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1. Introduction 
 
The object of the studies as described in this report is twofold. 
 
Firstly there are research goals set to the execution of these experiments. These goals include 
the investigation of the �airlaunched GPR method� (Vreng, 2004), and 
�ReferenceForeignBodyGPR method� (see chapter 7) soil water content measurement 
methods. In order to accurately interpret data coming from the radar experiments the 
equipment had to be examined first. 
 
The second objective is to document the findings made, to give future users of the radar 
equipment clarity about the proceedings and the resulting data. 
 
 
To correctly interpret this report some of the features are mentioned below: 
 

• This report is a supplement to the report � Instruction for using the Ground Penetrating 
Radar (GPR)� by Suzanne Vijfhuizen (2003). This report is included as appendix I. 

 
• All figures in this report have been made using Matlab and ReflexW as described in 

chapter 3. 
 

• Terminology used in this report: 
Measurement = the electrical potential measured by the antennas. (one reading) 
Radar trace = the measurements belonging to a single radar pulse. 
Measurement sequence = any number of radar traces combined in a single file, usually 
being a single experiment. (= radargram) 
Offset = DC-shift. 
Time zero = The start time at which the radar pulse is generated. 
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Figure 2.1 
Possible propagation paths of electromagnetic waves 
in a soil with two layers of contrasting dielectric 
permittivity       (Sperl, 1999) 

2. Theory 
 
The application of the ground penetrating radar (GPR) for determining soil water content is 
based on the variation in relative dielectric permittivity of air, soil material and water. In table 
2.1 a summary of different permittivities for different materials is presented. As can be 
concluded from this table, permittivity is highly dependent on soil water content. 
 
The GPR consists of two antennas. One transmits electromagnetic waves and the other 
receives these waves. The propagation speed of the transmitted electromagnetic waves 
depends on the dielectric permittivity of the material it is send through. By measuring the time 
it takes for a transmitted wave to travel a known distance, the propagation speed of this wave 
can be determined. Once the propagation speed is known, the dielectric permittivity can be 
calculated.  

 
 
 
 
 
The main waves (figure 2.1) 
recognizable in a radar image are the air wave, ground wave and reflected waves, as 
described by Huisman et al. (2001). The ground and air wave propagate directly from the 
transmitter to the receiver. The propagation speed V of the ground wave can therefore easily 
be calculated with:  

V = 
gwt
S

 

where S is the separation between the antennas and gwt  is the travel time of the ground wave.  
 
The ground wave velocity V is converted to the relative dielectric permittivity of the soil using 
the electromagnetic wave velocity in free space: 

K = 
2









V
c  

 
The volumetric water content θ can then be determined from a variety of empirical and 
theoretical formulas relating the water content to the relative dielectric permittivity K. Widely 
used is the following empirical relationship (Topp et al., 1980). 
 

3624 103.4105.50292.0053.0 KxKxK −− +−+−=θ  
To determine the travel time of the ground wave, it is first necessary to determine which wave 
in the radar image is the ground wave. To do this either a common midpoint (CMP) survey, in 
which both the transmitter and receiver antennas are moved apart from each other, or a wide-
angle reflection and refraction (WARR) survey, in which the transmitter antenna is kept at a 

Material K 
Air 1 
PVC 1.4 
Dry clay 1.8-2.8 
Dry sand  3-5 
Water (0°C) 88 
Water (20°C) 80.4 

Table 2.1 
Summary of 
permittivities for 
different materials 
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fixed location while the receiver antenna is moved away from the transmitter, is necessary. In 
a CMP and WARR survey the different waves can be distinguished. The airwave is defined as 
the first amplitude recognizable in the trace, since this wave has traveled the shortest distance 
and with approximately the speed of light (c).  
The ground wave is (in theory) the series of amplitudes with arrival times that increase linear 
as the antenna separation increases (also linear). The air and ground wave arrival times are 
nearly identical when antenna separation is minimal.  
From the time difference between the air wave and the ground wave, plus the calculated travel 
time of the airwave (c / S), the travel time of the ground wave can be calculated. 
 
