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Abstract
We previously showed that using low-frequency magnetic waves is effective for wireless power transmission (WPT) 
through reinforced-concrete walls. When a magnetic wave below 400 Hz was used, it was confirmed that the temperature 
increase of iron objects inside concrete is very small by numerical calculation based on a non-steady heat conduction 
equation that included a one-dimensional heat conduction term and heat generation term. However, even if the fre-
quency was lowered to 60 Hz, the power loss was still serious due to magnetic coupling impedance caused by iron bars, 
such as a rebar lattice, inside the concrete wall. This fact was confirmed from both experiments and numerical calculations. 
In this study, we propose an iron bar location system using a pair of patch antennas to detect iron bars embedded in the 
concrete and use this information to place WPT couplers away from embedded iron. Then, we show that the proposed 
system can be adapted to concrete walls up to 70 cm thick by numerical calculation with the finite-difference time-
domain method. Our research results will contribute to WPT in cases where iron bars or pipes are present inside a wall.

Keywords Wireless power transmission · Reinforced concrete · Non-destructive diagnostics · FDTD method

1 Introduction

We have started development of a method for charging 
the batteries of robots operating in structures that humans 
cannot enter, such as areas contaminated by radioactiv-
ity from the Fukushima nuclear disaster. Radioactively 
contaminated space is completely shielded by thick rein-
forced concrete walls. Thus, the charging of robots work-
ing in the interior is a very challenging research theme. We 
have proposed a magnetic resonance type wireless power 
transmission (WPT) using a low frequency, below 400 Hz 
[1]. Because electric power absorbed by any metal exist-
ing in the transmission space is proportional to the square 
of frequency, if the frequency is reduced to 60 Hz from 
85 kHz, the power loss generated in the metal is reduced 
by a factor of 2,000,000. However, in the case of iron bars 

arranged at regular intervals, the power loss was serious, 
even when the frequency is reduced to 60 Hz, as this paper 
explains quantitatively.

We think that if we can identify the arrangement of 
iron bars inside a concrete wall and arrange WPT couplers 
to avoid these bars, the power loss can be reduced. Non-
destructive methods for inspecting the inside of concrete 
structures include the impact-echo method [2, 3], rein-
forced-concrete (RC) radar [4, 5], and X-ray transmission 
[6, 7]. Among them, RC radar is most frequently used, but 
the radio-wave intensity is restricted by radio regulation 
in Japan, and thus the exploration depth of RC rebar is up 
to 30 cm [8]. Because the dielectric constant of concrete 
increases with increasing moisture content, the depth limit 
will be shallower for a wall containing moisture [9]. For 
general RC radar, the position of an iron bar is estimated by 
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measuring the amount of time it takes for the microwave 
radiated from a radar gun to be reflected by the bar and 
return to the radar; that is, all RC radars are the reflective 
type. A transmission type system is expected to be able 
to measure thicker walls because strong radio waves that 
are forward scattered would be measured; however, such 
a measurement method has not been proposed until now.

In this study, we calculated the temperature rise of an 
iron object placed in the transmission space for WPT using 
a non-steady heat conduction equation that includes a 
one-dimensional heat conduction term and heat genera-
tion term. Then, we investigated power loss of WPT in a 
RC wall in an experiment using a small-scale WPT system 
and concrete wall and numerical calculations by the finite-
difference time-domain (FDTD) method [10, 11]. Based on 
these results, we propose a transmission type iron locating 
method using one pair of patch antennas. Then, by FDTD 
simulation, we investigated how penetrated wave inten-
sity changes with iron bar diameter and burial depth, and 
we showed that our proposed method can be adapted to 
concrete walls over 50 cm thick.

