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Abstract 
The requirements of a constantly increasing population of the world have placed a critical 

demand on water resources. To fulfill this ever increasing demand placed on water 

resources by the population, it is imperative to utilize technologically advanced and 

efficient techniques to explore and predict water availability in specific areas instead of 

random search. An efficient approach for determining soil moisture content in this sense 

is to conduct microwave remote sensing studies which can help in designing and 

developing active as well as passive ground-based, airborne and satellite-borne sensors to 

monitor the situations regularly. However, satellite systems are expensive.  
 

In our method, we propose the use of a microwave system to determine soil moisture 

content. The system uses a bistatic scatter method for measurement on the ground plane. 

The technique can not only determine water or any liquid content but also buried metals.  

Key words; microwave response, remote sensing, bistatic scatter, soil moisture 

1. Introduction 
The knowledge of soil moisture content is essential in agricultural and environmental 

engineering as it controls plant growth, hydrological processes, and the contamination of 

surface and subsurface water [1]. It has become evident that modeling detailed spatial 

distributions of water and solutes in the heterogeneous subsurface requires extensive site 

characterization. Characterizing this variability with conventional methods is invasive and 

thus, time-consuming, costly and subject to a large degree of uncertainty due to the lack of 

densely sampled in situ measurements [2]. 

 

Using microwaves in applications such as remote sensing, communication and radar system 

modeling has been intensively developed over a long period of time and still continues to be a 

very active research topic as presented by [1]-[6] as a sample. Research in soil moisture 

remote sensing began shortly after the surge in satellite development, that is, in the mid 1970s 

[7] and is continuously growing to date as can be noted in [8]-[11]. Among the implemented 

techniques, free-space methods are well suited for industrial applications, such as civil 

engineering (moisture content evaluation, change in the material composition with time) [12] 

non-destructive testing [13] ground penetrating radar [14], agricultural materials and food 

quality sensing (moisture content, maturity of fruit, freshness of eggs, potential insect control 

in seeds and radio frequency heating) [15], bio fuel moisture measurement [16], microwave 

breast cancer detection [5] and communication systems (modeling of radio wave propagation 

channels) [3]. They can be first distinguished by their measurement domain, either time or 

frequency, then by the type of the measured quantities, either scalar or vector valued, and also 

by the experimental configuration using reflection and/or transmission at a fixed or variable 

angle of incidence. 

 

This paper presents a free space technique of measuring the reflectivity (related to 

permittivity) of soil from which the soil moisture can be determined. The major advantages 

of our method are its non-destructive characteristics, its suitability for use in broadband [17], 

which increases resolution thus giving better results, and its averaging property due to the 

large footprint illuminating the sample. 
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2. Soil characteristic parameters 
Materials interact with electromagnetic energy in different ways. In geologic applications, the 

main materials encountered are soil, water, and air. The propagation of this electromagnetic 

energy depends on the electrical properties of the ground, which are directly controlled by the 

water content of the soil [1], [6]. Electromagnetic wave propagation in some cases can be 

affected by the magnetic permeability of the soil, however for nonmagnetic materials the 

magnetic permeability is equal to unity and the only factor that influences the speed, 

attenuation and reflection of the electromagnetic wave is the dielectric constant of the soil. 

For the range of frequencies used, the electrical conductivity of the material plays little role in 

the transfer of electromagnetic energy. Instead the dielectric constant or relative permittivity 

is used to describe the high frequency electrical properties of materials, because at these 

frequencies the displacement (polarization) properties dominate the conductive properties for 

many geologic materials [18]. Since the bulk soil electrical conductivity only plays a small 

part in the propagation of electromagnetic waves under typical microwave frequencies and 

minimal pore fluid salinity levels, the dielectric constant is taken into consideration. 

 

2.1 Dielectric Constant 

The dielectric constant (relative permittivity) of a material is a measure of its ability to store a 

charge (electrical energy) for applied field strength [19]. A dielectric substance is nothing 

more than a non-conductor of electricity or an insulator. If a parallel plate capacitor is 

envisioned and an electromagnetic field is applied to the plates then the molecules in the 

material between the plates (the dielectric) will polarize. This polarization creates a layer of 

opposite charge on the surface of the dielectric, which in turn causes an increase in the 

capacitance of the plates. The ease with which a substance polarizes under an electrical field 

is what classifies substances as good or poor dielectrics. The easier materials polarize the 

greater their dielectric constant. For example, pure water has a dielectric constant of 80 [9] 

and air has a dielectric constant of 1 (See Table 1). Water will increase the capacitance of a 

parallel plate capacitor by a factor of 80 over that of air. Dielectrics can be further explained 

in terms of the creation of dipole moments under the application of an electric field. 

Mathematically it is expressed by the following equation [20]: 

 

 ED         (1) 

 

Where D is the dipole moment density (F*V/m
2
), ε is the permittivity of the material in units 

of Farads per meter (F/m), and E is the applied electric field in volts per meter (V/m). The 

dielectric constant (εr) is given by the ratio of the material permittivity to the permittivity of 

free space, εo = 8.854 x 10
-12

 (F/m) [21]: 

 

or  /         (2) 

 

Because of the high dielectric constant of water it is expected that when it is added to soil, the 

dielectric constant of that soil will change considerably (Table 1). This is confirmed by our 

experiments. 

