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	 In recent years, an increasing number of sensors are being required in various industrial or 
automated production techniques.  In particular, the need for moisture measurement is high, but 
a noncontact high-precision moisture sensor has not been put to practical use.  Therefore, in this 
research, we focused on a moisture sensor that transmits microwaves and tested two methods 
for evaluation and verification.  In the experiment, the water in the water tank was measured 
using radio waves of 2.4 GHz.  As a result, although measurement could not be performed with 
high accuracy using the received signal strength, measurement using the propagation delay time 
was highly accurate.  This result will provide an index for the application of moisture sensors 
using microwaves in the future.

1.	 Introduction

	 In industrial production, the measurement of the moisture condition is one of the most 
important technologies.  For example, when using wood in industrial production, it is necessary 
to measure the moisture content of the wood.  Wood varies in size depending on the condition 
of moisture.(1)  In manufacturing, it is important to measure the moisture condition to improve 
size accuracy.  Also, the manufacture of high-performance concrete requires the measurement 
of the moisture state during the concrete manufacturing process.(2,3)  In addition, to diagnose 
the deterioration of concrete structures, it is also necessary to measure the water condition in 
concrete.  For the moisture measurement of concrete, a dielectric hygrometer or the like, which 
can detect changes in capacitance, is used.(4,5)  However, this is a measurement of the moisture 
condition of only the surface part.
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	 Furthermore, in industrial production, it is important to measure the water condition in order 
to maintain the quality of food, which has become of prominent importance in recent years.  
Similarly, various sensors have been developed for automation in agricultural industrialization.(6)  
In the automatic production of agricultural products, it is considered very important to measure 
the moisture status of crops and soil, and conventionally, various systems for measuring soil 
moisture have been developed.(7–12)

	 As described above, the technology for measuring the water condition has become one of the 
very important issues as industrialization and automation spread in various fields.
	 When applying moisture measurement to industrial production, considering its convenience 
and applicability, important elements are as follows:

• The sensor does not need physical contact with the material.
• The sensor is fast enough for online measurement.

	 If the sensor is in contact with an object, the measurement results depend on the condition 
of the contact surface.  There is a risk of damage if sensors come into contact.  Furthermore, 
the measurement time of sensors also affects the number of products manufactured, given their 
use on the production line.  Hence, we constructed a moisture meter that uses microwaves and 
performed evaluation experiments.  By using microwaves, it is possible to realize noncontact 
measurement in real time.
	 Many of the measuring instruments using microwaves use the reflection of microwaves.  
However, in such methods, the surface is measured and it is difficult to estimate the internal 
state of the object.
	 Microwaves are easily absorbed by water, but they cannot pass through so much water.  
For this reason, it has been considered that moisture measurement using microwaves passing 
through materials is difficult.  
	 However, moisture measurement is not impossible.  If the amount of water that can 
be measured by the microwaves passing through is clarified, it can be applied to many 
measurement systems.
	 Therefore, in this research, we developed a moisture measurement system using microwaves 
that propagate through materials for the purpose of measuring the inside of an object without 
contact.
	 In this study, for basic experiments, we developed two measurement methods, one using the 
change in received signal strength and the other using the propagation delay time.  We report 
each evaluation experiment.

2.	 Materials and Methods

	 There are two major parameters that can be measured by transmitting radio waves, namely, 
the received signal strength and radio wave propagation time.  In this study, measurement 
experiments were conducted for each parameter and comparative evaluation was performed.  
In addition, in the basic study experiments, we passed radio waves through water in a water 
tank to facilitate comparison with theoretical values.  The amount of water in the water tank 
was changed to change the amount of water through which radio waves permeate.  Each 
experimental method is described below.
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2.1	 Measurement of received signal strength

	 When radio waves pass through water, they are attenuated by scattering and absorption.  We 
measured the changes in received signal intensity owing to this attenuation and created a system 
for estimating the water content.
	 Figure 1 shows the experimental setup used in this study.  The water tank was placed 
between the transmitting and receiving antennas that transmit and receive radio waves, 
respectively, and the received signal strength for each water level that varied in steps of 1 mm 
in the water tank was measured ten times in the magnetic shielding chamber and averaged.  The 
conditions of the transmission wave are shown in Table 1.
	 As a microwave transmitter, CC2543-CC2544DK from Texas Instruments was used.  In 
this development kit, wireless communication can be evaluated by using the attached 2.4 GHz 
radio module.  It is possible to switch the transmission power and modulation scheme, and to 
conduct experiments under various conditions.  We used this module as a transmitter to output 
an unmodulated continuous wave.

