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Abstract – Wireless power transfer has become a trend-
ing research area for remotely transferring power. This
paper presents the numerical simulation study of selec-
tive wireless power transfer to closely spaced wireless
sensors embedded in reinforced concrete. A selective
microwave wireless power transfer is achieved at a
10 mm separation between tightly-coupled monopole
antennas (wireless sensor antennas). Both tightly-
coupled wireless sensors operate at 2.45 GHz, hence
beating the diffraction limit at λ/12 with the incorpo-
ration of additional scatterers in the reinforced concrete
environment. The main objective is to realize selective
wireless power transfer to wireless sensors with sub-
wavelength separation (closely spaced) to which one
makes the power request. Here, the presence of meta-
structures creates some randomness serving as scat-
terers in the use of the electromagnetic time-reversal
technique which enhances the spatial refocusing beyond
the diffraction limit. This implies that the focal spot is
less than half of the carrier wavelength at the operating
frequency. At any time that one of the tightly-coupled
sensor antennas sends a power request, power will be
transferred to it alone. Cases of dry concrete with and
without reinforced bars have been studied with electro-
magnetic time-reversal techniques for the closely spaced
sensors embedded in concrete.

Index Terms – electromagnetic time reversal, sensors,
super-resolution, wireless power transfer.

I. INTRODUCTION
There is increasing demand for wireless devices

for various applications such as wireless power transfer
[1–4] and electronic toll collection systems [5]. Antennas
play crucial roles in wireless power transfer hence the

need for an optimum design. In [6], the authors proposed
the design of a dipole antenna with matching network
using genetic algorithm (GA) optimization. The antenna
designed in [6] comprised of a loaded wire dipole and
matching network, in which loads and matching net-
work were optimized by the GA in order to enhance the
antenna’s performance. In [7], an orthogonally integrated
hybrid antenna for intelligent transportation systems was
proposed. The authors in [1] studied a near field wireless
power transfer to sensors embedded in concrete under
different scenarios. However, the action distance for this
system is not large. Many wireless devices in the era of
the internet of things need to be powered and kept on to
perform their intended functions. Most of these devices
run on batteries which need to be replaced after they run
down or get trickle charged in their active service life. In
the literature, numerous methods for charging such bat-
teries to enable them to stay in active service over pro-
longed periods have been proposed.

Wireless power transfer has gained increasing atten-
tion in recent years due to the need to continuously
power wireless sensors used for various critical mon-
itoring applications. For example, in [3] the authors
designed and optimized a robust concrete embedded
antenna and minimized the influence of the background
material on the energy transfer efficiency to monitor the
health of civil structures. In [8], a proof of concept for
near field communication for powering sensors in con-
crete is studied, where the sensors were deeply buried
in the concrete. Here, the effect of re-enforcement bars
was not considered. Wireless sensors for health moni-
toring of civil structures can be buried inside the con-
crete during the construction phase or after the construc-
tion to report the health of the civil structure [9]. In [9],
power transmission to sensors embedded in reinforced
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concrete structures is presented. The study considered a
single antenna embedded in the concrete structure. Nev-
ertheless, to obtain accurate and timely information on
the health of civil structures, multiple sensors will be
required.

With the need to monitor civil structures in space
constrained environments, embedding closely spaced
sensors will be necessary and a super resolution method
for transmissions is much desired. This article presents
a numerical simulation study which explores the real-
ization of selective wireless power transfer to closely
spaced wireless sensors embedded in reinforced concrete
for structural health monitoring applications.

II. ELECTROMAGNETIC TIME-REVERSAL
WIRELESS POWER TRANSFER

The electromagnetic time-reversal (EMTR) tech-
nique which has been widely applied in acoustic has
found wide applications in electromagnetics as well.
It has been used in medical imaging, target detection
[10], wireless power transfer [11], wireless transmission
using pulse shaping [12], power wave forming [13] and
telecommunications [14] among others.

