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SUMMARY IN SWEDISH  

Markradar (Ground Penetrating Radar, GPR) är en geofysisk 
mätmetod som bland annat används för att kartlägga geologiska 
strukturer eller för att leta efter  objekt i marken. Denna studie 
undersöker möjligheterna att bestämma markfuktighet med 
markradar. Grundprincipen för markradar är skicka ut 
elektromagnetiska vågor från en sändarantenn på markytan och att 
registrera de reflektioner som genereras av ojämnheter på olika djup 
i marken med en mottagarantenn. Med kunskap om radarvågornas 
hastighet kan djupet till reflektionerna uppskattas.  Den 
grundläggande egenskapen som påverkar markradarsignalen är den 
så kallade relativa di-elektriska permittiviteten, vilken har en direkt 
inverkan på radarvågornas hastighet. Det finns flera empiriska 
samband som relaterar den relativa dielektriska permittiviteten till 
markvattenhalten, till  exempel Ferre- och Toppekvationerna. 
Problemet med dessa ekvationer är att hastigheten måste 
bestämmas, och som regel krävs information om djupet till det 
reflekterande objektet i marken vilket kan vara svårt att uppskatta 
på förhand. I denna studie testas därför en metod som utgår från 
radarsignalens frekvensberoende utsläckning, med målsättning att 
kunna bestämma fuktigheten utan att behöva uppskatta djupet till 
en reflekterande yta, Den frekvensberoende amplitudutsläckningen 
representeras av en parameter Q* som beräknas genom analys av 
radarsignales frekvensinnehåll före och efter passage genom marken. 
Metoden kalibrerades och utvärderades i en serie laborationsförsök 
där radarmätningar gjorde på en mindre jordvolym med 
kontrollerad och varierande vattenhalt. Ett empiriskt samband 
mellan Q* och vattenhalt kunde fastställas. Mätningar med två typer 
av antenner visade att resultaten kan generaliseras genom att skala 
om Q* till en referensfrekvens.  
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ABSTRACT 

Ground Penetrating Radar (GPR) is an effective tool to measure the geological 
properties. A lot of information can be interpreted from the GPR data, such as 
soil water content. One of the common approaches is to determine the apparent 
electrical permittivity from the transmission velocity of the impulse 
electromagnetic wave, and to use empirical relationships to estimate the soil 
water content. For example, Ferre equation & Topp equation are all expressing 
the relationship between soil water content and electrical permittivity. However, 
this method has some limitations; most notably the necessity to determine the 
velocity from a known depth to a reflecting surface. Therefore, another approach 
using the frequency dependent attenuation represented by a parameter called Q* 
was tested and studied in this thesis. The Q* method was evaluated using 
laboratory measurements, which consists of a series of experiments. A new 
empirical model was established using experiments where Q* was estimated from 
measurements on a soil sample with known water contents using two types of 
antennas (1.6 GHz & 2.3 GHz). Finally, the adaptability of Topp equation and 
Ferre equation were verified, and a new empirical equation was defined. What’s 
more, the other method using Q* was proved to be feasible. 

KEY WORDS  

GPR, the soil water content, electrical permittivity, parameter Q*. 

INTRODUCTION 

Study Background 
Within the geophysical research, it is an important topic to 
accurately measure the soil water content. The variation of soil 
water content has significant influences on the strength and 
deformation characteristics of the soil, consequently to affect the 
stabilization of the surface constructions, subsidence and ground 
water flow.  

Today, some common used methods to measure soil water content 
include oven drying method, Neutron instrument, Υ-ray, and TDR 
(Time Domain Reflectometers), which all have their own drawbacks. 
For instance, all of these methods requires physical installations in 
the soil and are not suitable for distributed or remote sensing 
measurements. Therefore, it is a hot issue to find out efficient and 
easy-conducting methods to investigate the soil water content.  

GPR (Ground Penetrating Radar) is a geophysical method which 
uses electromagnetic radar pulses to image the subsurface structure. 
This nondestructive approach uses electromagnetic waves in the 
microwave band within the radio spectrum to detect the reflected 
signals from the underground structure. GPR can be used in a large 
range of media, including rocks, soil, ice, snow, water and 
constructions. It can detect things underground, variation of 
material, and cracks and voids. The merits of GPR method include 
safety, portability, low-cost, and non-destructivity. 

A thorough review of the history of GPR can be found in Liang et 
al (2007). The following landmarks were identified by him: The 
concept of Ground Penetrating Radar was first carried out by 
Leimbach and Lowy within their patent at 1910. Then Hulsenbeck 
firstly used the Electromagnetic Pulse Technology to investigate the 
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underground lithology structure at 1926. At year of 1963, Evans 
successfully detected the thickness of the polar ice cover using GPR. 
From 1970s and now on, more and more commercialized GPR 
systems have been invented with the development of the electronic 
and information technologies. The import of advanced image and 
data processing technologies dramatically enlarged the applied range 
of GPR methods. Nowadays, it has been approved that GPR 
systems can successfully work in a lot of fields such as hydraulic 
engineering, civil engineering, traffic engineering, environment 
engineering, archaeology, seismology. 