Fig. 1.	 (Color online) (a) Photograph of experimental setup used in this study.  (b) Scheme of the setup.

(a) (b)

Table 1
Antenna specifications and transmission conditions.
TX antenna, RX antenna

Voltage standing wave ratio (≤) 1.5
Gain (dBi) 14
Half-power beamwidth (°) 32 ± 5

RX antenna A, B
Voltage standing wave ratio (≤) 2
Gain (dBi) 10
Half-power beamwidth (°) 50

TX frequency (Hz) 2.479 × 109

TX power (dBm) 4
Modulation format Unmodulated
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	 On the receiving side, the small RF Explorer-3G Combo spectrum analyzer from Seeed 
Studio was used to measure the received signal strength (dBm) of the radio waves.
	 The antenna of the transmitter was connected to WLE-HG-DYG, a directional antenna 
from BUFFALO, with the aim of concentrating the transmitted radio waves and irradiating the 
object to be measured.  The same directional antenna was also connected to the antenna on the 
receiving side.

2.2	 Measurement of propagation delay time using an oscilloscope

	 The radio waves propagate at the speed of light in vacuum, but they decelerate in the 
medium and the propagation time is delayed.  Using this property, we will measure the water 
content by comparing the propagation times with the reception point of radio waves transmitted 
through water and air.
	 Therefore, in this experiment, as shown in Fig. 2, receiving antenna B was installed so that 
it mainly received radio waves transmitted through water, and receiving antenna A mainly 
received radio waves transmitted through air.
	 Then, water was poured into the water tank, and the waveforms received by each antenna at 
each water level that varied in steps of 1 mm were recorded using an oscilloscope (TDS7404B 
Tektronix), and the propagation delay time at antenna B was determined from the waveform 
(Fig. 3).  Table 1 shows the characteristics of antennas and the conditions of the transmitted 
wave.  The transmission frequency was set to the same value as that in the received signal 
strength experiment.  Since the distance between antennas also affects the propagation time 
of radio waves, the propagation delay time at the water level of 0 (mm) is omitted because it is 
measured as the propagation delay time due to the distance between antennas.  

Fig. 2.	 (Color online) (a) Photograph of experimental setup used in this study.  (b) Scheme of the setup.

(a) (b)
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3.	 Results

	 The relationship between the water level and the attenuation of the received signal strength 
was calculated as a theoretical value and compared with the measured value.  Equations (1) and (2) 
were used to calculate the theoretical value.
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	 In Eq. (1),(13) D is the half-power depth (mm), f (Hz) is the frequency of radio waves, εγ is the 
relative permittivity, and tanδ is the dielectric loss angle.  When the frequency f is 2.479 × 109 (Hz), 
the constant εr of water is 76.7, and when tanδ is 0.16, the half-power depth is about 9.5 mm.  
	 In Eq. (2), α is the damping constant (Np/mm) and A is the amount of attenuation (dB).  
Substitute D obtained using Eq. (1) into Eq. (2).  Then, since D is the half-power depth, 3 dB (≈ 0.5) 
is substituted for A.  α was calculated to be about 36.2 Np/mm.  This α was substituted into Eq. (3), 
which is transformed from Eq. (2), and the relationships between the water level D (mm) and A 
plotted in Fig. 4 for the theoretical and measured values were compared.

	 38.7 10A Dα−= × 	 (3)

	 The same tendency was confirmed in both the measured and theoretical values.  However, 
it was confirmed that the measured value was far from the theoretical value depending on the 
water level.