2  Influence of iron object on WPT

First, the temperature of iron buried in concrete is dis-
cussed in this section. It is difficult to measure the surface 
temperature of an iron bar buried in concrete. Thus, the 
temporal change of temperature in an iron object set in 
the power transmission space was estimated using one-
dimensional non-steady heat conduction with heat gen-
eration. The analysis model is shown in Fig. 1. An iron plate 
(with thickness d of 1.0 mm) was sandwiched by two con-
crete blocks, each 50 mm thick. The amplitude of magnetic 
flux density (B) was assumed to be 0.2 T. The electric power 
loss per unit of volume generated in an iron object can be 
identified by Eq. (1).

where ρe is electric resistivity of iron. The basic equation 
for identifying the surface temperature of iron is given by 
Eq. (2), which is non-steady heat conduction equation con-
structed with the one-dimensional heat conduction term 
and a heat generation term.

where a is thermal diffusivity, λ is thermal conductivity, ρ is 
density, and c is specific heat. The basic equation was dis-
cretized by the Crank-Nicolson method. Equation (3) was 
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where a is defined as the ratio of thermal conductivity 
and the product of density and specific heat [λ/(ρc)], i is 
the number of discrete points in the spatial coordinate, 
and n is the number of discrete points in the time coordi-
nate. The heat generated in the iron plate was transferred 
to concrete by heat conduction. The temperature was 
assumed to have a uniform distribution in both the surface 
and depth directions. The temperature of the concrete sur-
face was given as constant at 20 °C as a boundary condi-
tion. The discrete interval on the spatial coordinate, Δx, 
was given as 0.1 mm in iron and 0.5 mm in concrete. The 
discrete interval on the time coordinate, Δt, was 10 s. The 
initial temperature T0 was given as 20 °C, and the tempera-
ture after heat generation was analyzed. Figure 2 shows 
the analytical results for various frequencies of wireless 
transmission. At f = 85 kHz, which is widely used for WPT 
for electric vehicles, is saturated at about 300 °C. When the 
frequency was reduced to 43 kHz, the saturated tempera-
ture was still too large at 93 °C. However, the saturated 
temperature was only slightly increased from the initial 
temperature (20 °C) when using a transmission frequency 
of 400  Hz, which produced a temperature increase of 
6.5 × 10−3 °C.

Using a low transmission frequency is one useful method 
for reducing the temperature increase in iron objects. 
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Fig. 1  Analytical model for temperature in iron plate sandwiched 
by two concrete blocks
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Figure 3 is a picture of the trial coupler device with a driving 
frequency of 60 Hz. The details of this device are described 
in Ref. [14]. This miniature model was used for experiment 

to avoid the difficulty of building a thick concrete wall. Two 
types of concrete wall were prepared, one with internal iron 
bars and the other without iron bars. For the concrete wall 
without an iron bars, the transmission efficiency was 78% 
and transmission power was 850 W. In contrast, for the con-
crete wall with iron bars, the transmission efficiency and 
power were 67% and 717 W, respectively. The power reduc-
tion of 11% was not only caused by eddy-current loss. We 
thought that the large power loss was also caused by the 
two couplers, and not only the iron lattice. Thus, electro-
magnetic numerical simulation by the FDTD method was 
performed for the couplers shown in Fig. 3. The details of the 
FDTD methodology are described in Ref. [15]. In Fig. 4, two-
dimensional magnetic flux distributions were constructed 
by time-average over 0.25 periods of magnetic wave. Fig-
ure 4a shows that there was nothing in the transmission 
space. From this result, the estimated value of coupling coef-
ficient (k) was 0.234. We already confirmed that this value 
was similar to experimental result. Figure 4b shows the result 
for a 10 cm-thick concrete wall without iron bars. Here, the 
physical properties of concrete were used. The conductivity 
σ was 0.034 S/m, relative permittivity εr was 9.0, and relative 
magnetic permeability μr was 1.0. The estimated k value in 
this case was 0.237. Figure 4c shows the simulation result, in 
which iron bars in a concrete block were arranged at inter-
vals of 15 cm. Figure 4d shows the simulation result for iron 
bars arranged at intervals of 7.5 cm. When there are iron bars 
in the transmission space, the k value decreased, which was 
caused by obstruction from the interlinked magnetic flux 
between the feeding and receiving couplers. In this simula-
tion result, the k value in the case of Fig. 4c was 0.178, and 
in the case of Fig. 4d was 0.163. Equation 4 represents the 
efficiency of the WPT system [16].
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Fig. 2  Temporal temperature change of iron plate: a results for fre-
quencies of 60 Hz, 400 Hz, 43 kHz, 85 kHz, and 104 kHz; b results 
for 60 Hz and 400 Hz (dashed square in in lower right corner of a). 
Thermal conductivity λ1 of 80.3 W/(m K), density ρ1 of 7870 kg/m3, 
and specific heat c1 of 442 J/(kg K) were used in the iron plate [13]. 
Thermal conductivity λ2 of 1.2 W/(m  K), density ρ2 of 2400  kg/m3, 
and specific heat c2 of 900 J/(kg K) were used in the concrete block 
[13]