Principles of Ground Penetrating Radar 
Ground penetrating radar is a geophysical investigation technology 
which has been widely applied to nondestructively image the 
subsurface features at different scales from kilometers for geologic 
structures to centimeters for rebar in concrete features. An excellent 
introduction to GPR in hydrogeological applications is available in 
Davis and Annan (1989).The GPR technology is principally similar 
with seismic and sonar methods. In the case of the most commonly 
used bistatic systems (which means the system contains two 
antennas, one as transmitter and another as receiver), the 
transmitter shoots short pulses with high frequency (from 
Megahertz to Gigahertz) electromagnetic radar waves; and the 
receiver receives the signals from the transmitter and record them 
as a function of time. When the transmitter is placed on the surface 
between air and soil, the waves are not only radiated upward into 
the air, and also downward into the soil, which are shown by wave 
fronts A and B respectively in Fig. 1. Because of the requirements 
of continuity for the electromagnetic fields on the surface between 
air and soil, the spreading spherical air wave (shown as A in Fig.1 ) 
arouse a lateral wave front (shown as C in Fig. 1 ) in the soil. 
Similarly, the spherical wave spreading in the soil arouse the ground 
wave (shown as D in Fig. 1 ). The ground wave amplitude is known 
to dramatically decrease with the distance above the surface, so the 
ground wave is not shown as a wave front in Fig.1 like the others.  

According to the principles, the engineering application concretely 
includes the following: 

 Detection of the thickness of asphalt or concrete; 

 Detection of void area; 

 Detection of underground utilities and buried objects; 

 Inspection of sliding surface slope; 

 Soil water content investigation. 
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Fig. 1 Wave fronts 
around a dipole 
source on the soil 
surface. A and B 
are spherical 
waves in the air 
and soil, 
respectively. Wave 
C is the lateral or 
head wave in the 
soil, and D is the 
ground wave in 
the air (Annan, 
1973 ). 

 

There are 2 significant parameters of GPR systems, resolution and 
penetration depth. The resolution is controlled by the period of the 
transmitted pulse, and it is determined by the implemented 
frequency of the whole system. The reason is that the radar systems 
are assumed to work within the bandwidths which are around the 
center of the frequencies, the resolution would increase if the center 
frequency increased. Depth penetration is mainly controlled by the 
electrical conductivity of the soils and by the center frequency of 
the system. If the materials were having low-conductivity, such as 
gravel or dry sand, the GPR systems with a relatively low-
frequencies ( e.g., 50- or 100-MHz antennas) are able to achieve the 
depth about several tens of meters, and systems with high-
frequencies (e.g., 450 –MHz or higher antennas ) are able to achieve 
the depth of penetration about one to several meters. For clays or 
the silty sands, the penetration depth will be obviously less. This 
sensitivity to the soil texture and electrical conductivity is a 
limitation factor for where GPR can be successfully applied (Davis 
and Annan, 1989). 

Objectives of the study 
The main objective is to evaluate the possibility to measure soil 
water content with GPR by analyzing more aspects of the radar 
signal than only the propagation velocity. Some specific objectives 
were identified to reach this aim: 

 Collect a dataset with GPR measurements in soil with 
controlled water contents in laboratory conditions. 

 Use the experimental data to evaoluate the adaptability of 
two empirical equations relating radar wave propagation 
velocity (permittivity) to soil water content (Ferre Equation 
and Topp Equation). 

 Evaluate a new approach based on the frequency shift 
method (Q* method) to determine the soil water content 
from the GPR data without known penetration depth and 
manually picking of the waves.  
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MATERIALS AND METHODS  

Equipments 
The whole system includes a monitor, a control pad, two antennas, 
batteries and electric weirs. The manufacturer of the system is Malå 
Geoscience. A pivotal component is the antenna. Within the 
present study, a 1.6GHz and a 2.3GHz antenna were put into use. 
The picture and a sketch of its working principle are shown in the 
following Fig. 2  

The whole experiment consists of a series of tests, which tried to 
build the relationship between soil water contents, radar frequencies. 

Theories of Electromagnetic Methods 
The theoretical framework for ground penetrating radar can be 
derived from the fundamental Maxwell’s equations for electro-
magnetic waves.  The summary given here is mainly based on the 
works of (Huisman et al, 2003). The propagation velocity of 
electromagnetic waves, ν (m/s), is determined by the complex 
dielectric permittivity: 

 
 

with the loss tangent δ defined as: 

  

 
and where c is free space electromagnetic propagation velocity 
(3*108  m/s), f is the frequency of the electromagnetic field (Hz), 

 is the actual part of the relative permittivity;  is the 

imaginary part of the relative dielectric permittivity;  is the 

relative magnetic permeability,  is the DC conductivity ( S/m), 

and  is the free space permittivity (8.854*10-12 F/m). For 

nonmagnetic soils,   equals to 1 in the GPR frequency range 

Fig. 2  Picture and working principle sketch of the Malå 
GPR antennas. 
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(Van Dam et al., 2002). Throughout this thesis, dielectric 
permittivity is understood to represent the relative dielectric 

permittivity, ɛ r ,that is , the permittivity relative to free space as 

calculated by the absolute permittivity, ɛ  (F/m), divided by the free 

space permittivity ɛ 0 (F/m): 

 

