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Abstract ─ Wireless power transfer to embedded 
smart sensor antennas using near-field coupled loop 
antennas is experimentally studied. Multi-turn loop 
antennas designed for operation at around 10 MHz 
show that they can attain fairly high efficiency 
when properly matched and operated in close 
proximity to each other whether in free-space or 
within dry concrete. When one loop is embedded 
inside 2, 4, and 6 cm of concrete while the other 
resides over it, it is shown that the embedded loop 
can receive about 1.9, 1.6, and 1.3 watts of power 
respectively when the transmit power is 5 watts. 
Thus, even with an external transmitter with only 1 
watt of power (30 dBm) will allow the received 
power to be 380 mw, 360 mw, and 260 mw for 2, 
4, and 6 cm of concrete respectively. It is expected 
that the use of an even larger loop, magnetic 
material loading, and or the use of a flux 
concentrator will increase the efficiency further. 

Index Terms ─ Concrete, embedded, near-field, 
sensor, wireless power. 

I. INTRODUCTION 
The infrastructure that supports the smooth 

operation of our society such as, buildings, roads, 
and bridges has grown in an incredible rate during 
the last decades. Many of these structures have 
surpassed their life cycle and require routine 
structural evaluation to ensure proper operation and 
safety. In addition, the nation’s infrastructure is 

aging and major upgrades are becoming a necessity. 
The structural integrity of a building or bridge can 
be compromised in several ways. For example, the 
rebar could corrode due to the salt used to de-ice 
roads, humidity and other environmental factors. 

This corrosion reduces the area of the steel bars and 
it eventually changes the stress distribution within 
the reinforcement. Structural Health Monitoring 
(SHM) focuses on developing sensor technologies 
and systems that assesses the integrity of structures 
[1]-[10]. Apart from conventional visual inspection 
[11] and ground penetrating radar (GPR) [12]-[13], 
various types of sensors have been introduced for 
SHM applications, such as fiber optics [14], strain 
gauges [15], accelerometers, guided wave [16]-[18] 
and ultra sound sensors. Such sensors and the 
necessary wire connections must be installed while 
the infrastructure is being built or afterwards as 
retrofits. The wires connect the sensors with their 
data acquisition stations to which measured data are 
collected and processed. 

In recent years, there has been a growing 
interest on wireless sensors for structural health 
monitoring [19]-[27]. Major advantages of wireless 
sensors over traditional wired sensors are their low 
cost and ease of installation. Most of the sensors 
studied in the literature utilize RF (radio frequency) 
wireless modules that operate outside the 
infrastructure, and hence some sort of wired 
connection to the actual measuring unit (strain 
gauge, humidity sensor) is required for the data to 
reach the outside wireless unit. 

Wireless sensors that can be embedded or 
buried within the infrastructure, such as a concrete 
bridge pier during its construction phase would be 
clearly a better choice. Wireless embedded sensors 
will have improved reliability since the lack of any 
wired connection will prevent the sensor from loss 
of connection due to crack and corrosion in the wire 
resulting from changes in the surrounding 
environment. The possibility of developing such 
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sensors has been conceptually demonstrated by 
some RF studies of antennas buried in concrete 
[28]-[32]. 

The sensors when placed in appropriate 
locations of the structure will measure strain, 
vibration, moisture, etc., and then communicate 
such data to other sensors and or to a supervisory 
base station. The sensors will operate 
independently and will be capable of processing 
information and make decisions, and hence called 
smart sensors. A basic schematic illustrating a 
typical sensor deployment scenario is shown in Fig. 
1. However, for smart wireless sensors energizing 
the sensor battery wirelessly from outside is 
essential because once embedded the sensors 
cannot be accessed without destroying the 
structure. 

Fig. 1. Proposed distributed embedded or buried 
wireless sensors within a bridge pier. 

In the literature, wireless power transfer has 
been addressed from two different thrusts: (1) far-
field radiated power transfer, and (2) near-field 
coupled power transfer. 