The EMTR technique is characterized by spatial
and temporal focusing effects. In electromagnetic time
reversal, the more complex the medium is with scatter-
ers resulting in reverberation and reflections (multipath),
the better the focusing effect. Such complex scattering
medium helps to increase the aperture of the antenna
time-reversal mirror (TRM). The TRM is enabled to col-
lect the scattered fields, record, flip in time and then
transmit back into the same medium from the TRM posi-
tioned outside the concrete. The time-reversed waves are
found to converge back to the source where the initial
transmission originated if the medium is reciprocal [15].
This is even more precise and can be exploited for selec-
tive focusing on closely spaced antennas. It is evident
that the EMTR technique has been used in various appli-
cations in literature but not much research has been done
on its application to wireless power transfer to tightly-
coupled sensors embedded in concrete with reinforce-
ment bars. In [11], a single-channel TRM is employed as
a novel method of wireless power transfer to a moving
target in a reverberant medium. EMTR wireless power
transfer can surmount the challenges of inductive wire-
less power transfer such as increasing the action dis-
tance and may also reduce the risk of electrocution in its
action path since the scattered waveform is not a beam
of waves. However, to the best of our knowledge, EMTR
wireless power transfer to tightly-coupled monopoles
embedded in concrete at separation of 10 mm with rein-
forcement bars in conjunction with an electromagnetic
scatterer plate has not been studied. This article aims to
study the selective microwave wireless power transfer to

tightly-coupled antennas operating at 2.45 GHz in mul-
tiple scattering environments within reinforced concrete
structures.

In EMTR wireless power transfer, the receiver trans-
mits a signal to the transmitter, which is then time-
reversed and re-transmitted back to the receiver. This
process can be described mathematically as:

ER(x,y,z,t) → ET (x,y,z,t) → ET (x,y,z,−t) → ER(x,y,z,−t), (1)
where ER(x,y,z,t) is the electric field at the receiver at time
t, ET (x,y,z,t) is the electric field at the transmitter at time
t, and ET (x,y,z,−t) is the time-reversed electric field at the
transmitter at time, −t.

Using time-reversal symmetry property, we can sub-
stitute E(-t) for E(t) in the electromagnetic wave equation
to obtain:

∇
2E−µ0ε0∂

2E/∂ t2 = 0, (2)

∇
2E−µ0ε0∂

2E/∂ (−t)2 = 0, (3)

∇
2E+µ0ε0∂

2E/∂ t2 = 0. (4)
These equations describe the behavior of the time-

reversed electric field in air medium during EMTR wire-
less power transfer. However, this equation alone is not
sufficient to calculate the exact behavior of the elec-
tric field during EMTR wireless power transfer. A more
detailed analysis, which considers the specific geometry
of the transmitter and receiver, is needed to derive more
accurate equations for this process. The electromagnetic
wave equation in a concrete environment can be derived
by modifying the wave equation in a vacuum to consider
the presence of a medium with a non-zero permittivity
and permeability. In general, the electromagnetic wave
equation in a medium can be written as:

∇
2E−µ∂

2E/∂ t2 −µ∂
(
µ
−1

∂E/∂ t
)
/∂ t = 0, (5)

where E is the electric field, µ is the permeability of the
medium, and ε is the permittivity of the medium. The
second and third terms on the left-hand side of (5) con-
sider the effect of the medium on the propagation of elec-
tromagnetic waves.

In a concrete environment, the permeability and per-
mittivity of the medium can be different from those in a
vacuum. In general, the permeability of concrete is close
to that of free space (i.e., µ ≈ µ0), while the permittiv-
ity can be significantly higher (i.e., ε > ε0). Therefore,
the electromagnetic wave equation in a concrete environ-
ment can be written as:

∇
2E−µ0ε∂

2E/∂ t2 −µ0∂
(
εrε

−1
0 ∂E/∂ t

)
/∂ t = 0, (6)

where εr is the relative permittivity (or dielectric con-
stant) of the concrete, which describes how much the per-
mittivity of the concrete differs from that of free space.