The imaginary part of the permittivity, ɛ ''(f), is related to the energy 

losses and the actual part of the dielectric permittivity, ɛ '(f), is 
related to the capability to store energy when an alternating 
electrical field is applied. The complex permittivity of most 
materials varies considerably with the frequency of the implemented 
electric field. An important process which contributes to the 
frequency dependence of dielectric permittivity is the polarization 
arising from the orientation with the applied electric field of 
molecules that have permanent dipole moments. The mathematical 
formulation of Debye describes this process for pure polar 
materials (Debye, 1929): 

 

where  is the permittivity at the specific frequencies within which 
the molecular orientation cannot even have time to influence the 

polarization,  represents the static permittivity ( i.e., the value at 
zero frequency ), and frel (Hz) represents the relaxation frequency, 
which is defined as the frequency at which the  dielectric 
permittivity is (  ( Nelson, 1994).  

In the case of GPR measurements, which commonly have a 

frequency bandwidth from 10MHz to several GHz, ɛ ’’(f) is often 

small compared with  ɛ '(f). Furthermore, many soils do not show 
relaxation of permittivity in the frequency range. Under these 
conditions, Eq. (4) reduces to 

 
for non-saline soils (Wyseure et al., 1997). The actual part of the 
dielectric permittivity of fresh water during megahertz to gigahertz 
bandwidth is approximately 80, whereas the permittivity of air is 1 
and of most other ordinary soil constituents is around 3 to 10. This 
large contrast in permittivity explains the success of soil water 
content measurements with electromagnetic techniques working 
within this frequency bandwidth. 

As it described objectives section, the main objective is to evaluate 
the possibility to measure soil water content with GPR by analyzing 
more aspects of the radar signal than only the propagation velocity. 
So there is an important concept needs to be explained is the 
parameter Q*. 

In the recent decades, knowledge about the relationship between 
GPR attenuation and frequency over the band width of a typical 
pulse is approximately linear has been empirically established. 
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Furthermore, a parameter Q* has been defined to characterizes the 
slope of the band-limited attenuation versus frequency curve. 
(Bradford, 2007) 

As Bradford said, the parameter Q* is a purely empirical constant. 
As the signal propagates, high frequencies are attenuated more 
rapidly than low frequencies and spectrum shifts toward lower 
frequencies. We can use this spectral shift to measure Q* from field 
data using the frequency shift method. The source waveform of 
many pulsed GPR systems approximates a Ricker wavelet showed 
that the shift in peak frequency of Ricker wavelet spectrum is 
related to Q* by 

 
Where f0 is the spectral maximum at some reference time and ft is 
the spectral maximum after propagation through the material for 
some time t (Bradford, 2008). 

According to Bradford (2007), Q* is a parameter which defines the 
slope of attenuation versus frequency curve, and the attenuation is 
related the effective conductivity, which is related to the real part of 
permittivity. So as a reasonable hypothesis, the constant Q* should 
highly related to the permittivity, and consequently highly related to 
the water content. This is also explained in the section of 
Relationship between Water Content and Parameter Q*. 

Experiments Setup 

Choice of container 

When designing the setup, the propagation paths of impulse waves 
must be considered to make sure the radar waves would not be 
interfered by the walls of containers.  Two different models were 
used concerning the spreading of the electromagnetic wave: ray 
theory assuming straight travel paths, and the Fresnel volume 
concept assuming a certain influence area around the direct path. 

Within the ray theory, the electromagnetic wave can be 
characterized as propagating through space on a narrow line joining 
the transmitter and receiver. Strictly, this is only possible by 
assuming that the wave has an infinite frequency (Spetzeler and 
Snieder, 2004). The material properties that can be derived from the 
impulse wave represent an average along the direct path between 
the transmitter and receiver antenna with this approach. 

In reality the frequency is never infinite, and the direct ray 
approximation becomes more and more invalid as frequencies get 
increasingly lower. The consequence of this is that the velocity and 
attenuation of the impulse wave are affected by a volume 
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surrounding the direct travel path. The volume affecting the wave 
travel properties is defined as the Fresnel volume (Johnson et al., 
2005) characterized by a maximum diameter l and a distance d 
(Figure 3). With this approach, the traveling medium properties 
determined from the velocity and attenuation of the 
electromagnetic impulse wave are assumed to represent average 
values of the material properties within the Fresnel volume. 

 

The definition of the first Fresnel volume of constructive 

interference was originally given by Magnusson （2005）. It is the 

region defined by: 

 

 Where is the travel time from the transmitter to an arbitrary 

scattering point in space; is the travel time from the same point 

to the receiver;   is the travel time from transmitter to receiver; 
and T is the period of the propagating wave. 

To fulfill the definition, an expression for the diameter l of the 
Fresnel zone was deduced, defined as any cross-section on the 
Fresnel volume. The diameter of the Fresnel volumecan be stated as 
a function of the distance from the transmitting antenna also 
depending on the electromagnetic wave frequency f (Annan, 2003). 
When d equals half the distance between the antennas the diameter 
l is the greatest diameter on the Fresnel volume: 

 
The Fresnel volume can be approximated by the volume of two 
equal cones with height d and diameter l (Annan, 2003). 