Fig. 3  Scale model for the 
experiments: a from the front, 
b from the side. The concrete 
is 10 cm thick, the diameter 
of iron bars is 5 cm, and the 
lattice has bar intervals of 
15 cm. The iron lattice was 
buried 5 cm deep from the wall 
surface
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where r2 is the secondary winding resistance, rc is the core 
loss resistance, and Q1 and Q2 are the respective quality 
factors of the primary and secondary coils. The first term 
in denominator has relationship to copper loss, and the 
second term has relationship to core loss. In this equation, 
the eddy current loss is not included. The process of deriv-
ing Eq. (4) was shown in Ref. [16]. From this equation, it is 
clearly that the loss generating in WPT couplers (copper 
loss and core loss) is increased with reduced k value. The 
parameters for calculation were used test device in Fig. 3. 
Figure 5 shows the relationship between k value and cop-
per and core losses. The both of copper loss and core loss 
were increased with reduced k value. For example, when 
k value was reducing to 0.178 from 0.234, total loss was 
increased by 6.3% in order to increase with copper loss 
and core loss. In addition, the total observed loss increased 
by 11% due to eddy current losses in the iron lattice.   

3  Iron bar locating system

From the results of Section II, even if the frequency is low-
ered, it was found that it is better to place WPT couplers 
so as to avoid iron bars. However, detailed drawings about 
placement of iron bars generally are not available for exist-
ing walls, so it will be necessary to detect them. Figure 6 is 
a schematic drawing of the iron bar locating system that 
we are proposing. This method uses one pair of patch 
antennas, as shown in Fig. 7a; these patch antennas have 
directivity, as shown in Fig. 7b. Searching for iron bars is 
performed while simultaneously moving both antennas 
in the horizontal (x) direction. A transmitting  (TX) antenna 
continuously emits microwaves, and the penetrated wave 
is detected at a receiving antenna  (RX) to specify a posi-
tion in the x direction where an iron bar is buried. Since 

Fig. 4  Simulation results of magnetic flux density distribution: a 
without wall, b 10-cm-thick concrete wall without iron bars, c rein-
forced concrete with 5-mm-diameter iron bars arranged at inter-
vals of 15 cm, d reinforced concrete with 5-mm-diameter iron bars 
arranged at intervals of 7.5 cm

Copper loss

Core loss

Fig. 5  Relationship between k value and copper and core losses
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the patch antenna can slide the antenna surface across 
the surface close to the concrete, the patch antenna has a 
structural advantage. A dipole antenna can be considered 
as another candidate, but it is unsuitable for this applica-
tion because it radiates radio-waves backwards.

The reinforced concrete block used in the FDTD simu-
lation was a rectangular parallelepiped (length: 50 cm, 
width: 100 cm, height: 140 cm), as shown in Fig. 6, and we 
assumed that the relative permittivity εr and conductivity 
σ of concrete were uniform and isotropic. Conductivity of 
concrete was estimated by experiment as σ = 0.034 S/m. 
For the relative permittivity of concrete, we used a repre-
sentative value of εr = 9.0 for concrete with average mois-
ture content. Setting such medium constants produced a 
propagation decay rate of about 40 dB/m, which is almost 
the same as our experimental results (40–50 dB/m).

The cylindrical iron bars to be detected were buried in 
the concrete block. In Fig. 6, although only one iron bar is 
illustrated, numerical calculation was also performed for 
two parallel iron bars. In this simulation, since iron bars 
with diameters of 20–64 mm were assumed, a microwave 

of 1.2–4.8  GHz was used, in which the wavelength of 
microwave in the concrete was about same as the diam-
eter of iron bars.