III. DESIGN OF ANTENNA
TIME-REVERSAL MIRROR (ATRM)
For structural health monitoring of concrete struc-

tures, there will be the need for embedding wireless
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sensors near some concrete structures due to space
constraints for structural health monitoring and related
applications. Due to this, the study of selective focus-
ing of microwave wireless power transfer to embedded
tightly-coupled sensors is necessary. Electromagnetic
time reversal with spatial focusing properties promises
to help realize such selective transfer of power to such
tightly-coupled sensors embedded in concrete structures.
Therefore, this study focuses on the study of selec-
tive wireless power transfer from antennas located out-
side the concrete structure to tightly-coupled antennas
embedded in the concrete structure. The tightly-coupled
sensors are denoted by two tightly-coupled monopoles
both operating at 2.45 GHz with a separation of 10 mm.

Firstly, two tightly-coupled monopoles are designed
to represent the antennas of the wireless sensors embed-
ded in concrete. The two tightly-coupled wire monopole
antennas have a separation distance of 10 mm and are
positioned on the same ground plane with a radius of
150 mm. Both monopole antennas operate at 2.45 GHz.
The optimized height of each monopole is 28 mm.
Figure 1 shows the structure of the designed tightly-
coupled monopole antennas. The optimum height of
these monopole antennas was realized through param-
eter sweeping study.

Fig. 1. Tightly-coupled monopole antennas on a large
ground plane.

Secondly, we propose the design of a dual-band
antenna TRM operating at 2.45 GHz and 5.2 GHz to be
used in a wireless power transfer application as TRM to
wireless sensors embedded in concrete at 2.45 GHz. It
consists of a single-layer substrate (εr = 2.65, tanδ =
0.003) etched with round-end bowtie shaped patch made
of copper placed at alternate sides of a 49 mm × 43
mm substrate having a thickness of 0.8 mm and fed by
a coaxial feed line. The bowtie antenna evolved from
the conventional microstrip bowtie antenna as discussed
in [16]. The initial design of the bowtie antenna was
based on the design equation in [16]. After the initial
design, the antenna was modified to have a probe feed-
line. The antenna design was then fine-tuned through
numerical simulations. The rounded bowtie antenna is

closely related to the conventional one hence the reso-
nance frequency of the patch bowtie antenna for its dom-
inant mode can be derived following the equations in
[16] as:

fr = 1.152
c

L2√εe f f

(
(W +2∆L)+(S+2∆L)
(W +2∆L)+(Wc +2∆L)

)
, (7)

∆L =
0.412h

(
εe f f +0.3

)(
εe f f −0.258

) (
W+Wc

2h +0.262
W+W

2h +0.813

)
, (8)

ee f f =

(
er +1

2

)
+

(
er −1

2

)(
24h

W +Wc
+1
)− 1

2
. (9)

The guided wavelength of the bowtie antenna can be
obtained as:

λg =
λ0√
εe f f

. (10)

The effective side length is expressed as [16]:

ae f f = a+
h

√ee f f
. (11)

The final dimensions of the antenna were optimized
using HFSS. The optimum size of the substrate used is
30 mm × 30 mm and 0.8 mm thickness. The proposed
antenna TRM has slots etched on the radiator and metal-
lic scatterers at both sides of the substrate. The other
parameters of the proposed antenna TRM are as follows:
the flare angle is 130 degrees, the patch on the left-hand
side has a radius of 18.768 mm, and the dimensions of
the rectangular slot on the left patch is 1.5 mm by 18.678
mm. The patch on the right-side has a radius of 18.760
mm and its rectangular slot has dimensions of 1.5 mm
by 19.00 mm. The microstructures (slots) etched on the
patch have radii of 0.30 mm and 0.80 mm with a separa-
tion of 0.40 mm between them as shown in Fig. 2.