 
The ray theory and the Fresnel volume concept considered above 
are simplified models of reality. For a complete wave propagation 

Fig. 3 Fresnel  volume   with   diameter   l   and   distance  
d   from   source  to  middle.  The  gray  marked   area     
is     referred     to      as     the      Fresnel      zone. 
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description care has to be taken on which antenna type is used for 
example. 

Within the present measurements, antennas with two frequencies 
1.6GHz and 2.3GHz were implemented. Strictly, the planar wave 
theory is only valid outside of a region close to the antenna called 
the near field (Annan, 2003). For this reason the minimum travel 
path length could be approximated to about 1 ½ wave length. For 
the 1.6 GHz antenna, this corresponds to about 0.15 m; also it 
depends on the medium, the approximation of 0.15 m was for air. 
Likewise, the minimum diameter of the cross-section needs to be 
bigger than 0.1741 m according to Eq. 8-9. It wouldn’t be a 
problem for 2.3 GHz antenna if it is satisfactory for the 1.6 GHz 
one. 

As described above, a bucket with 25cm height, 28cm diameter of 
bottom and 34 cm diameter of top section was used. It had a 
volume of 20L (Shown in Fig. 4). 

Measurements Procedures 

At the initial stage, an oven drying test was made with the sand 
samples, the result gave that the water content is quite low 
(0.00025% per volume), therefore we can consider the initial 
wetness of the sand θ0=0%. The corresponding file names can be 
found in Table5, Appendix II.  For each soil water content, there was 
a series of 4 experiments were conducted with 2 different antennas, 
one using 1.6GHz frequency and the other one using 2.3GHz. 
Every time when a series of experiments was finished, 1L water was 
added and uniformly mixed into the sand, until the whole bucket of 
sand get close to totally saturated (around 25% in this 
measurement). The correspondences between the soil water content 
θ, antenna frequency (GHz), and the file name are listed in the 
Table 1. 

Within one set of the experiments, four different setups were 
applied. The radar waves were separately transmitted through sand 
or air then reflected on a concrete or metal reflector. The setups are 
shown as a sketch on Fig. 5. Every set of measurement was 
recorded in one file while each experiment had 20 traces. 

Fig. 4  Sketch  and  photo  of  the  implemented  bucket. 
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To save troubles, two antennas were working at the same time. So 
they recorded and displayed the data in different orders. For the 2.3 
GHz antenna, the sequence was A-B-C-D. For the 1.6 GHz 
antenna, the sequence was B-A-D-C.  

 

Data Processing 

Pre-processing & Results Pickup 

Within the following Fig. 6, we can recognize how the waves were 
picked up. The direct waves were always the firstly arrived signal, 
and their arrival time were very close to each other no matter under 
condition of which setup, because the transmission path is very 
short, just the antennas’ separation (4cm). While the amplitudes, 
travel times of the reflected waves differed a lot under different 
setup.  

The data was processed within Matlab step by step, which can be 
described as the list below:  

 

 
Fig. 6      Example      of      GPR      images       and       traces.  

Fig. 5 Diagram shows the procedure of the measurements. 
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 Import the raw amplitude data into Matlab.  

 Make a 2D-plot of the raw amplitude data (example is given 
in Fig. 6).  Every data set contained 80 traces for 4 
experiments with different setups. 20 traces for each one. 
Every trace contained 1024 samples.  

 Aggregate the data into 4 traces (columns) instead of the 80 
columns in the raw data; 20 triggered traces were averaged 
for every experiment. This procedure is called stacking, and 
is a method to reduce the signal to noise ratio. It would 
also be easier to analyze the data using the average of the 
20 traces to present the corresponding experiment. 

 Basic pre-processing (DC-shift & Hilbert transform); There 
were several common processing methods for the 
geophysical signals. Here we chose two of them, DC-shift 
and Hilbert transform. The DC-shift removes the offset 
amplitude which is a result of the data acquisition system, 
and is necessary before any other processing is applied. The 
Hilbert transform is a method to derive the instantaneous 
frequency at every sample in a trace. The result of the 
Hilbert transform is later used to derive the peak frequency 
of the signal after travelling through the sand. 

 Pick the direct wave and reflected waves. The direct waves 
were always the firstly arrived signal. And the next peak 
park with obviously high contrast represents the signal of 
reflected waves. ( also shown in Fig. 6) 

 Time-zero correction; Because the time when the radar 
signal was triggered and the time when the system started 
to recording the time is not totally synchronized, the time-
zero correction was required to calculate the actual travel 
time of the waves. 

 Estimate the travel time, amplitude and frequency of the 
picked waves. 

Linear Regression 
After the data were processed, a lot of information would be picked 
up. For example, amplitudes, travel times, transmission velocities of 
the both direct and reflected waves are all very useful information. 

As it has been described above in the section ‘relationship between 
water content and permittivity’, there is a physical interpretation of a 

simple soil water content(θ) – permittivity(ɛ ) relationship suggested 
by Ledieu et al. (1986) and Herkelrath et al. (1991): 

 

 
 

Whereas θ is the soil water content and  represents the apparent 
relative permittivity of the whole bucket of soil. This relationship 
can be also rearranged into: 
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This means that the square root of the relative dielectric permittivity 
is linearly dependent on the independent variable – soil water 
content. Therefore, the linear regression could be performed to find 
out the correlation between these two variables. 