Figure 8 is a coordinate system and an arrangement of 
the antennas and an iron bar when viewed from above the 
model shown in Fig. 6. An alternating current of Jo cos ωt 
was given to  TX antenna with a width of dW = 41 mm. Here, 
Jo is the maximum value of the current, and ω is the angular 
frequency. We assumed that this current flows uniformly in 
the section of the width dW (x − dW/2 ≦ x ≦ x + dW/2) in the x 
direction. A magnetic wave having an electric field in the 
z direction was transmitted to the inside of the concrete 
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Fig. 6  Schematic drawing of iron bar locating system using micro-
waves
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Fig. 7  a Photograph and schematic drawing of patch antennas, b 
directional pattern of patch antenna
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arrangement of antennas and iron bar
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by arranging the  TX antenna with high-frequency current 
distribution on the surface of concrete.

In the FDTD method, a rectangular lattice, called a Yee 
lattice, is virtually placed in an analysis region [17]. The size 
of the Yee lattice in this study was 1 mm in both the x and 
y directions. Generally, the cell size should be set to below 
1/10 of a wavelength; this is about 100 mm for 3.0 GHz. In 
this simulation, the cell size was set to 1 mm to reproduce 
the cross-sectional shape of an iron bar. As the result, the 
total number of Yee lattices in the two-dimensional anal-
ysis region was 1132 × 632. By impedance mismatching 
between free space and concrete, a considerable amount 
of reflected waves will be generated from the wall. There 
are several studies on reflection and transmission charac-
teristics of microwaves inside concrete [18, 19]. According 
to these studies, the reflection coefficient in concrete is 
about 0.5 even in the case of vertically polarized incidence. 
In this study, to absorb reflected waves, a perfect matching 
layer (PML) 16 mm thick was provided at the edges of the 
two-dimensional analysis area [20, 21].

To investigate the influence of an iron bar on microwave 
propagation, the  TX antenna was placed at (x, y) = (500, 0), 
and the power distributions of microwaves were obtained 
by FDTD simulation. Figure 9a shows the distribution in 
the absence of an iron bar, and Fig. 9b shows for an iron 
bar 32 mm in diameter buried at a depth of 300 mm. In 
these distributions, the power density is indicated by the 
index color as relative value. From this propagation pat-
tern, it is considered that the direct wave radiated from 
the  TX antenna and the reflected wave on the surface of 
concrete interfere with each other and a standing wave 
with a complicated distribution pattern occurs inside the 
concrete. In addition, a weak region of intensity radially 
spreads out behind an iron bar. It is estimated that these 
intensity distributions change with the position and diam-
eter of the iron bar.

To investigate whether the position information for an 
iron bar inside concrete can be obtained by measuring 
the power distribution of penetrated waves, first of all, we 
performed the calculation for concrete without an iron bar. 
As shown in the schematic drawing of Fig. 10a, the  TX and 
 RX antennas were moved in parallel along the surface of 
a uniform concrete wall. Dotted lines in the figure show 
geometric propagation directions of microwaves inside 
the concrete. Figure 10b shows the power distribution of 
a 1.2-GHz penetrated wave when the antennas travelled 
from x = 20 to 980 mm. A large fluctuation in power inten-
sity was observed on both sides of the concrete block 
(300 ≦ x ≦ 700). However, that fluctuation decreased near 
the center. A wave that is directly reaching a receiving 
point from the  TX antenna and a wave arriving after one 
reflection on the side of concrete interfere with each other, 
as shown in Fig. 10a. This is the source of the fluctuation. 

The reflected wave arriving at the center of the concrete 
is weak due to a large incidence angle within the concrete 
and a long propagation path. Therefore, it is considered 
that the interference phenomenon with a direct wave did 
not appear clearly around the center. In contrast, on both 
sides, there is no large difference in intensities of the direct 
and reflected waves, so interference would be noticeable. 
Assuming the intended application, this fluctuation will 
become an obstacle when searching for iron bars near 
the end of wall. However, if the distance is at least about 
400 mm from the end of wall, the fluctuation becomes 
very small, making it possible to locate an iron bar.