Fig. 2. Layout of the antenna time-reversal mirror.
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IV. DISCUSSIONS OF ANTENNA TRM
SIMULATION AND EXPERIMENTAL

RESULTS
A prototype of the fabricated bowtie antenna is

depicted in Fig. 3. The simulated and measured reflection
coefficient of this demonstrator are shown in Fig. 4. The
reflection coefficient of the dual-band bowtie antenna
with scatterers on both radiators and substrate is below
-10 dB from 2.295 GHz to 2.505 GHz resulting in 210
MHz measured bandwidth in the lower operating band
(2.45 GHz). For the upper band (5.2 GHz), a measured
-10 dB impedance bandwidth of 735 MHz was recorded
for frequencies ranging from 4.71 GHz to 5.445 GHz.
From Fig. 4, the simulated results for this antenna show
that the reflection coefficient is below -10 dB from 2.34
GHz to 2.56 GHz resulting in 240 MHz bandwidth at the
lower operating frequency (i.e. 2.45 GHz).

Again, the reflection coefficient is less than -10 dB
from 4.75 GHz to 5.54 GHz resulting in 790 MHz band-

(a) (b)

Fig. 3. Photograph of antenna TRM: (a) front and (b)
back.

Fig. 4. Simulated and measured S11 of the TRM.

width with the return loss reaching 12.20 dB at 5.2
GHz. We observed that there are some discrepancies
between the simulated and measured results. This can be
attributed to losses of the coaxial feedline (cable) used
for the measurement, the influence of the SMA connector
and the unbalanced feed structure of the antenna TRM as
well as non-ideal environmental conditions and fabrica-
tion uncertainties.

(a)

(b)

(c)

Fig. 5. Simulated radiation patterns of antenna TRM at
(a) 2.45 GHz, (b) 2.385 GHz, and (c) 2.485 GHz.
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The simulated radiation performance of the pro-
posed antenna at the lower band is shown in Figs. 5 (a-c).
It shows simulated radiation performance at 2.385, 2.45
and 2.485 GHz, respectively, all showing typical dipole
radiation patterns.

The antenna TRM was also characterized for radi-
ation performance for the upper band resonating at

(a)

(b)

(c)

Fig. 6. Radiation characterization (simulated) of bowtie
antenna TRM at (a) 4.885 GHz, (b) 5.2 GHz, and (c)
5.485 GHz.

5.2 GHz and two other frequencies within its oper-
ating bandwidth. The radiation patterns are shown in
Figs. 6 (a-c) at the frequencies indicated. The measure-
ment setup of the bowtie antenna TRM is shown in
Fig. 7.

Fig. 7. Measurement setup of the bowtie antenna TRM.

The scatterers on the bowtie antenna distract the
flow of shield current on the radiators serving as pertur-
bation structures on the patch radiators which changes
the direction of flow of these currents.

Hence a form of near-field scatterers on the bowtie
antennas analogous to the near-field metal wire medium
arranged at sub-wavelength scale. The size of these scat-
terers is much smaller than the size of the antenna radia-
tor implying that these slots will resonate at a far higher
frequency. From the observed radiation patterns, it shows
that the microstructure scatterers have enhanced the radi-
ation performance of the antenna TRM by decreasing
the cross-polarization levels. The resulting high cross
polarization discrimination decreases any unwanted field
components which is a desired feature of an antenna
TRM. This enhances the focusing properties based on
the evanescent wave reciprocity principles resulting in
super-resolution realizations when used with some wire
medium/microstructure array of scatterers in the near
field of the transmitting antenna since evanescent waves
experience exponential decay. A method of enhancing its
propagation to the far field is necessary, hence the tech-
niques adopted.

The simulated reflection coefficient of the tightly-
coupled monopole antenna is shown in Fig. 8. Opti-
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mum performance is realized when the length of the
monopole antenna is 28 mm. The two tightly-coupled
wire monopole antennas have separation of 10 mm with
a ground plane of 150 mm in radius and both operate
at 2.45 GHz. The optimized height of each monopole is
28 mm.

Fig. 8. Simulated reflection coefficient (S11) of the
tightly-coupled monopole antennas.

