monitoring in critical applications (e.g., founda-
tions and beams). It can also be employed as intermittent
nondestructive testing (NDT) after significant events like an
earthquake or bridge strike, where the building inspector can
place a transmitter at the test point and query embedded
sensors. To relay energy to end nodes more efficiently, the
intermediate resonators are also analysed. The rebar itself acts
as a core, and as such, behaves like a conduit for the magnetic
flux. The nodes and the rebar itself are encased in concrete.

The magnetic flux density is simulated with a nominal
1 W power supply for both air-channel and rebar-channel.
Both are tuned at best efficiency after optimisation. As
Fig. 2 (a) shows, the rebar functions as a magnetic conduit,
concentrating the flux density linearly along the steel core.
In contrast, in Fig. 2 (b) the flux density in air close to
the coil is very high, but rapidly vanishes in the near field
due to the exponential decay as well as loose coupling.
Unlike WPT through air, the rebar-rebar WPT channel has
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several complex physical factors coupled with each other.
The complex transmission mechanism is disentangled into
separate physical elements, explaining the properties of each
element, and eventually formulating an analytical equivalent
circuit of the rebar channel.

B. Physical Elements

1) Rebar Material Properties: Steel reinforcing is specified
by structural engineers according to the needs of the structure
and the predicted loads. Rebar can range in diameters from
20 mm to 50 mm and comes in various grades, corresponding
to different strengths and costs. The most widely employed
type, in buildings and non-critical infrastructure, is low-carbon
steel, also known as mild steel. Due to its ubiquity, mild steel
is used throughout this research, but steels of other grades
are also discussed for completeness. Table I lists the electric
and magnetic properties of most commonly used steels in the
construction industry. Compared to air and concrete with an
approximate permeability of 1, the permeability of mild steel
can reach up to 280 [19], which concentrates the magnetic flux
along the material. As an initial approximation, this increases
the coupling between coils by over two orders of magnitude
relative to air. However, as discussed below, other factors act
to reduce this coupling.

For high tensile strength or corrosive applications, stainless
steels are used. Ferritic stainless steel and Martensitic
stainless steel can perform even better for WPT due to higher
permeability and resistivity. However, there is a special case
in Austenitic stainless steel, which is non-magnetic, as the
proposed WPT method only works effectively with magnetic
materials. This is due to the heat treatment in the metallurgical
casting process. Note that even for conventional magnetic
SHM method like Magnetic particle inspection (MPI),
Austenitic stainless steel can not be tested [20]. In this
case, this proposed method does not consider non-magnetic
materials.

2) Eddy Currents: An externally time-varying magnetic
field induces a perpendicular current flow in a conductor,
termed an eddy current. This current, in turn, induces a
secondary magnetic field that opposes the primary magnetic
field, partially cancelling it out. As a result, the magnetic flux
density is large near the surface of the conductor, and decreases
inside the conductor. This undesired effect increases overall
magnetic reluctance, which can be prominent as frequency
increases.

On the assumption that applied materials are homogeneous,
power losses W caused by eddy currents are given by [21].

W =
π2

6

σ d2J2f

δ
(1)

The related parameters can be found to determine the loss,
σ is the electrical conductivity, d is the thickness of the
magnetic conductor, J is the magnetic polarisation, f is the
frequency and δ is the density of the material.

TABLE I
MAGNETIC AND ELECTRICAL PROPERTIES OF STEEL MATERIALS [19],

[22].