For far-field radiated power transfer, a rectenna 
[33-35] consisting of an antenna for receiving 
microwave power, filters, and a diode (mostly 
Schottky diode) as a rectifying component are 
needed. The rectenna can receive microwave power 
and convert it into dc output. Except for difficult to 
access areas, wireless power transfer using far-field 
radiated power is very inefficient. For example, in 
[31] we find that a microstrip patch antenna 
embedded in 20 mm thick concrete receives only 
10.4 mw of power at a distance of 60 cm when the 

transmit power is 7w. 
Clearly for smart sensors embedded in concrete 

or other structures, wireless power transfer using 
near-field coupling will be far more efficient than 
far field wireless power transfer. For the latter case, 
just above the surface of the infrastructure closely 
coupled power transfer antennas and transmit 
circuits will be installed. The transmit circuits and 
the external antennas can be energized using solar 
energy or energy from utilities if available. With the 
proliferation of RFID (Radio Frequency 
Identification Device), near-field wireless power 
transfer has become an intense activity of research 
and development [36-37], [32] including wireless 
phone battery charging, car battery charging, etc. 
The objective of this paper is to study the efficacy 
of wireless power transfer to sensor elements that 
can be embedded in concrete.

To that end, a multi-turn loop antenna is 

designed and matched for operation in free-space. 

Experiments are performed to evaluate the wireless 

power transmission loss in free-space for two 

closely coupled loops. Then wireless power 

transmission loss when one of the loops is 

embedded in concrete is measured. Measurements 

are performed for different thicknesses of concrete 

demonstrating the feasibility to charge the battery 

of a wireless embedded sensor in concrete.

II. ANTENNA CONFIGURATION 
We consider a square spiral loop printed on one 

side of a 9 cm by 9 cm by 0.0508 cm Rogers 5880 
substrate (�r=2.2, tan�=0.0002). 

The back side of the substrate does not contain 
a ground plane. The end of the inner loop turn is 
connected to a trace on the back surface of the 
substrate using a via. The loop geometry is shown 
in Fig. 2. The antenna is fed using a 50 ' SMA 
connector. Three loop configurations were 
investigated (see Table 1). 

Table 1: Square spiral loop configurations studied 
Loop
Type

Name Width of 
Strip (cm)

Gap Between 
Strips (cm)

1 Thin dense 0.1 0.1
2 Plain 0.2 0.2
3 Thin 0.1 0.3

Smart wireless sensors 
embedded or buried 
within a bridge pier

Local Base Station
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Fig. 2. A multi-turn square spiral loop antenna in 
free-space with a series chip capacitor. Top and 
bottom views. 
 

III. SIMULATION RESULTS 
Antenna impedance and S-parameters were 

studied by performing modeling and simulations 
using Ansys HFSS (High Frequency Structure 
Simulator). Our objective was to design efficient 
coupled resonant loop antennas for wireless power 
transfer where each loop was matched to a 50 ' 
feed transmission line. Initially, all simulations 
were performed at 13.56 MHz. Given the long 
wavelength (22 meters), the multi-turn loop shown 
in Fig. 2 is electrically small and thus not self-
resonant. In order to force it to resonate at a specific 
frequency, knowledge about its impedance 
characteristics is required. Simulated self-
resistance data of the three loops listed in Table 1 
are plotted in Fig. 3 as function of the number of 
turns. Clearly, the “Plain” and “Thin” loops have 

smaller self-resistances which will be difficult to 
match with a 50 ' feed transmission line. The self-

resistance of the “Thin dense” loop exceeds 50 ' 
when the number of turns exceeds 15. Therefore, 
for this particular board size if we construct a 16 
turn loop with trace width of 1 mm and trace gap of 
1 mm that will meet our 50 '�impedance matching 
requirements. 
 

 
 
Fig. 3. Simulated loop self-resistance, RA at 13.56 
MHz versus number of turns, N. 
 

Next, we look into the inductance the loop 
produces. As indicated before, given that this is a 
magnetic antenna it will have energy stored in its 
magnetic field which is characterized by its self-
inductance. The self-inductances of all three 
antennas were simulated using HFSS. 

Analytically, loop self-inductance is given by 
[38]: 

 
p

d
NL avg

ant 75.21
34.2 2

0 �
� � , (1) 

where N is the number of turns and based on the 
coefficients for modified wheeler expression, for 
the case “Layout - Square”, the layout dependent 
are 2.34 and 2.75, respectively. 