Next, we calculated the power distributions for the 
case of a buried iron bar. An iron bar with 32-mm diame-
ter was arranged at the point (x, y) = (500, 150), as shown 
in Fig. 11a. Figure 11b shows the of penetrated waves. 
For comparison, the profile for the block without an iron 
bar is indicated by a red line in the graph. At the position 
where an iron bar exists (x = 500), attenuation of about 
− 7 dB occurred compared with the case of without an 
iron bar. Fluctuation in power density was observed at 

Fig. 9  Pattern of relative power density of 2.4-GHz wave: a without 
iron bar, b with iron bar 32 mm in diameter and 300 mm deep
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both ends of the concrete block (x ≦ 300, 700 ≦ x) and 
these pattern are almost the same as that for the block 
without an iron bar. Therefore, the origin of fluctuation 
is considered to be interference between the direct and 
reflected waves. The valley seen in the profile is consid-
ered to be the point on the x-axis where iron bar exists; 
however, if this valley becomes broad, location accuracy 
will be worse. Therefore, we examined the relationship 
between microwave frequency and the valley shape 
(see Fig. 12). The transmission frequencies were set to 
1.2 GHz, 2.4 GHz, and 4.8 GHz, and diameter and posi-
tion of the iron bar were fixed at 32 mm and (x, y) = (500, 
300), respectively. The width of the valley narrowed as 
the frequency increased.

It is natural to think that width and depth of the valley 
are also affected by the thickness of the iron bar. Figure 13 
shows the transmitted power distributions when the diam-
eter of the iron bar changed over the range of 20–64 mm. 
Here, the transmission frequency and position of iron bar 
were fixed at 2.4 GHz and (x, y) = (500, 300), respectively. 
The thick iron bar tended to increase the width and depth 
of the valley. Notable differences appeared, particularly in 
the depth of the valleys. A shallow valley might be hidden 
by the fluctuation.

For applying WPT to a robot, it is important that the 
system have the ability to detect an iron bar buried deep 
from a wall surface. In our system, because the sending/
receiving relationship between the  TX and  RX antennas 
can be easily switched, for a wall 50 cm thick, the ability 

Fig. 10  Transmitted power distributions of penetrated waves: a 
schematic illustration of an analysis area without iron bar, b power 
density distribution profile of 1.2-GHz wave penetration from the 
surface of homogeneous concrete

Fig. 11  Transmitted power distributions of penetrated waves: a 
schematic illustration of analysis area with an iron bar embedded 
150  mm deep, b power density distribution profiles of 1.2-GHz 
wave penetration from the surface of homogeneous concrete
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to search to a depth of 25 cm is required. In Fig. 14, the 
transmission frequency was fixed at 2.4 GHz, and the pro-
files were acquired by changing the burial depth of the 
iron bar (50 ≦ y ≦ 400). The valley was sharp when the bar 
was near the concrete surface (y = 50). However, the val-
ley became broad for deeper positions, such y = 250. Then, 

the valley again sharpened for a bar that is shallow with 
respect to the opposite side of the wall, such y = 400. Since 
the valley tends to be broad for deep bars, the ability to 
detect an iron bar will tend to deteriorate when the bar is 
deep. This simulation used a 2.4-GHz microwave, but it is 
better to use a higher frequency to improve the detection 
capability.

In this research, we assumed a maximum concrete wall 
thickness of 50 cm. However, the simulation results sug-
gest that our system is adaptable to even thicker walls if 
a higher microwave frequency is used. Figure 15 shows 
the power distributions when the microwave frequency 
is 4.8 GHz and the wall thickness is 70 cm. Even when the 
burial depth is 350 mm, the valley seen in the profile is 
sharper than that for a burial depth of 250 mm. Therefore, 
using a higher frequency for thicker walls is considered to 
be effective for achieving high detection sensitivity.