Regression analysis is a static analyzing method, which is based on 
the correlation analysis, to calculate the how a dependent variable 
changed with independent variables. To perform a regression 
analysis, firstly we need to build up a reasonable regression model, 
then to define the quantitative relation. After that, a significance test 
is required. With all above are done, the equation is ready to 
calculate and forecast the wanted values. 

Relationship between Water Content & Permittivity 
The most commonly used relationship between apparent 

permittivity, ε, and volumetric soil water content, θ ( m3/m3 ), was 
proposed by Topp et al. (1980) 

                    

The Topp equation was determined empirically for mineral soils 
having various textures. It has an accuracy of 0.022 m3/m3 
determined in an independent validation on mineral soils. The term 
apparent is used because the permittivity used in this equation is 
determined from the measured electromagnetic propagation 
velocity in the soil. 

A more theoretical approach to relating soil water content and ɛ  is 
based on dielectric mixing models, which use the volume fractions 
and the dielectric permittivity of each soil constituent to derive a 
relationship. In dielectric mixing models, the bulk permittivity of a 

soil-water-air system, εb, may be expressed with the Complex 
Refractive Index Model (CRIM): 

 

Where n (m3/m3) is the soil porosity; , , and  are the 
permittivities of water, soil particles and air, respectively; and α is a 
factor accounting for the orientation of the electrical field with 
respect to the geometry of the medium ( α = 1 for an electrical field 
parallel to soil layers, α = -1 for an electrical field perpendicular to 
soil layers, and α = 0.5 for an isotropic medium ). After rearranging 
Eq. (13), the following expression can be obtained for soil water 
content: 

 

After substitution of  and assuming α = 0.5, Eq. (14) reduces 
to 

 
which gives a physical interpretation of a simple soil water 

content(θ) – permittivity(ε) relationship suggested by Ledieu et al. 
(1986) and Herkelrath et al. (1991): 
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where a and b are calibration parameters and is also referred to 
as refractive index (na). this relationship has an accuracy of 0.0188 
m3/m3, as determined by an independent validation on mineral 
soils .  

There are already several empirical formulas to define the 
relationship. The common ones for sandy soils are Alharathi and 
Ferre formulas: 

 

 
And Roth formula which is fit the field measurement: 

 
The most widely used one is Topp formula (Topp G C, 1980): 

 

Relationship between Water Content & Parameter Q* 
In my study, for every water contents, I calculated Q* with 1.6GHz 
Antenna and Q* with 2.3GHz Antenna for every measurement in 
the series (air to concrete, air to metal, sand to concrete, and sand to 
metal), which means every trace, got one Q*. 

For every Q*, I used the frequency of the direct wave as the 
reference and the reflected wave as the measurement. As the t 
which is used in the equation, I used the difference between the 
time of the reflected wave and the arrival time of the direct wave. 

After the primary Q* values were obtained, a post processing 
named rescale was needed. By rescaling, the Q* from different 
antennas would be synthesized into a same scale as in 1GHz 
frequency bandwidth. The approach to rescale the primary Q* was 
to divide them by a rescaling parameter, which is the  average of  
corresponding reference frequency and measurement frequency at 
time t. The rescaling process can be found in Table 4, Appendix II.  

It was said before, Q* is a parameter which defines the slope of 
attenuation versus frequency curve, and the attenuation is related 
the effective conductivity, which is related to the real part of 
permittivity. So as a reasonable hypothesis, the constant Q* should 
highly related to the permittivity, and consequently highly related to 
the water content. This hypothesis was supported by the data 
analysis in Result section.    

RESULTS  

Permittivity- Soil Water Content Relationship 
The transmission velocities were obtained within every dataset. 
From these calculated velocities, the square roots of the apparent 
relative permittivity could also be easily deduced. 

After being picked up, the transmission velocities could be used to 
calculate the apparent permittivity. With these datasets of apparent 
permittivity and their corresponding controlled soil water content, a 
linear regression was performed to identify the relationship between 
the apparent permittivity and the soil water content. Clear linear 
relationships could be identified, both from the statistical test and 
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visually by plotting the square roots of apparent permittivity against 
the controlled soil water content together with the corresponding 
regression lines (Fig. 7). In contrary, the predicted relationship 
calculated with the Topp and Ferre equations were systematically 
too low compared to the experimental data (Fig. 7). All the data 
used in the analysis can be found in Appendix I.  

As a final analysis, the linear regression of the average of all data 
was performed. Irrespective of the setup used to measure the 
transmission velocity and to calculate the square root of apparent 
permittivity, the coefficient of determination for the linear trend 
line for the average dataset was quite high (97.96%), and it can serve 
as the basis of the proposed linear relationship between the square 
root of permittivity and soil water content (in volume parts): 

 = 0.1183*θ+ 1.8188                                   

For convenience, all of the obtained equations and their coefficient 
of determination for the linear trend line are combined together in 
Table 1. 

  

 
Table. 1 Linear approximation of the relationship between 
soil water content and apparent permittivity for different 
setups. 
 