Type of Relative Resistivity
Steel Permeability (µΩ · cm)

Low-Carbon Steel 100-280 18
Ferritic Stainless Steel 1000-2600 60

Martensitic Stainless Steel (annealed) 750-950 55
Martensitic Stainless Steel (hardened) 40-95 55

Austenitic Stainless Steel 1-7 72-90

3) Hysteresis Loss, Quality Factor and Operation Fre-
quency: When the coil is conducting current in one direction,
it generates magnetic fields that magnetise the rebar material.
This magnetisation is left behind within the rebar when the
imposed current is removed, and is referred to as the remanent
magnetisation. By applying a field in the opposite direction,
the remanent magnetisation is removed with an associated
energy loss (as heat), namely hysteresis loss. The Hysteresis
effect indicates that low operating frequency will be more
efficient due to lower remanent magnetisation energy losses,
as shown in the formula below,

Pb = ηBn
maxf (2)

where Pb is the hysteresis loss per unit volume, η is Stein-
metz hysteresis coefficient depending on material, Bmax is
maximum flux density, n is Steinmetz exponent, ranging from
1.5 to 2.5 depending on material, and f is the frequency of
magnetic reversals per second.

The quality factor (Q factor) describes the resonance be-
haviour of the coupled coil power transfer system. A higher
Q factor allows the transmitter and receiver to resonate with
greater amplitudes. An ordinary WPT can be simplified as a
series circuit with a resistor, an inductor, and a capacitor,

Q =
1

R

√
L

C
=
ωL

R
(3)

where R is equivalent resistance, L is equivalent inductance,
which includes mutual inductance and self-inductance, C is
additional capacitance, and ω is angular frequency. The Q
factor is frequency dependent and a high Q factor is easier
to achieve with a higher resonating frequency.

Clearly, there must be an optimal operating frequency that
balances the increase in energy transfer with high Q-factor
and hysteresis loss. As shown in experimental results in the
following sections, the operating frequency is critical for
transmission efficiency.

4) Coil Geometry: The rebar forms a path for conducting
the magnetic field. The winding height and length, and air
gap between the rebar and coil result in another path for
the magnetic flux to take. In the case, when a coil has a
considerable winding height, the second path needs to be
taken into consideration. The air path has a higher Q and
transmits power more efficiently at higher frequencies without
hysteresis and eddy current losses. However, the coupling
of the air path decays significantly as the transmission
distance increases. On the contrary, the rebar path has
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higher permeability than air, which conducts the magnetic
field better over longer distances. To conclude, a long, flat
solenoid transmits power more efficiently over long ranges.
Conversely, a thick, short coil with many deep windings
performs better over short ranges. This trade-off between coil
size and transmission range can be optimised depending on
application constraints.

5) Variable Self-inductance: Generally, magnetic cores can
be classified into two categories, namely open core and closed
core. The rebar is considered as an open core with a large
air gap. Based on magnetic circuit analysis, the magnetic
reluctance surrounding the air gap is larger than the reluctance
in other parts along the rebar. The magnetic flux distribution
near the gap is altered due to reluctance variance. As a coil
moves axially along the rebar, its magnetic flux through the
rebar is reduced, leading to a drop in self-inductance.

C. Circuit Theory

As mentioned previously, a simple WPT model based on
coupled air-core coils [23] is shown in Fig. 3 (a). The basic
circuit model of a coil consists of an inductor and a resistor in
series connection. The inductance encapsulates self-inductance
and mutual-inductance, where the mutual-inductance is a result
of other coupling with adjacent coils. Both DC and AC
resistance contribute to the overall resistance. This WPT model
typically operates in the high frequency band (tens of MHz),
where AC resistance can be considerably large.

Although equivalent circuits have been extensively re-
searched for WPT during the past decade, most are limited
to air-core transmitter coils and receiver coils. However, the
design and optimisation of power transfer can be very different
depending on the core and intermediate medium. For instance,
transferring power through tissue for biomedical capsule endo-
scope [24] is a challenging research area. RamRakhyani et.al,
Jow and Ghovanloo [25], [26] derived a more comprehensive
circuit model that takes into account the biological tissue as
the transmission medium. This can be applied in biomedical
applications to charge implanted or encapsulated devices. As
shown in Fig. 3 (b), the model introduces a parallel parasitic
capacitance due to tissue effects.

In our system, the coil winding around ferromagnetic rebar
introduces a dependent coupling between the air path and
rebar path, rendering existing circuit theory unable to describe
the power transmission mechanism. In this research, a new
equivalent circuit model is derived by abstracting the multi-
coupled physical effects in both paths.