Fig. 3.	 (Color online) Sample results of measurement with an oscilloscope (water level of 5 mm).
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	 Next, the relationship between the water level and the propagation delay time was calculated 
using Eq. (4) and compared with the measured value.  

	
2 r

c
fD ε

ϕ
π

= 	 (4)

	 Equation (4) represents the delay phase φ (rad) that occurs until a radio wave of frequency f 
(Hz) travels through a medium with the relative permittivity εr and depth D (mm) and reaches 
the reception point.  c is the speed of light (3 × 1011 mm/s).
	 Then, assuming that f is 2.479 × 109 Hz and εr, which is a relative permittivity of water, is 
76.7, the relationship between the water level D (mm) and t is obtained using Eq. (5), which 
shows the relationship between φ and the propagation delay time t (s).  Subsequently, Eq. (6) 
is derived.  The measured propagation delay times and the theoretical values calculated using  
Eq. (6) are plotted in Fig. 5.

Fig. 4.	 (Color online) Theoretical and measured received signal strengths.

Fig. 5.	 (Color online) Theoretical and measured propagation delay times.
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	 The experimental results are very close to the theoretical values.  However, when the water 
level exceeds 80 mm, they are far from the theoretical values.

4.	 Discussion

	 As a result of the experiment, we found that the same experimental results as the theoretical 
values were obtained for the received signal strength and propagation delay time by transmitting 
radio waves through water.  However, the measured received signal strength largely deviated 
from the theoretical value after a certain point.  It is considered that this deviation is caused 
by a phenomenon called fading, which is due to the diffraction and scattering of radio waves.  
Strong and weak received signals occur owing to the resonance of radio waves along multiple 
paths.  The same result is obtained when the experiment is repeated several times.  From this, 
it is considered that the effect of fading might be reduced by enhancing the directivity of the 
antenna and limiting the path of radio waves.
	 However, overall, roughly the same result as the theoretical value can be obtained, so it may 
be possible to use only the received signal strength depending on the application.  Moreover, 
in the measurement result of the propagation delay time, it was possible to obtain a result very 
close to the theoretical value.  Since the change in propagation delay time is also linear up to the 
water level of about 80 mm, it is considered that calibration based on the experimental results 
can realize accurate measurement of water content.
	 Although the measurement result largely deviates from the theoretical value beyond the 
water level of 80 mm, it is considered that the radio wave is greatly attenuated and that the 
transmitted radio wave cannot be measured.
	 These findings confirmed that high-precision measurement can be realized by using the 
propagation delay time to determine the water content.  Also, it is considered that more reliable 
results can be obtained by measuring the received signal strength and propagation delay time 
together.
	 The measurement accuracy of the propagation delay time is higher than that of the received 
signal strength because the delay time is less susceptible to fading.  However, the measurement 
requires an accuracy of several picoseconds.
	 When applying the developed system to the measurement of moisture in a material, it is 
necessary to consider the effects of the moisture distribution and the dielectric constant of the 
material itself.  However, even if it is 100% water, it could be confirmed that the measurement 
was possible if it was up to about 80 mm.
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5.	 Conclusions

	 In this research, we conducted an experiment to measure two parameters that can be 
measured by transmitting radio waves, namely, the received signal strength and radio wave 
propagation time.
	 The results of the experiment were as follows.

•	 In the measurement of the received signal strength, it was difficult to measure small 
changes in water volume because of the effect of fading.

•	 In the measurement of the propagation delay time, the effect of fading was small, and the 
change in water volume could be measured with high accuracy.

•	 The measurement using 2.4 GHz radio waves was difficult when the amount of water 
exceeded 80 mm.

	 Sensors using microwaves can realize sufficiently fast noncontact measurements.  The state 
within an object can also be measured by using this infiltration system method.  On the basis of 
these findings, it is expected that moisture measurement using microwaves will be applied in 
various fields in the future.
	 The results of this study demonstrate the accuracy and limitations needed to develop a 
sensor capable of measurements with microwaves.  In the future, it is expected that different 
moisture content measurements will be made using microwaves.  At that time, we believe 
that this research result will be an indicator of moisture sensor development using radio wave 
transmission.
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