 
 
 
 
  

Figure 2.3 
A radar image of a WARR survey, in which the air- and ground 
wave are identified. 
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3. Software 
 
3.1. PulseEKKO (radar.exe) 
 
PulseEKKO is the software that is distributed with the radar equipment. This software acts as 
the interface between the computer (laptop) and the radar console trough the computers COM 
port. Several parameters must be set to get a meaningful radar trace. These settings must be 
entered in several sub menus. 
• Frequency is the most important one. This needs to be set according to the antennas 
used (it is unknown what happens when these settings do not mach the antennas).   Sub menu 
SYSTEM. 
• According to the frequency settings the software may alter the sampling interval. The 
conditions in which the software alters this are unknown, therefore this setting must be 
checked before each measurement sequence. The value is given in picoseconds. A value of 
200 will therefore measure 5 times each nanosecond. This setting must be in accordance with 
the number of datapoints required in post processing (see par 3.3). The number of datapoints 
can be considered to be the �resolution� of the radar traces.  Sub menu�s SYSTEM ! 
FREQUENCY. 
• Time Window dictates the length of time the radar measures. This value must be 
sufficient to allow all reflected waves to reach the receiving antenna. In this experiment we 
found 60 ns to be more than sufficient to receive all data, however the setting may become a 
more important factor when doing many traces in quick succession  (when using the fastport / 
wheel combination). Sub menu�s SYSTEM ! FREQUENCY. 
• Points. The sampling interval together with the Time Window results in a secondary 
parameter which cannot be directly altered but can be important during analyzing in a later 
stage. For instance a sampling interval of 200 picoseconds with a time window of 60 ns will 
result in 300 measured datapoints. This combination was used in this study for the 225MHz 
measurement sequences. When comparing two separate measurement sequences it is 
important that they have the same settings, resulting in an equal number of (data)points. No 
sub menu, secondary parameter, derived from others. 
 
The following settings can be used to �fine tune� the measurements. They influence the 
measurements, however are not crucial in producing a meaningful result from PulseEkko. 
o No. Stacks. Each radar trace is automatically measured several times and averaged by 
the pulseEKKO software in order to smooth the trace. The number of measurements averaged 
to get the final trace is dictated by the number of Stacks. In these experiments most 
measurements were additionally done 5 times to be able to interpret the smoothing effect. No 
evidence of this parameter having any effect was apparent in the data. A high number of 
stacks cause the measurement time to increase. Sub menu�s SYSTEM ! FREQUENCY. 
o The stepsize indicates the amount that the antennas are moved in-between traces. This 
can be important for CNP, CMP and WARR measurements to be able to analyze the wave 
speed correctly in ReflexW, but has no meaning in the stationary antenna experiments done in 
this study. Sub menu FIELD LINE. 
o The separation parameter indicates the distance between antennas. This parameter has 
no use in this study, other than to document the antenna distance in the output file. It is 
possible that pulseEKKO uses this parameter to place its time zero on the time axis, but the 
time zero point is calculated objectively in a later stage. Sub menu FIELD LINE. 
o The type of measurement can be indicated in a parameter. (CMP, CNP, WARR, 
Other) There is no evidence that this parameter has any function other than documentation in 
the output files. Sub menu FIELD LINE. 



 7

o Filters can be applied on the measurement sequence for display purposes. This allows 
the observer to see small amplitude waves that are otherwise invisible. These filters 
correspond to the filters used in ReflexW, and will be explained chapter 3.2. These filters do 
not affect the (digital) output. Sub menu GAINS. 
 
Due to the original purpose of this software (finding metallic structures in the soil) some 
features in this program have no meaning. For instance, the depth axis displayed on the right 
side of the measurement sequence. This axis is calculated by using the time axis and the speed 
parameter that can be set to a pre determined value. Since speed is a factor of interest for the 
kind of experiments done in this study, this feature is meaningless. 
 
The time zero determined by pulseEKKO has no known relation with the start time of the 
pulse transmitted. The real time zero can be determined objectively through calculations on 
the air wave arrival time.  
 
The transmitting antenna sends pulses of 200V, which are registered by the receiving antenna. 
The registered signal is converted to a 16-bit integer representing the measured amplitude. For 
measurements with small antenna separations the amplitude can exceed the 16-bit limitation. 
A value of (+ or -)32760 is recorded at these points. 
 
The pulseEKKO software produces one ASCII file, and one binary file, which can be read in 
the ReflexW software (which in its turn can export ASCII files, which can be read by Matlab. 
It might be possible to export all ASCII files directly from pulseEKKO, however this has not 
been tested in this study).  
According to the filename input during measurement there is a �filename.hd� containing 
ASCII information about the measurement and a �filename.dt1� that contains the actual binary 
readings. 
 