The magnetic flux surrounding a coil in a simple WPT
model is shown in Fig. 4 (a). The rebar core alters the flux
pattern, as shown in Fig. 4 (b), concentrating the flux non-
linearly along the axis of the core. This effectively creates two
magnetic flux paths: one through the air and another along
with the rebar. Both paths are represented in detail in the
analytical model. The equivalent circuit is shown in Fig. 3 (c).
The overall current in a coil consists of an induced current
iu via a non-ferromagnetic path (e.g., air and concrete), an
effective current ie via ferromagnetic path (e.g., rebar) as well
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Fig. 3. Coil equivalent circuit for (a) Air WPT (b) WPT through biomedi-
cal tissues (c) Rebar WPT.

(a) (b)

Fig. 4. Magnetic flux lines around a current carrying coil (a) for air core
(b) for rebar core.

as parasitic current ip due to the high dielectric constant of
the concrete. While the induced current and effective current
increase the achievable energy transmission distance, the para-
sitic current decreases the energy. Like the simple WPT model,
the mechanism of non-ferromagnetic path remains the same.
However, the ferromagnetic path works in a different way,
which requires a novel formulation.

To correctly model the coupling in circuit theory through
the ferromagnetic path, a constant phase element (CPE) is
introduced to best represent the complex multi-coupled physics
mechanism, extending the prior model [27]. A CPE is widely
used to represent the imperfection of real-world capacitors
and batteries due to electrochemical effects such as the ex-
istence of ionic charge carriers [28] or blocked diffusion in
electrodes [29]. The effect of a CPE is to add a constant phase
offset to a Nyquist plot, effectively compressing the radius
of the magnitude-phase semicircle. The CPE parameter is
often determined or fitted in electrochemical impedance spec-
troscopy (EIS) from a real capacitor’s impedance response.
In addition, a constant phase effect has been previously used
to model steel’s electrical properties in the time domain [30],
[31]. To the best of our knowledge, this is the first work that
has demonstrated how it can accurately represent magnetic
properties in WPT and is validated by experimental evidence.

A CPE has two elements, the inductive element and the
resistive element. Since the CPE’s phase does not alter with
frequency, its resistive component increases rapidly along with
inductance as frequency increases. On one hand, the undesired
resistance of ferromagnetic path can lead to higher losses. On
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Fig. 5. Equivalent circuit for Rebar-guided WPT.

the other hand, it also has a stronger mutual coupling link
between multiple coils over longer distances. The high loss
and high coupling are regarded as a contradictory trade-off
which needs to be optimised. It is worth to point out that
despite the losses in the rebar path due to the resistance in
CPE component, it has a much higher coupling compared to
air, especially over long distances.

To integrate a completed WPT system, a matched capacitor
C tunes the circuit into resonance. As the transmission oper-
ates at very low frequencies (<200 Hz), this capacitor needs
to be relatively large. To simplify the circuit, the parasitic
capacitance is neglected. The circuit model is composed for
multiple coils, including a transmitter, a receiver and multiple
resonators as shown in Fig. 5. The effective coupling is
represented as Φij which is a measure of the mutual linkage
between the ith coil and the jth coil,

Φij = Ae−px −Be−qx, (4)

where A,B, p, q are derived empirically from experi-
ments/simulations and x is the distance between the coils.
Define the load voltage at receiver is VL equals to RLIL. n is
the number of coils.
Apply Kirchhoff’s law in the transmitter,

Vcoil1 = VS − (RS +XC1
)I

1
(5)

where, Vcoil1 is the output voltage across the coil, XC1
is the

reactance of the additional capacitance, VS and RS are the
voltage and inner resistance of the AC source, respectively.
Based on coils’s equivalent circuit for Rebar WPT in Fig. 3 (c),
the equation (5) can be written as,

Vcoil1 = iu1
ZU1

+

n∑
i=2

Φ1iiui
(6)