In order to verify the reliability of the simulation results, 
an experimental investigation was performed. However, it 
was difficult to construct a wall the same size as that used 
in the simulation, so we fabricated a 400 × 400 × 400 mm 
concrete block as shown in Fig. 16. Cylindrical iron bars 
with a diameter of 20 or 32 mm were embedded verti-
cally in the block. We then attempted to determine the 
position of each bar by horizontally moving a pair of 
patch antennas impedance-matched at 1.2 GHz. Higher 
frequencies are expected to give better results, but unfor-
tunately our instrumentation did not support higher fre-
quencies than this. Figure 17 shows the power distribu-
tions obtained when the antennas were moved across 
a distance of 200 mm centered on the midpoint of the 
block. A clear valley is seen in the center of the scanned 
region (x = 200 mm) where the iron bar is present. The red 
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Fig. 13  Transmitted power distributions of penetration of waves 
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simulated curve in Fig. 12 was calculated under the con-
ditions closest to those for the red curve in Fig. 17, and 
there is seen to be good qualitative agreement between 
the simulation and experimental results. However, the val-
ley in Fig. 17 is slightly narrower than that in Fig. 12, which 
may be because the concrete block used in the experi-
ment was thinner than that in the simulation.

For a realistic application, such as when there are multi-
ple iron bars in a wall, the ability to distinguish individual 
iron bars will be required. This ability makes it possible 
to place WPT couplers in the gap between two iron bars. 
Figure 18a is the power distribution profile when two iron 
bars were arranged at intervals of 100 mm at positions of 
x = 450 and 550. Here, other calculation conditions were 

fixed as follows; 1.2 GHz, iron bar diameter of 20 mm, and 
burial depth of 250 mm. Under these conditions, we pre-
dicted that it would be difficult to identify the iron bars 
because valleys appearing in the profile are both shallow 
and broad. In fact, clear valleys were not seen at the posi-
tions of the iron bars. Figure 18b shows the results when 
the interval between the two iron bars was increased to 
200 mm. We still could not see clear valleys. In conclusion, 
for low-frequency microwaves, such as 1.2 GHz, it can be 
said that it is difficult to distinguish individual iron bars 
when multiple bars are placed side by side.

Figure 19 shows the profiles when the transmission 
frequency was increased to 4.8 from 1.2 GHz and the 
iron bar diameter was increased to 44 from 20 mm. In 
this case, two valleys could be clearly distinguished 
in the profiles, and it was possible to distinguish indi-
vidual iron bars, even at an interval of 100 mm. Moreo-
ver, even when the diameter was changed from 44 to 
20 mm, clear valleys could be confirmed at the posi-
tions of iron bars. From these results, it will be possi-
ble to find the gap between iron bars by using high 
frequencies, such as 4.8 GHz. However, the coherency 
of microwaves inside concrete was preserved because 
our simulations assumed that the physical properties 
of concrete are uniform, but this would not be the case 
for actual concrete. In the future, it will be necessary 
to confirm whether similar profiles can be obtained by 
experiment. In addition, reflected waves arriving at the 

Fig. 16  Cubic concrete block fabricated for iron bar detection test
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Fig. 17  Transmitted power distributions for 400 × 400 × 400  mm 
concrete blocks. The experiments were carried out using iron bars 
with diameters of 20 mm and 32 mm
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Fig. 18  Transmitted power distributions of penetration of 1.2-GHz 
waves when two iron bars are buried inside the concrete: a diam-
eter of iron bars was 20 mm, burial depth was 250 mm, and interval 
between iron bars was 100 mm; b diameter was 20 mm, depth was 
250 mm, and interval was 200 mm
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edges of the two-dimensional analysis region were com-
pletely absorbed by the PML. However, because in reality 
it would be difficult to prepare such a perfect absorbent, 
the influence of waves reflected from the edges needs 
to be confirmed by experiment.

4  Conclusions

In order to avoid placing WPT couplers close to iron bars 
embedded in concrete, we invested a means of deter-
mining the location of such bars using a pair of patch 
antennas. Numerical simulations were first carried out 
using the FDTD method for concrete walls up to 70 cm 
thick reinforced with iron bars with different diameters. 
The effectiveness of this system was then confirmed 
experimentally using 400 × 400 × 400  mm concrete 
blocks. From the simulation results, it was found that a 
microwave frequency of 4.8 GHz is optimum for pen-
etrating concrete walls thicker than 50 cm, and also for 
distinguishing between multiple embedded iron bars. 
These findings are expected to be useful for performing 
WPT through a reinforced concrete wall.
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