 

Material Dielectric constant (εr) 

Vacuum 1 (by definition) 

Air 1.0005 

Brick (dry) 2 
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Brick (wet) 5-10 

Water (fresh) 80 

Water (sea) 80 

Soil (dry) 3-6 

Soil (wet) 10-30 

Paper 3 

Polyethylene 2.25 

Rubber 7 

Barium titanate 1200 

Plexiglass 2.6 

Teflon 2.1 

 

Table 1 Existing literature on dielectric constant for a few different materials [22] 

3. MeasurementProcedure. 
 

The principle of soil water content measurements with air launched surface reflections is 

illustrated in Figure 2 (Schematic diagram) & Figure 3 (Experimental setup). The 

transmitting and receiving antennas are operated at some distance above the ground by 

mounting them on a given platform. The soil property being measured is the reflection 

coefficient of the air-soil interface, , which is determined from the measured amplitude, Ar, 

relative to the amplitude of a “perfect” reflector, Am, such as a metal plate larger than the 

footprint of the antennas in use and is generally given by [21]: 

m

r

A

A
          (3) 

First the reflected voltage level is measured from metal reflector and a sample of dry soil is 

put in a basin then the reflected signal level is also measured. The values are recorded after 

which small amounts of water are added to the soil, at intervals, as the voltage level is 

measured by the use of a spectrum analyzer. The reflection coefficient, soil permittivity and 

the soil moisture content are then calculated. The results are shown in Table 2. 

The soil permittivity can then be calculated using the following relation [21]:  

1
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This translates to: 
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       (5) 

 

The εsoil obtained from surface reflectivity is a non-linear average of the permittivity variation 

with depth.  
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The footprint of the antennas can be approximated by the diameter of the first Fresnel zone 

(FZD) 
5.0

2

2
4 








 


hFZD        (6) 

Where λ is the wavelength (c/f for air) at the center frequency of the antennas and h is the 

height of the antenna above the surface. The FZD criterion suggests a calibration footprint of 

0.79 by 0.79 m for 1 GHz antennas operated 1.0 m above the soil surface and a footprint of 

1.76 by 1.76 m for 225 MHz antennas operated at the same height.  

 

From the obtained soil permittivity the soil moisture content can also be calculated using the 

following empirical formula: 

 

  362422 103.4105.51092.2103.5 rrrv     (7) 
 

 

The general equation is given by, [17]  

 
32

rrrv dcba         (8) 

 

Where a, b, c and d are coefficients.  
 

4. Experimental Results and Discussion 
4.1 Soil Moisture Content. 

Taking measurements from a sample of dry soil that had different amounts of water added to 

it, the following results were obtained. 

Dry soil received voltage level = 0.31mV 

Received voltage level for water =0.92mV 

Received voltage level for perfect reflector (metal) = 1.15mV 
 

 

 

 

 

 

 

 

Table 2 Measured voltage levels for wet soil, calculated reflection coefficient, permittivity and 
volumetric soil moisture content at 2 GHz. 

 

Received Voltage  

Amplitude (Ar) in mV 

Reflection  

Coefficient ()  

Permittivity (r)  Soil Moisture  

Content (v) 

0.31 (dry soil) 0.270 3.05 0.0000 

0.55 0.478 8.025 0.1481 

0.60 0.522 10.138 0.1910 

0.69 0.600 16.000 0.2910 

0.72 0.626 18.910 0.3316 

0.79 0.687 29.042 0.4365 
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Table 2 shows a sample of data acquired with the 2 GHz surface reflection measurement set 

up shown in Figure 2. Different amount of water is added to the soil as the voltage level is 

measured. Generally, the soil water content obtained with this technique is similar to the soil 

water content obtained by Yang and Ulaby [9] and the theoretical values obtained by Topp Et 

Al [22] as shown in the plots in Figure 6. However, there seems to be some variation from the 

start of the plots and also considerable difference in reflectivity against soil moisture content 

even though the gradient seems to be the same as can be seen from Figure 7. This is probably 

brought about by, the impact of the soil water content profile with depth on the reflection 

coefficient, the impact of surface roughness on the reflection coefficient and reliability and 

accuracy of amplitude measurements. 

 

The determination of soil water content from the reflection coefficient requires accurate 

amplitude measurements. Surface roughness and varying soil water content profiles with 

depth will both cause significant scattering, which leads to a decrease in reflection coefficient 

and an underestimation of soil water content if not accounted for. The effective measurement 

depth and the impact of soil water content variations with depth are topics of active research, 

but little is known at the moment. 