In our experiments we constructed our filenames as follows: 
Fist two characters give location: L1�..  to L7��. 
Character 3 to 5-7 consist of either �TEST� for radar properties experiments, 

�PROEF� for �Air-Launched GPR� experiments  
 �EXP�  for  �RFBGPR� experiments 
 �CMP�, �CNP�, �WAR� for these types. 

The last one to two characters are the experiment number. 
Combined this makes, for example: L6EXP11.xxx, or L3PROEF8.xxx, or L5CMP1.xxx. 
The file LOG15-6.xls on the appendix cdrom lists all files created by radar measurements 
during our experiments with all relevant experiment information. 
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3.2. ReflexW 
ReflexW is a program designed to visualize radar measurement data. Specific calculations can 
be applied on the data, mainly affecting visualization. 
 
When starting up ReflexW (http://www.sandmeier-geo.de) the program asks to provide a 
working directory (project) in which it then automatically makes several subdirectories to 
store its results. Only the subdirectory ASCII is important to the user. In this subdirectory all 
data will be placed. (imported ReflexW data, and exported ASCII data) 
 
In this study only the �2d-data-analysis� module is used. 
In this module data can be imported and manipulated to be displayed as clearly as possible. 
 
During import, options must be as figure 15 in appendix I (page 16). Important here are: 
data type = cont.offset 
input format = pulseEKKO 
output format = 16bit integer 
specification = original name 
time dimension = ns 
 
Now the display can be optimized to see all pertinent information, using the plot!options 
menu. The settings required to view optimally differ for each measurement sequence. (to 
apply changes sometimes a replot command is needed, menu: �plot!plot�) 
Below, important options are explained. There are many more options. All options are 
adequately described in the help function.  
• �Plotmode� is usually set to wigglemode to be able to see individual traces and waves. 
• �Scale� can be set low to be able to see the entire amplitude without traces 
overlapping. All data points are multiplied by scale value. Small amplitudes can become 
invisible. 
• �Tracenormalize� is an automatic version, scaling the largest amplitude to 1. 
• �Clip� can be set low to be able to see entire amplitude without traces overlapping. 
Data values remain intact, large values are set to clip value. 
• �Showwiggle� is optional, usually set to �on�. 
• �Fill� can be very useful for identifying individual waves. This option fills the space 
between the wave and zero with desired color dependant on amplitude value. This causes 
amplitudes with similar values in different traces to have the same color. (if set to color) 
When the traces have large offset (see 3.2.1) this option can best be turned off.  
• �ACGGain� and �EnergyDecay� are filters explained below. 
 
When turned on the, menu: �view!wigglewindow�, function is useful for investigation of a 
single trace in order to measure a parameter spotted in the general view. 
 
3.2.1. Filters 
Several filters are available to emphasize features of interest. In the �plotoptions� the two most 
frequently used are present. Others reside in menu: �Processing�. A large disadvantage of the 
functions within this menu is however that it can only display a separate traceline on top of 
the original. Plotoptions for this filtered line are not available and can make interpretation 
difficult. The filters in the plotoptions (�ACG� and �energydecay�) can be directly applied to 
the primary trace and viewed in the same manner as the filters applied through the menu. One 
should always be aware of the status of these (plot option) filters when viewing. 
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Figure 3.1. offset / 
DCshift. 

Many more filters are available than mentioned here. 
 
• �ACGGain�. This filter calculates the overall average 
amplitude of each trace, and then adjusts the amplitude of each 
value within a given window to have the same average. This 
window moves down the trace until all values are altered. 
This filter results in the exaggeration of small waves to the scale of 
the larger ones. 
Theoretically if window size is set to 1 the trace would become a 
straight line. A window size of the entire trace would leave all data 
intact since the new average is equal to the original.  
Scale is a sub option given because this filter can cause an increase 
in amplitudes. 
• �EnergyDecay�. This filter calculates the rate of energy 
decay from all traces in the measurement sequence. (how it is done 
is not known) Then it adjusts each trace by dividing each point by 
this decay curve. 
This filter results in the exaggeration of waves that are further 
down the trace. Since these waves have traveled a longer distance, 
they have lost more energy to the soil than waves that traveled 
more directly. 