 

Ground Wave Reflected Wave 

Concrete 
Bottom 

Metal Bottom 
Concrete 
Bottom 

Metal Bottom 

1.6 GHz 
Antenna 

 = 

0.1238θ+ 
1.8738 
R² = 97.32% 

 = 

0.1194θ+ 
1.8871 
R² = 97.13% 

 = 

0.1262θ+ 
1.7105 
R² = 96.52% 

 = 

0.1215θ+ 
1.7381 
R² = 96.65% 

2.3 GHz 
Antenna 

 = 

0.1197θ+ 
1.8561 
R² = 96.23% 

 = 

0.1093θ+ 
1.8601 
R² = 96.57% 

 = 

0.1186θ+ 
1.8031 
R² = 96.85% 

= 

0.1079θ+ 
1.8213 
R² = 97.57% 

All 
combined 

  = 0.1183 θ + 1.8188 

R² = 0.9796 
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Fig. 7 Linear regression of square roots of apparent permittivity and soil 
water content. 
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Parameter Q* - Soil Water Content Relationship 
Firstly, on Fig.8, the primary Q* were plotted against the 
permittivity which were derived from the two way travel time. As 
they shown, the primary Q* increased with permittivity pretty 
linearly. But the scale of the primary Q* with different antenna were 
obviously different. Same situation also happened when the primary 
Q* were plotted versus soil water content. This is reasonable 
because they were obtained in different frequency bandwidth. 
That’s why the rescaling process was needed, to integrate them into 
a same scale. 

When the rescaling process was performed, the Q* were 
synthesized into same scale (Fig. 9).  

Within every air reference measurement, irrespective of the bottom 
materials or the frequency bandwidth of the antennas, the Q* are all 
very close to each other (around 1), because the water 
content/permittivity of the air are always the same. It wouldn’t 
change at all with the variation of the water content of the soil. As 
for the sand measurements, Q* were pretty linear with the soil 
water content just like that was assumed. When taking the average 
of four different measurements for linear regression, it gave out an 

linear equation: . The coefficient of 
determination was 98.45%. 

All the values used during the calculation can be found within 
Appendix II. 

 

Fig. 8 Primary  Q*   plotted   versus   permittivity   which  
are      derived       from       the       two-way     travel     time.  
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DISCUSSION AND CONCLUSION 

Possible sources of error 
Prior to the discussion of the obtained results and their applicability, 
it is important to discuss possible sources of error in the laboratory 
tests. Several factors besides those taken into account in the 
equations above could influence radar wave travel time & 
transmission velocities. 

Firstly, the ground wave travel paths were idealized assumed, the 
antennas are ground coupled laid up, so the direct waves from 
transmitter to receiver are actually both travel through the surface 
soil and partly through the air. The calculation neglected this point, 
which was definitely a source of error, to minimize such errors, the 
soil surface was kept as plane as possible by leveling it at the start of 
the experiment. 

Secondly, the height of bucket and the soil depth are measured 
manually with a simple ruler. So here must produce some error. 
Unfortunately, because of the equipments’ limitations, this error 
was very hard to prevent. 

Thirdly, although the average soil water content in the soil was 
controlled, and manually mixing was conducted, try to minimize the 
uneven distribution, the question of soil water content within the 
volume of soil that affected attenuation was still existed, as it 
depended on the distribution of water throughout the soil. Uneven 
vertical distribution of water, which in the worst case could have 
caused layering within the soil (with layers having contrasting water 
content and therefore electrical properties), could be assumed to 
only have a limited affect on the results since the radar waves 
travelled the whole height of the soil body. A better accuracy of the 
results can be achieved by performing measurements at multiple 
points of the soil surface. This would require a container with a 

Fig. 9 Rescaled Q* versus controlled water content (include 
all the sand measurements and the air reference 
measurements.) 
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considerably larger cross-section area to keep the First Fresnel 
volume around the radar wave propagation path inside the soil. 

The amplitudes were used to calculate the complex frequency and 
the parameter Q*. An obvious factor that affected them is that the 
multipath interference cause by reflections from the sides of the 
bucket and possibly from other objects in the room where the 
experiments were conducted.  

Analysis of the results 
With the possible sources of error in the experiment setup in mind, 
now we can now discuss the result of the experiments and their 
applicability. 

It is clear from that the coefficients of determination for every 
formula are very high and close to each other (Table 2), which 
means that neither the choice of antenna’s type, nor the setup and 
wave type selection, significantly affects the obtained formula for 
the square root of apparent permittivity as a function of soil water 
content.  

The data were reasonable enough to explain that the permittivity of 
soil was closely, linearly related to the water content of soil. Besides, 
Ferre Equation and Topp Equation were verified of good 
adaptability in the laboratory scenario because the results obtained 
within the laboratory tests were similar with these two empirical 
equations in trend. Even there were obviously systematic offsets. 

With this kind of empirical equations, it is possible to predict the 
soil water content from the GPR data. In practice, when the 
penetration depth was known, this approach is one of the most 
effective and easy way to conduct the soil water content prediction 
using the travel time of the impulse waves. 

There are also some useful information from the Q* approach. The 
depth to the reflecting layer could be determined for instance 
through the so called common-mid-point method, which means 
that the travel time for the reflected wave is measured with several 
separations between transmitting and receiving antennas. In that 
way the both the depth and the velocity can be derived as two 
unknowns in a system of linear equations. However, this requires 
more antennas, much more manual interpretation, and adds a lot of 
error sources. Therefore, the single antenna approach with the Q* is 
a very interesting way forward. 