ZU1
= R

1
+XU1

(7)

where ZU1
is the overall impedance, R

1
accounts for ohmic

losses of winding (i.e. copper losses), XU1
represents the

equivalent reactance of coil, iui
is induced current flow in

the ith coil, Φ1i is mutual coupling between transmitter and
the ith coil. For the ferromagnetic path,

Vcoil1 = ie1ZE1
(8)

ZE1
= Re1 + CPE1 (9)

where ZE1
is the overall impedance in the ferromagnetic

path, Re1 is the parallel resistance, CPE1 is the equivalent
impedance due to magnetic conduction and resistance in rebar
core.
Based on (4)− (9), the voltage at the source can be obtained:

iu1 [ZU1 +
(RS +XC1

)(ZE1
+ ZU1

)

ZE1

]+

n∑
i=1

iui
Φ1i[

RS +XC1
+ ZE1

ZE1

] = VS

(10)

Similarly, the jth resonator can be derived as

iuj
[ZUj

+
XCj(ZEj + ZUj)

ZEj

] −
n∑

i=1

iui
Φji(

XCj + ZEj

ZEj

) = 0

(11)
Therefore, the matrix of this model can be derived as (12). By
characterising a rebar-core coil through impedance analysis or
numerical simulation, the matrix can be used to determine the
system efficiency.


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III. DESIGN, IMPLEMENTATION AND EXPERIMENTAL
VERIFICATION OF THE WPT SYSTEM

A. System Setup
Our aim is to design a system that can couple the maximum

flux into the rebar and then extract the maximum energy
out of it. This is considered to be an optimisation problem
with several variables, including operating frequency, resonant
tuning capacitance, wire thickness and number of turns. The
constrains of the system and numerical computations are
imposed as follows:

1) Dimension: The rebar used in these experiments has a
length of 800 mm and diameter of 20 mm. The inner diameter
of the solenoid coil is set to be 20 mm. The outer diameter
and length are limited to 35 mm and 25 mm, respectively.
The limitation on size is to satisfy deployment requirements
in practical construction process. For simplicity, all coils are
made identical, although a heterogeneous arrangement for
transmitters, resonators and receivers could yield efficiency
improvements. Note that considering the size and diameter of
coils, it is extremely challenging for WPT to transfer power
over hundreds of millimetres, i.e. over a hundred diameters.

2) Load Impedance: An energy harvester designed for high
voltage spikes (e.g., piezoelectric harvester) has a high input
impedance. In contrast, a 10 Ω small load impedance is applied
to match our coil model and power conversion circuit.

3) Power Supply: A normal charging power of 10 W source
is used at the transmitter. This is easily achievable in structural
health monitoring applications with a small, external solar
panel. This can easily be increased to tens or even hundreds
of watts depending on the application.

4) Numerical Setup: In addition to the analytical model, a
numerical model is further established based on finite element
simulation software (COMSOL). Finite element analysis dis-
cretises the physical space and then solves boundary value
problems between adjacent cells. Non-linear ferromagnetic
materials is introduced in simulation. The geometric properties
for numerical setup is the same as those used for experimental
setup, and material properties in COMSOL analysis were
initially based on the parameters listed in Table 1 but optimised
through empirical studies.

5) Computational Setup: In terms of the computing time,
each run takes approximately three minutes on a workstation
(Intel Xeon CPU E5-1603 v3 @ 2.80G x 4). In light of the
dimensionality of the search space, the model is excuted on a
1024-core computer cluster (8 nodes x 16 CPUs x 8 cores),
which can compute the same programme in approximately
100 ms for each run. Therefore, for the numerical model
the transmission efficiency can be optimised over multiple
dimensions (e.g., frequency, distance, number of turns, gauge,
capacitance).

B. System Implementation
Fig. 6 illustrates the characterisation of rebar-core coil by

using a Keysight E5061B Vector Network Analyser (VNA).
The VNA has a frequency range from 5 Hz to 500 MHz. The
coil’s leads are connected to VNA through test fixture. By
analysing the impedance, the effective coupling parameters Φ

Fig. 6. Configuration for rebar-core coil characterisation.