V. NUMERICAL SIMULATION OF
SELECTIVE WIRELESS POWER

TRANSFER TO SENSORS EMBEDDED IN
CONCRETE

Figure 9 shows the setup of the tightly-coupled
antennas embedded in concrete without re-enforcement
bars. In this setup, the antenna TRMs with slots are
positioned outside the concrete structure and the tightly-
coupled monopole antennas/sensors requesting power
are embedded in the concrete structure. The antenna
TRM has a face-to-face separation distance of 300 mm.

Fig. 9. Setup for concrete without re-enforcement bars
with embedded tightly-coupled monopoles.

Four TRMs were used to provide power transfer to
the embedded tightly-coupled antennas. Table 1 shows
performance comparison between the proposed antenna
and other studies. The proposed antenna compares favor-
ably with other works. The concrete material has a
dielectric constant of 4.5 with a loss tangent of 0.011.
A block of concrete was modelled with dimensions of
200 mm by 200 mm and a height of 150 mm.

For this study, three setups have been consid-
ered and numerically studied. In Fig. 9, there are
no re-enforcement bars and scatterers. In Fig. 10, re-
enforcement bars (rebars) are embedded in the concrete.
The re-enforcement bars are made of iron rods with the
properties of a lossy metal. The iron rods’ diameter is 16

Table 1: Performance comparison of the proposed
antenna and other works

Ref Dimension
(mm)

Bandwidth
(GHz)

Frequency
(GHz)

Gain
(dBi)

[17] 50×50
(etched on

both copper
layers)

NA 2.4, 3.5, 5.3 1.8,
1.5,
4.5

[16] 110×50
(etched on

single
copper
layer)

NA 0.9 / 1.8
1.25, 2.1

3.5/
4.4
3.9,
5.1

[18] 45 × 65
(edged on

both copper
layers)

4.0-6.8 4.2, 5.5, 6.6 11.08
at

5.5
GHz

This
work

49 × 43 2.295-
2.505,

4.71-5.445

2.45, 5.2 3.7,
3.0

Fig. 10. Re-enforced concrete structure with embedded
monopole antennas and rebars and surrounding TRMs.
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mm with a length of 200 mm and arranged as shown in
Fig. 10.

Further, the concrete is embedded with rebars and
additional two plates of electromagnetic scatterers close
to the iron rods.

The electromagnetic scatterer plate is designed with
a microwave substrate with copper strips of the length
of a wavelength at the operating frequency and sub-
wavelength separation arranged on one side of the
microwave substrate. The dielectric constant of the
microwave substrate used is 2.65.

Figure 11 shows the unit cell of the proposed scat-
terer embedded in the concrete structure. The corre-
sponding dimensions are listed in Table 2. The complete
15×15 scatterer plate is shown in Fig. 12.

Fig. 11. Unit cell of the scatterer showing its respective
dimensions.

Table 2: Dimensions of the scatterer
Parameter Value (mm) Parameter Value (mm)

L1 3.00 L10 8.625
L2 3.625 L11 9.25
L3 4.25 L12 9.875
L4 4.875 L13 10.50
L5 5.5 L14 11.125
L6 6.125 L15 11.75
L7 6.75 L16 12.375
L8 7.375 Width of

strip
1.00

L9 8.00

All numerical simulations were carried out using
Computer Simulation Technology (CST). MATLAB was
used to reverse the signals for the time-reversal signal
re-transmission. An initial channel-sounding pulse was

Fig. 12. The 15 × 15 array scatterer plate.

transmitted from the antenna/sensor making the power
request. This signal (total field) is then received by four
antennas (ATRM), flipped in time using the MATLAB
program and then re-transmitted from the TRM into
the concrete structure using CST. The complete setup
including the additional electromagnetic scatterers in the
form of a scatterer plate is shown in Fig. 13.

The objective is to improve the scattering of the
electromagnetic waves to realize super-resolution wire-
less power transfer. This structure consists of an array
of coiled copper strips with their unit cell as depicted in
Fig. 11 and the scatterer plate as shown in Fig. 12. The

Fig. 13. Setup of re-enforced concrete with additional
scatterers embedded in concrete.



371 ACES JOURNAL, Vol. 39, No. 04, April 2024

scatterers and the rebars embedded in the concrete have
helped to enhance the effective aperture of the embed-
ded monopole antennas hence yielding super-resolution
performance using the time-reversal technique.