Conclusion 
The experiments produced promising results and projected 
relationship between the soil water content and the apparent 
permittivity, which can be measured through GPR. These results 
and relationship are with significant reference value for the future 
research to estimate the soil wetness using GPR.  

When measuring soil water content, there is no big difference 
between choosing antenna with higher or lower frequency; they can 
both get satisfactory results, as well as the choices of measured 
waves’ type. 
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For the applicable scenes, there is no obvious limitation either. No 
matter what material the bottom is, the relationship could all work 
well.    

The results strongly suggested a linear relationship between soil 
water content (expressed in volume parts) and the square root of 

apparent permittivity   = 0.1183 θ + 1.8188. However, for this 

result to be applicable in reality, a lot of further studies should be 
conducted. 

The linear relationship between Q* and soil water content is a 
better approach to conduct this kind of investigation. Because in 
reality, the penetration depth of measured layer is rarely known, 
which means the travel times is far not enough to interpret the soil 
water content. With the relationship between parameter Q* and soil 
water content, we can easily predict the wetness using the obtained 

empirical equation . The Q* can be calculated 
without known penetration depth. 

Limitation of the study 
There are several limitations within the present research. There 
were various kinds of information could be obtained from the GPR 
data, not only the amplitudes, travel times and frequencies. But the 
other information did not participate at all. Therefore the study 
should be considered a bounded research. 

What’s more, although there was a design process for the sand 
container to ensure the requirement of the firs Fresnel zone, we 
didn’t manually manufacture a box because a existed bucket which 
could theoretically met the requirements was found. In reality, there 
were still some defects due to the size of it. If we want to eliminate 
the errors caused by the container, it had to be too big to handle in 
the laboratory. So this is another limitation of the study.  

Thirdly, we did not carry out a detailed study of the water 
distribution in the container. There must be some layering 
phenomenon affecting the results. 

All of these limitations can be considered as future studies. 
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APPENDIX I 

Table2 Raw data from the RD3 files 

ɵ File names Antenna DWpamp RWpamp RWvel_tz_dw RWvel_tz_rw 

0 D0001 

2.3 G 

9461.70 14517.73 9115.69 14460.26 -2112.65 -791.22 -10967.31 -1621.89 0.1532 0.2824 0.1525 0.2849 0.1582   0.1567   

5 D0002 -1539.41 -15316.70 -2075.63 -15690.29 -546.21 1570.85 -1674.13 3361.71 0.1205 0.2900 0.1237 0.2954 0.1222   0.1245   

10 D0003 -1150.79 -15491.70 -2009.25 -15439.07 -469.24 -1146.65 -755.00 -2812.67 0.1011 0.2660 0.1002 0.2683 0.1057   0.1043   

15 D0004 -2354.29 -15136.65 -2006.11 -15346.55 -326.34 1573.40 10.49 3065.25 0.0827 0.2927 0.0946 0.2981 0.0832   0.0948   

20 D0005 -1259.16 -15348.92 -1787.32 -15252.11 -289.01 1596.08 -385.77 3353.09 0.0769 0.2927 0.0757 0.2927 0.0774   0.0761   

25 D0006 -1200.31 -15245.51 -1311.33 -15270.55 204.19 -1063.31 335.82 -2898.55 0.0580 0.2660 0.0621 0.2683 0.0595   0.0636   

                                      

ɵ File names Antenna DWpamp RWpamp RWvel_tz_dw RWvel_tz_rw 

0 C0001 

1.6 G 

27293.82 23113.95 27195.91 23582.55 3644.17 -11549.00 7978.36 -31369.40 0.2741 0.1460 0.2774 0.1479   0.1531   0.1541 

5 C0002 27100.76 14509.38 26873.48 14769.34 -3077.04 -5255.22 -6490.72 -19942.86 0.2421 0.1175 0.2447 0.1169   0.1296   0.1282 

10 C0003 26870.10 13506.52 26778.04 14747.62 3561.10 5509.62 8092.14 2152.82 0.2774 0.1041 0.2808 0.1080   0.1071   0.1107 

15 C0004 26996.66 15511.20 26749.84 15551.45 -3228.49 -1604.35 -5652.06 -3348.30 0.2421 0.0841 0.2474 0.0854   0.0902   0.0909 

20 C0005 26515.66 14977.01 26728.67 14660.42 3631.86 1145.46 8081.42 4550.82 0.2774 0.0704 0.2774 0.0673   0.0718   0.0685 

25 C0006 26751.89 12804.55 26847.45 11129.27 3391.74 1181.30 8008.90 9359.52 0.2808 0.0574 0.2808 0.0608   0.0582   0.0617 

 

Table3 Calculated square root of apparent permittivity for different measurements 