For all three loops listed in Table 1, there are 
the outer diameter dout = 0.082 (m), and the inner 
diameter )12(002.0 ��� Ndd outin (m), 

)24(002.0 �� Ndout (m), and )34(002.0 �� Ndout

(m) for loops of Type 1, Type 2, and Type 3, 
respectively, where the average diameter 

2
inout

avg
ddd �

� , fill ratio 
inout

inout

dd
ddp

�
�

� , and 

7
0 104 �(� ��  (H/m). 

Simulated and calculated (using Eqn. (1)) self-
reactance data for these three loops are shown in 
Fig. 4. Simulated and calculated data are in good 
agreement for Type 2 and Type 3 loops. For the 
Type 1 loop (Thin dense), simulated self-reactance 
is larger than the calculated self-reactance, 

9 cm 

9 cm 
0.4 cm 

0.4 cm 

0.4 cm 
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Connector 

0.4 cm 

via 

Connector 
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especially for larger N. The difference between the 
simulated and calculated reactance of Type 1 for 
higher N is due to the larger parasitic capacitance 
between two adjacent turns. 

Type 1 

Type 2 

Type 3 

Fig. 4. Simulated and calculated (using Eqn. (1)) 
loop self-reactance, XA at 13.56 MHz versus N for 
loops of Type 1, Type 2, and Type 3, respectively. 

Comparing the self-impedances of Type 2 and 
Type 3, it is seen that the Type 1 loop can offer 
much larger input resistance which will make it 
easier to match it with a 50 ' line. For example, for 
N = 16 the Type 1 loop has self-impedance of 
53.73+j1656 Ω at 13.56 MHz. Simulated self-
resistance and reactance of Type 1 (16-turn loop) 
are shown in Fig. 5 as function of frequency. Both 
the self-resistance and reactance increases with 
frequency as expected. It is clear that antenna 
resistance variation with frequency is fairly slow 
and would not be a problem for impedance 

matching. However, because the antenna is 
electrically very small, the inductance varies quite 
rapidly and thus the matched bandwidth is expected 
to be narrow 

Fig. 5. Simulated self-resistance and reactance of 
the 16-turn loop versus frequency (MHz). 

IV. EXPERIMENTAL RESULTS 
A. Free-space measurement results

Figure 6 (a) shows a 16-turn loop that was 
fabricated on FR4 substrate. Measured S11 (dB) 
data of the loop matched using different chip 
capacitors are shown in Fig. 6 (b). An Agilent 
E5071C vector network analyzer (VNA) was used 
to perform the measurements. It is clear that the 
tuning frequency can be changed by choosing an 
appropriate capacitor. 

(a) 

(b) 

Fig. 6. Measured S11 (dB) data of 16-turn loop 
versus frequency. 
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To explore the transmission properties between 
two resonant loops they were connected to two 
ports of a VNA and were brought close to each 
other as shown in Fig. 7 below. Measured S11 (dB) 
data shown in Fig. 8 clearly shows that there are two 
resonances present when the distance is 3 to 10 cm. 
Only when the distance is larger (30 cm; i.e., greater 
than 0.1 wavelength) the double resonance 
disappears because the coupling between the two 
loops becomes weaker and the loop behaves like a 
loop in isolation. 

Fig. 7. Measurement setup for two loops in free 
space. 

Measured S12 (dB) data for two closely coupled 
loops at different distances are shown in Figs. 8 (b) 
and (c). Distance varies as 1 to 5 cm at 1 cm 
increment and then as 6, 10, 20, and 30 cm. 
Measured S11 (dB) results are shown in Fig. 8 (a), 
where from it is clear that for 30 cm distance the 
loop resonance shows a single well-defined 
resonance that coincides with the resonance of an 
isolated loop in free-space. As the loops are brought 
closer and closer mutual coupling increases 
significantly which is manifested in two 
resonances. 

Measured S12 (dB) results show that for 
distances less than 30 cm the loss is smaller than 10 

dB. The (upper or lower) resonant frequencies are 
listed in Table 2, which will shift according to the 
relative distance d (cm). As apparent, for larger 
distances the frequencies are closer and eventually 
merging, while for very short distances the 
frequencies significantly diverge from each other. 