VI. NUMERICAL SIMULATION RESULTS
AND DISCUSSIONS OF

SUPER-RESOLUTION WIRELESS POWER
TRANSFER IN CONCRETE

The numerical simulation results of the three cases
studied are presented in this section. Figure 14 (a) shows
the time signals plot of the setup of wireless power trans-
fer into the concrete without rebars and the scatterer
plates. The results in Fig. 14 (a) show that this setup
failed to realize super-resolution wireless power trans-
fer for the tightly-coupled monopoles as the magnitude
of the voltage signal received by the two monopoles is

(a)

(b)

Fig. 14. Results for concrete without re-enforcement and
additional scatterers: (a) time signal plot and (b) electric
field distribution on the tightly-coupled antennas.

nearly the same in magnitude. There is no clear distinc-
tion showing the attainment of at least a 50% differ-
ence in the magnitude of the amplitude of the time sig-
nals received by the two tightly-coupled antennas [19].
Figure 14 (b) shows the electric field distribution for this
case.

It can be observed from Fig. 14 (b) that the two
monopole antennas have almost the same level of elec-
tric field distribution around them and no distinction
as to which monopole transmitted the channel-sounding
pulse. The two monopole antennas have been denoted on
the time signal plots as Port 1 and Port 2, respectively,
denoting monopole antenna 1 and monopole antenna
2. It can be observed from Fig. 15 (a) that the mag-
nitude of the time signals between antenna 1 (Port 1)
and antenna 2 (Port 2) shows at least a 50% difference
in magnitude of the time signals between the time 2-
4 ns, where the time from 0-2 ns can be regarded as

(a)

(b)

Fig. 15. Results for the two tightly-coupled monopoles
embedded in concrete with enforcement bars: (a) time
signal diagram of the two monopoles and (b) electric
field distribution.
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the early time response and also after 4-16 ns, regarded
as the late time response hence not considered in the
analysis. From the time signals plots and the electric
field distribution shown in Fig. 15 (b), it is observed
that this scenario has realized super-resolution wireless
power transfer to the tightly-coupled monopole antennas.
The monopole antenna that initially transmitted making
the power request has a stronger electric field distribu-
tion on it as compared to the other that did not trans-
mit. Figure 15 shows the time signals plot and the elec-
tric field distribution, where additional electromagnetic
scatterers have been embedded close to the rebars. It
can be seen from Fig. 15 that between 2 and 4 ns, this
study has realized super-resolution wireless power trans-
fer between the tightly-coupled monopoles with a sep-
aration distance of 10 mm. The electric field distribu-
tion shown in Fig. 15 (b) demonstrates a clear distinction
between the tightly-coupled antennas with the receiv-
ing antenna (Port 1) showing a stronger field distribution
than Port 2.

For the first time, to the best of our knowledge,
we propose a figure of merit (FoM) for evaluating
microwave wireless power transfer into concrete struc-
tures using the EMTR technique for tightly-coupled
monopoles. This can be derived based on the efficiency
of power transfer and the robustness of the technique to
variations in the properties of the concrete medium.

The power transfer efficiency (η) is a key metric for
evaluating the performance of wireless power transfer
systems. It is defined as the ratio of the power received
by the receiver (PR) to the power transmitted by the trans-
mitter (PT ), or η = PR/PT . In the context of microwave
wireless power transfer into concrete structures using
the EMTR technique, η can be calculated based on the
power received by the receiver during the time-reversal
process and the power transmitted by the receiver dur-
ing the forward transmission. The properties of con-
crete, such as its relative permittivity (εr) and loss tan-
gent (tanδ ), can vary significantly depending on factors
such as moisture content, temperature and the presence
of reinforcing materials (rebars). To ensure reliable wire-
less power transfer using the EMTR technique, the sys-
tem must be robust to such variations in concrete proper-
ties. One way to evaluate the robustness of the technique
is to calculate the sensitivity of the power transfer effi-
ciency to changes in the concrete properties. This can be
expressed as a relative change in efficiency (η) per unit
change in εr or tanδ .