Fig. 7. Test environment for power transmission through rebar.

can be derived. The test environment of the rebar-WPT system
is shown in Fig. 7.

A major challenge is harvesting power from low voltage
sources. For example, assuming a coil power of 1 W is applied
at 20 Hz, the voltage at a distance of 700 mm away from
the transmitter is only 14 mV RMS (impedance matched for
optimal efficiency). From Faraday’s law, the low rate of change
of flux linkage with time makes the induced voltage small.
Therefore, a cascaded circuit is designed to draw energy from
milivolts, which includes a Charge Pump, a Voltage Booster
and a Storage Recifier as shown in Fig. 8.

The charge pump is an 8-stage voltage multiplier, which
consists of MOSFET arrays. Ultra low supply voltage of
10 mV and nanowatt low power operation Advanced Linear
Devices ALD210800 MOSFET is employed in these exper-
iments. An optional step-up transformer with ratio 1:10 can
be connected following the charge pump to further increase
voltage level. The voltage booster can output the voltage to
6 V starting from 2 µW and 60 mV. The Storage Rectifier will
store the energy in a 0.1 F supercapacitor. When sufficiently
charged, the power good (PGOOD) signal is used to power-up
the circuitry. The rectifier provides a stable 3.3 V supply to
microcontroller. The Ambiq Apollo microcontroller employed
has quiescent current of nanoamps and works at 35 µA/MHz.

ABS coil formers were 3D printed. 400 turns of 1 mm
diameter solid core copper wire were wound into the form
stacking into 20 layers. The coil was thus around 25 mm wide
by 15 mm high in cross-section. Tolerances between coils were
less than 0.5%, tested by an impedance analyser. The data
acquisition unit NI 7856R DAQ was used to collect data. The
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Fig. 8. Block diagram and photograph of our prototype node, showing
main components.

Fig. 9. Validation of power transmission along an 800 mm rebar with a
transmitter and a receiver cast in concrete.

rebar and coils were cast into concrete in the final experiment
to thoroughly validate the predictions, as shown in Fig. 9.
However, due to the large number of test points involved
for data collection and the difficulty of setting up experiment
solely with concrete, this experiment uses test results derived
from a combination of concrete test points and sand test points.

C. Experimental Results

A close correspondence between the numerical, analytical
and experimental characterisation of a single coil coupled to
the rebar-core are shown on a Bode Plot in Fig. 10. Both the
magnitude and phase plots illustrate a strong correspondence
between the numerical and analytical results. The experimental
results are in strong correspondence over 100 Hz. Below
100 Hz, the errors are likely to be a result of the VNA as
it worked near its frequency limit. The result highlights the
importance of the inclusion of the CPE in the analytical model,
without which the phase error would be significantly higher.
This justifies the use of the CPE, a component which has not
been used before in a WPT model.

Given a 10 Watt power supply, the harvested energy are
analysed in numerical, analytical and experimental results in
Fig. 11. Fig. 11 (a) shows the power harvested at receiver
against distance along a rebar at 20 Hz and 80 Hz respectively,
with a 10 W input power. The received power of WPT mea-
sured across a 10 Ω resistor. The analytical results are based
on the circuit theory model derived in Sec. II with parameters
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Fig. 10. Bode plot of rebar-core coil in numerical simulation, exp
erimental results and derived circuit model (a) in magnitude; (b) in
phase. .

fitted from the numerical model, as shown in Table II. These
results further demonstrate that the simulated, analytical and
experimental results are in very close correspondence, showing
that the underlying physics of the rebar channel have been
accurately modelled. At a transmission frequency of 20 Hz,
it can be seen that 10 mW can be harvested at 400 mm and
300 µW at 700 mm.