(a) 

(b) 

(c) 

Fig. 8. Measured S-parameters of 16-turn loops at 
distance, d, in free space, C = 4.7 pF. 

Table 2: Resonant frequency of two loops in free space. 
d(cm) 1 2 3 4 5 6 10 20 30
Lower resonant frequency 
(MHz) 8.58 10.06 10.86 11.58 12.03 12.64 13.18

13.47 13.54Upper resonant frequency 
(MHz) 22.15 17.82 16.36 15.30 14.76 14.37 13.96
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B. Measurement results in concrete 
Subsequently measurements were performed 

when one of the loops were embedded inside 
concrete. This measurement setup is shown in Fig. 
9, where the thickness of each concrete slab is 2 cm. 
Thus, we have the thickness of concrete: t = 2 cm 
for one layer of concrete, t = 4 cm for two layers of 
concrete, and t = 0 for no concrete between (i.e.,
free space). Measured results according to this 
situation are shown in Fig. 10. 

(a) 

(b) 

Fig. 9. Measurement setup: (a) Loop 1 put inside 
the concrete, and (b) Loop 2 put near concrete. 

(a) 

(b) 

(c) 

Fig. 10. Measured S11 (dB) for: (a) loop 1 inside 
concrete, (b) loop 2 touching the surface of concrete 
with C = 4.7 pF at relative distance d with concrete 
thickness t, and (c) measured S12 (dB) or 
transmission between the two loops. 

Clearly for 2 cm of concrete thickness 
transmission loss is about 12 dB which increases to 
15 dB for 4 cm thick concrete. Free-space loss is 
about 9 dB. Note that, the coupled antenna system 
has two closely separated resonant frequencies and 
we are discussing the performance at the higher 
frequency. Observing the impedance matching of 
the external and embedded loops, it is apparent that 
the matching is not good when the antennas are near 
concrete. To improve the impedance matching, we 
decided to use C =15 pF instead of 4.7 pF. The 
measured results comparing these two matching 
scenarios are shown in Fig. 11. Note that, with C
=15 pF the operating frequency is significantly 
lower (8.5 MHz as opposed to 14 MHz). Because 
of the improvement in matching transmission, loss 
even in concrete is much lower (5 dB for 4 cm of 
concrete). 
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 (a) 

 
 (b) 

 
 (c) 
 
Fig. 11. Measured S11 (dB) and S12 (dB) or 
transmission for two loops with C = 4.7 and 15 pF 
at relative distance d with concrete of thickness t 
between. 
 

V. RECEIVED WIRELESS POWER 
Tests were performed using a power meter and 

a network analyzer to determine the power 
transmission efficiencies also. In this case, the 
power received by the embedded antenna was 
measured using a power meter. The transmit 
antenna was connected to a vector network analyzer 
and was set to signal generator mode of operation. 
These results are shown in dBm scale in Fig. 12 (a) 
and in watt scale in Fig. 12 (b). The maximum 
received powers corresponding to 5W of transmit 
power are 1.9, 1.6 and 1.3W with 2, 4, and 6 cm of 
concrete thickness respectively. Hence, the 
corresponding power transmission efficiencies 

through concrete are 38%, 32% and 26%, 
respectively. 
 

 
 (a) 

 
 (b) 
 
Fig. 12. Measured received power results with input 
5W to transmitting loop with series capacitor 15 pF. 
 

VI. CONCLUSION 
The concept and prospects of energizing the 

battery of a wireless sensor embedded in concrete 
are introduced. It is shown that a well-designed pair 
of coupled resonant loop antennas operating around 
10 MHz can achieve nearly 40% power transfer 
efficiency even in the presence of 2 cm of concrete. 
Given the loops operate in very close proximity to 
each other and that their resonant frequencies are 
susceptible to slight changes in the distance and the 
environment, proper matching of their impedance 
under a deterministic scenario will ensure even 
higher power transfer efficiency. Nevertheless, 
wireless embedded sensors that require very small 
power (10-100 mW) can be easily charged using the 
proposed scheme where both the embedded and 
external elements are left unattended and are in 
essence therefore self-sustained. 
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