ɵ 
  

2.3G concrete 
ground wave 

2.3G Metal 
ground wave 

2.3G Concrete 
reflected wave 

2.3G metal 
reflected wave 

1.6G concrete 
ground wave 

1.6G metal 
ground wave 

1.6G concrete 
reflected wave 

1.6G metal 
reflected wave 

average 

0 1.96 1.97 1.90 1.91 2.05 2.03 1.96 1.95 1.97 

5 2.49 2.42 2.46 2.41 2.55 2.57 2.31 2.34 2.44 

10 2.97 2.99 2.84 2.88 2.88 2.78 2.80 2.71 2.86 

15 3.63 3.17 3.60 3.17 3.57 3.51 3.33 3.30 3.41 

20 3.90 3.96 3.87 3.94 4.26 4.46 4.18 4.38 4.12 

25 5.17 4.83 5.04 4.71 5.22 4.93 5.15 4.86 4.99 
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APPENDIX II 

Table4 Primary and rescaled Q* (include the rescaling parameters) 

θ 

Q* 

θ 

Q* 

Air-Concrete 
Sand-

Concrete 
Air-Metal 

Sand-
Metal 

Sand-
Concrete 

Air-Concrete 
Sand-
Metal 

Air-Metal 

0 1603.40 2236.40 1601.30 2043.20 0 5056.60 3289.80 5160.50 3474.80 

5 1734.40 2854.50 1738.40 2944.00 5 5526.62 3549.30 5564.90 3606.56 

10 1763.50 3221.10 1648.60 3469.30 10 5716.40 3419.80 5854.69 3568.57 

15 1606.70 3862.10 1622.70 3690.00 15 5986.85 3272.03 5999.49 3276.04 

20 1715.10 4445.20 1650.70 4627.10 20 6249.30 3341.29 6449.08 3497.07 

25 1616.00 5267.70 1526.80 5088.00 25 6536.04 3479.21 6650.40 3426.65 

θ  θ  DW freq DW freq 

0 1213.40 1091.30 1218.40 1091.50 0 2209.60 2216.50 2281.30 2376.50 

5 1275.20 1000.60 1302.30 1004.10 5 2060.80 2362.10 1890.50 2471.60 

10 1302.70 913.00 1258.30 971.60 10 1735.40 2316.40 1829.60 2431.60 

15 1213.90 922.40 1260.60 917.66 15 1507.30 2210.40 1577.40 2278.10 

20 1273.20 933.50 1255.60 970.90 20 1405.40 2254.90 1419.60 2413.00 

25 1228.30 945.40 1219.50 910.50 25 1288.60 2348.70 1304.70 2355.10 

θ  θ  RW freq RW freq 

0 1992.70 1874.40 1975.40 2183.10 0 2876.32 3584.43 3928.36 3872.30 

5 1903.40 1312.20 1981.10 1147.50 5 2060.80 3796.65 1890.50 4031.39 

10 1968.50 1173.90 2002.00 1373.40 10 1735.40 3756.00 1829.60 3954.64 

15 1937.10 827.49 2033.60 705.14 15 1231.48 3579.32 1029.14 3743.71 

20 1948.10 785.51 1981.90 772.78 20 1121.29 3649.53 1040.53 3949.58 

25 1935.40 900.30 2087.70 850.60 25 1057.34 3801.93 913.11 3847.03 

θ  θ  Rescalling Parameter Rescalling Parameter 

0 1603.05 1482.85 1596.90 1637.30 0 2542.96 2900.47 3104.83 3124.40 

5 1589.30 1156.40 1641.70 1075.80 5 2060.80 3079.38 1890.50 3251.50 

10 1635.60 1043.45 1630.15 1172.50 10 1735.40 3036.20 1829.60 3193.12 

15 1575.50 874.95 1647.10 811.40 15 1369.39 2894.86 1303.27 3010.91 

20 1610.65 859.51 1618.75 871.84 20 1263.34 2952.22 1230.06 3181.29 

25 1581.85 922.85 1653.60 880.55 25 1172.97 3075.32 1108.91 3101.07 

 
Rescaled Q* 

 
Rescaled Q* 

θ 
1.6G 

Concrete 
Reference 

1.6G Sand-
Concrete 

1.6G Metal 
Reference 

1.6G Sand-
Metal 

θ 
2.3G 
Sand-

Concrete 

2.3G Concrete 
Reference 

2.3G Sand-
Metal 

2.3G Metal 
Reference 

0 1.00 1.51 1.00 1.25 0 1.99 1.13 1.66 1.11 

5 1.09 2.47 1.06 2.74 5 2.68 1.15 2.94 1.11 

10 1.08 3.09 1.01 2.96 10 3.29 1.13 3.20 1.12 

15 1.02 4.41 0.99 4.55 15 4.37 1.13 4.60 1.09 

20 1.06 5.17 1.02 5.31 20 4.95 1.13 5.24 1.10 

25 1.02 5.71 0.92 5.78 25 5.57 1.13 6.00 1.10 

 
Table.5 Correspondence among the produced file names, sand wetness, and antenna 
frequency. 

Sand Wetness           
θ (%) 

Antenna Frequency  f 
(GHz) 

File name 

0 
1.6 DAT_0001_C1 

2.3 DAT_0001_D1 

5 
1.6 DAT_0002_C1 

2.3 DAT_0002_D1 

10 
1.6 DAT_0003_C1 

2.3 DAT_0003_D1 

15 
1.6 DAT_0004_C1 

2.3 DAT_0004_D1 

20 
1.6 DAT_0005_C1 

2.3 DAT_0005_D1 

25 
1.6 DAT_0006_C1 

2.3 DAT_0006_D1 

 