 

4.2 Effect of Vegetation  

When different numbers of leaves were added to the surface of the soil and then the 

amplitude of the reflected signal level measured, it was found that the reflected signal 

reduced with increase of number of leaves. The results are shown in Table 3. This shows that 

leaves have an effect on the reflected signal. This is attributed by the fact that leaves absorb 

and scatter incident microwave signals. This phenomenon can be used to show that 

vegetation cover has an effect on the radio wave signals in the ultra high frequency (UHF) 

band, which will be absorbed and scattered thus not reaching the intended recipient as 

required.  
 

Number of leaves Reflected signal level (Ar) in mV 

0 0.31 

1 0.26 

2 0.22 

3 0.18 

4 0.17 

5 1.16 

6 0.13 

 

Table 3 Reflected signal level for different number of leaves at 2GHz. 
 

4.3 Effect of surface roughness 

The sample of dry soil above was used to determine the effect of soil surface roughness on 

the incident microwave signal. Different levels of depressions were made onto the soil 

sample while the reflected signal level was measured. It was found that as the level of 

depressions was increased the reflected signal measured reduced as presented in Table 4 

below. This is as a result of the microwave signal being scattered in different directions as 

opposed to when the surface is smooth where the signal is reflected almost in one direction.  
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Depression height (cm) Reflected signal level (mV) 

0.5 0.25 

1 0.22 

1.5 0.18 

2 0.15 

2.5 0.12 

3 0.10 

 

Table 4 Measured reflected signal in relation to the surface roughness height at 2 GHz. 

 

4.4 Effect of depth  

For this experiment a metal plate used as a reflector was buried at different depths below the 

soil surface while the reflected signal level was measured. From the results in Table 5 it was 

noted that as the depth was increased for the buried metal plate the measured signal level 

reduced up to a depth of around 6cm where the signal was equivalent to the one reflected by 

dry soil. This shows that the transmitter generates a signal, which can penetrate up to a depth 

of around 5cm. Therefore it can be concluded that the soil moisture content measured was up 

to a depth of around 5cm at 2 GHz.  

 

Depth (cm) Reflected signal level (mV) 

0 1.12 

1 0.82 

2 0.53 

3 0.41 

4 0.38 

5 0.36 

6 0.36 
 

Table 5 Measured reflected signal with increase in depth of buried metal at 2 GHz. 

 

5. Summary and Conclusions  
This technique has advantages over more traditional methods of measuring field soil moisture 

content. It is non-intrusive, has no effect on water flow pattern (soil disturbance methods may 

effect water flow paths) and potentially has a larger sample volume than other methods. 

When an EM wave propagates through the soil from the transmitting antenna, the wave could 

be reflected, scattered or attenuated due to the different electrical properties in the 

underground materials. The depth of EM wave penetration is determined by the conductivity 

of the material as well as the wave frequency. This technique is potentially useful in a wide 

variety of applications for rapid and nondestructive in situ sub-surface investigations. In 

particular, this technique is useful in shallow soil investigations depending on the 

conductivity of the media. However for our antenna the measurement of soil moisture content 

was approximated to be up to around 5cm depth. As from the experiments it can be shown 

that this method can be used to measure the effect of different parameters like soil surface 

roughness and vegetation on microwave signal besides soil moisture content determination. 

Clearly, the impact of surface roughness and soil water content profiles on the surface 

reflection coefficient are two key issues that need to be addressed when applying this 
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technique as can be seen from our results. It is interesting to note that these problems are 

similar to those in remote sensing and it is possible that this soil water content measurement 

technique can profit from developments in the highly sponsored field of remote sensing.  

 

If the system is to be used in the field it requires that we have simple and portable equipment 

like a signal generator and electric field intensity measuring device. A more convenient, 

reliable and accurate equipment could be a radar which can take measurements that can be 

analyzed using a computer. We feel that this method could provide more advantages in soil 

moisture measurement and communication to control a sprinkler than the one given in [3] 

since it is non-intrusive.  
 

Possible Sources of Error 

The following sources were identified during this investigation: 

1. Uncontrolled testing environment due to lack of anechoic chamber 

2. Noise generated by automobiles caused fluctuations in readings. 

3. The movement and positioning of the coaxial cable altered amplitude levels. 

4. Lack of precision tools for Antenna design and fabrication. 

 
 

 

        

  

 

 

                                         

                                                                               

 

 

                          

 

 

Soil sample. 
 
 

Figure 2 Schematic Diagram of Bistatic Scatterometer System 
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Metal Reflector     Bow tie Antennas 

 
 

Soil Sample                          Coaxial Cable       Spectrum Analyzer 

Figure 3 Experimental setup 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Comparison of our results with Yang & Ulaby and Topp Et Al theoretical results 

for permittivity against volumetric soil moisture. 
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Figure 7 Comparisons of our results with Yang & Ulaby for reflectivity against volumetric 

soil moisture content  

 

6. Future Work. 

Outdoor experiments will be conducted at different sites to establish the practical validity of 

our method in detecting objects below the ground surface. Further work also lies in designing 

antennas at lower frequencies than 2 GHz antenna that can be used to detect objects buried 

beyond 5cm under the earth„s surface.  
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