The harvested power with variation in operating frequency
is shown in Fig. 11 (b). As a baseline, the results of air-
coupled coils are also included, which are tuned to resonate
with same dimensions, operating at 13.56 MHz (e.g., using
the QI standard [32]). Although the air-coupled WPT at short
distances leads to higher efficiency, it rapidly falls off beyond
a 3-coil diameter’s transmission distance, with a 60 dB/decade
loss. For the rebar-coupled WPT model, it can be seen that
at higher frequencies (e.g., 80 Hz), efficiency is high at short
distances but the slope of the rolloff is higher than at lower
frequencies (e.g., 20 Hz). Note the coil dimensions are the
same, both air-channel and rebar-channel are optimised at
best efficiency. The system can deliver around 300 µW at
a distance of 700 mm under 20 Hz. It is relatively simple
at these frequencies to inject tens or even hundreds of watts
with an amplifier to increase the amount of power that can be
harvested or to extend the overall distance.

The operating frequencies were swept from 5 Hz to 200 Hz
with 5 fixed transmission distances. Fig. 11 (c) shows the opti-
mal frequency drops as the increases of transmission distance.
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Fig. 11. Harvested power results (a): at receiver against distance along a rebar at 20 Hz (purple) and 80 Hz (blue); (b): versus distance at various
frequencies; (c): versus frequencies at various distances, (d): are enhanced by using intermediate unloaded resonators. Harvested power results
in (b) (c) (d) are produced from numerical results. .

TABLE II
REBAR CORE COIL PARAMETERS.

L (mH) R (Ω) Rp (Ω) CPE-T (S) CPE-P

121.3 4.01 1.246 5.62 -0.73

A B p q

26.67 14.55 6.04e-3 10.7e-3

This is caused by self-inductance variance and change in the
dominant path i.e. the ferromagnetic or non-ferromagnetic path
(through concrete, rather than along the rebar). For a shorter
transmission distance of 50 mm, a high power of around 1.5 W
was obtained at relatively high frequency at around 50 Hz.
However, for a longer transmission distance of 0.2 m, a peak
power of 100 mW was harvested at lower frequency 25 Hz.
This further validates that in the case of short distance, the
non-ferromagnetic path allows resonance at a higher frequency
with higher power harvested as illustrated in the previous
section.

Power transfer can be further improved by introducing
intermediate resonators as shown in Fig. 11 (d), acting as a
lumped transmission line. The harvested power is compared
from zero to three resonators over various distances. The
resonators are spaced evenly between transmitter and receiver.

Note that resonators can switch roles and act as receivers easily
by just turning on or off the their load circuitry (e.g., a sensor
in this case). In the case of three resonators, the amount of
power is increased from around 500 mW to 1 W at 0.1 m,
and improved from around 300 µW to around 2 mW at 0.7 m.
This result demonstrates that useful amounts of power can be
harvested at significant distances by employing intermediate
sensors along the rebar which can act as resonators.

IV. CONCLUSION

In this paper, the reinforcing steel within concrete structures
was studied as a conduit for very low frequency magnetic
fields. Multiple coupled physics effects were disentangled
behind this simple idea of power transmission though rebar.
Based on these physics effects, a new circuit model was
introduced, which brought the CPE to the WPT family, in
order to model the power transmission mechanism of coils
along the rebar core. The close correspondence between ana-
lytical, numerical and experimental results indicated that CPE
represented the model accurately. In addition, the dual-path
effects were further analysed including ferromagnetic path and
non-ferromagnetic path, as well as each one’s impact on trans-
mission performance. Power transmission was optimised in a
finite element model in high dimension search space, including
operating frequencies, tuning capacitors, number of turns,
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gauges, working distances etc. Intermediate resonators were
also introduced to boost power efficiency. A receiver circuit
was established, which could harvest micro-watt level power
from milli-volts voltage. The results were further validated
from experiments even with a piece of cast concrete. This pa-
per serves as a first step to creating sustainable energy supply
for embeddable structural health sensors. The ferromagnetic
channel can be further developed as a communication channel
to drive integrated wireless power and communication in future
work.
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