Based on these considerations, a possible FoM for
evaluating microwave wireless power transfer into con-
crete structures using the time-reversal technique can be
defined as:

FoM = η/
(
s2

εr + s2
tanδ

)
, (12)

where sεr and stanδ are the sensitivities of the power trans-
fer efficiency to changes in εr and tanδ , respectively.
This FoM considers both the power transfer efficiency
and the robustness of the system to variations in concrete
properties.

(a)

(b)

Fig. 16. Results for the two tightly-coupled monopoles
embedded in concrete with enforcement bars and addi-
tional scatterers: (a) time signals plot and (b) electric
field distribution of the tightly-coupled antennas embed-
ded in the concrete.

A higher FoM indicates a more efficient and robust
wireless power transfer system. For wireless power
transfer of closely spaced monopole antennas, the fol-
lowing leads to the derivation of a FoM for the system.

The spacing between the closely spaced monopole
antennas embedded into concrete can have a significant
impact on the efficiency of wireless power transfer. In
general, the spacing should be as small as possible to
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maximize the coupling between the monopole antennas,
while avoiding interference between them.

Based on these considerations, a possible FoM for
evaluating microwave wireless power transfer into con-
crete structures using the electromagnetic time reversal
technique for closely spaced monopoles embedded into
concrete can be defined as:

FoM =
η

s2
εr + s2

tanδ
+ λ

δ

, (13)

where λ is the wavelength of the transmitted signal and
δ is the spacing between the monopole antennas. The
last term in the equation considers the practical con-
straint on the spacing between the monopole antennas. A
higher FoM indicates a more efficient and robust wireless
power transfer system for a given spacing between the
monopole antennas. Note that the specific values of the
sensitivities and the practical constraint term may vary
depending on the specific application and the design of
the wireless power transfer system.

In many applications, it is desirable to limit the
extent of power transfer to a localized region of the con-
crete structure. The degree of localization of power trans-
fer can be evaluated using metrics such as the spatial dis-
tribution of the power density, or the ratio of the power
density in the target region to the total power density
received by the receiver.

Based on these considerations, a possible FoM for
evaluating microwave wireless power transfer into con-
crete structures using the electromagnetic time reversal
technique for closely spaced monopole antennas embed-
ded into concrete can be defined as:

FoM=
η

s2
εr + s2

tanδ

×
(PT ,PR)target

(PT ,PR)total
, (14)

where sεr and stanδ are the sensitivities of the power
transfer efficiency to changes in εr and tanδ , respec-
tively, and (PT , PR)target and (PT , PR)total is the total trans-
mitted and received power in the target region and the
total transmitted and received power, respectively. This
FoM considers the power transfer efficiency, robustness
of the technique and degree of localization of power
transfer. A higher FoM indicates a more efficient, robust
and localized wireless power transfer system.

VII. CONCLUSION
In this paper, a super-resolution microwave wire-

less power transfer to antennas embedded in concrete has
been studied. Furthermore, the operating environment of
the tightly-coupled monopole antennas has been studied
with its effect on the selective wireless power transfer
realization. The case of receiving power by one tightly-
coupled monopole antenna using electromagnetic time
reversal coupled with scatterers has shown that the anten-
nas’ environment can affect it constructively or destruc-
tively depending on the technique used. With the EMTR

technique, the scatterers have constructively aided the
realization of selective wireless power transfer of 1/12λ

of the operating frequency at 2.45 GHz within the indus-
trial, scientific and medical (ISM) band. This study has
shown some promising potential in selective wireless
power transfer with the electromagnetic time reversal,
which will help transfer power to tightly-coupled anten-
nas in space-constrained applications for wireless trickle
charging of wireless sensors for civil health structural
monitoring. In addition, a figure of merit (FoM) has
been defined for the first time to characterize wireless
power transfer into concrete structures using the elec-
tromagnetic time-reversal technique for tightly-coupled
monopoles (sensors).
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