• The �Dewow� filter calculates a running mean value that it subtracts from the central 
point. This removes the low frequency waves from the trace. The timewindow for the running 
mean value is important. Potentially this filter can remove useful information. 
• �Subtract DC-shift�. For unknown reasons the radar equipment can increase all the 
amplitudes by a certain number. This causes the trace to be set �beside� the zero line (see 
figure 3.1.) This can be very disrupting when viewing traces with fill turned on. The filter 
calculates the mean value between two given times (for instance 0-2 ns). This mean value is 
subsequently subtracted from the entire trace. Since this filter is not a plot option it does not 
fix the fill problem. 
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3.2.2. Velocity adaptation 
When the stepsize entered in pulseEKKO represents the actual movement of the antennas 
(during WARR or CMP), the analysis: �menu! Analysis! Velocity adaptation� can be a 
powerful assistance in identifying different types of waves. 
This option displays a curved or straight line at the cursor position with a directional 

coefficient equal to an entered speed. For instance, if speed is set to 0.3 (m/ns) a line is 
displayed which can be superimposed on a series of waves with the same directional 
coefficient, thus confirming the speed at which those waves have traveled. 
 
With menu option: �File!export� the original data can be exported. By selecting �ASCII-3 
colums� an ASCII file is generated with: 1st column: distance (tracenumber * stepsize), 2nd 
column: time and 3rd column: amplitude. All traces are placed one underneath the other. 
(3columns wide, number of traces * number of points long) 

Fig 3.2. Use of velocity adaptation 
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3.3. Matlab (radar.m) 
To do calculations on the radar data, ReflexW and pulseEKKO are inadequate. For this 
purpose a Matlab (http://www.mathworks.com) program has been written. In the course of the 
experiments the Matlab program grew more complex to include all features needed, and 
remain stable. 
Finally there were 7 operations to choose from (eight including the exit).  
 
When the program is started a list of available input files in the working directory is 
displayed. (*.asc , asc being the extension given by ReflexW to ASCII output) 
User input is now required to type in the name of the required file which is then loaded.  
 
The program states the frequency and number of traces it found in the selected file. These 
important facts are calculated based on the number of points in a trace. 300 Points for a 
225MHz measurement, 600 for 450MHz, and 1200 for 900MHz. These settings are fixed 
within the program and must be adhered to. These settings originated in the pulseEKKO 
software (see chapter 3.1.). 
 
Since many of the traces measured for these experiments have been taken in five-fold, plot 
options can be set to display the average of a number of traces (in this case usually: 5). 
 
In the following dialogue the user is prompted to choose the required operation: 

Maak uw keuze 
 
(p)lotten 
(o)ffset verwijderen 
(a)anpassen parameters 
(n)ieuw bestand openen 
(l)ijst plotten 
(s)tandaard deviatie plotten 
(r)eflectieoppervlak berekenen 
(e)inde programma 
 
Kies p,o,a,n,l,s,r of e:  

 
(p)lot: asks the user to input two traces (by number) to be displayed and compared. 

The resulting figure has 4 elements: 
• On the left (1st column) the first trace is plotted, 2nd column displays the second trace. 
• The 3rd column displays the second trace minus the first trace. The resulting trace 

shows how the left and right traces differ from each other. 
• To be able to inspect the nature of these differences, both traces are plotted in the 4th 

column 
   
(o)ffset removal: filters all traces in all loaded files like the RelexW DC-shift filter. 

It subtracts the mean value of the first 2 ns from the entire trace. It does that for all 
traces of all files in memory. 

 
(a)djust parameters: prompts users to type graphical parameters used to display traces. 

In 4 questions it prompts the user to input several parameters used to display graphs in 
the p,l and s options: 

1. Maximum amplitude sets the x-axis range from �max to +max. 
2-3 Start and end time, (2 questions) set the y-axis range from 1st time to 2nd time. 
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4. How many traces do you want to average? Sets the number of subsequent traces, 
which is the number of repeat measurements, and which are displayed as one average 
trace. In these experiments usually sets of five repeat measurements were taken. 
All questions can be set to default by entering nothing. Defaults are: 35000, 0, 60, and 
1. 

 
(n)ew file: loads new file with option to save data from the previous loaded file.  

The active file is archived and a prompt asks for the new file. To access the archived 
traces add 1000 to the trace number. �6� is trace 6 from the active file, �1006� is trace 6 
from the archived file. This numeric format is used in option (p), (l) and (s). Archiving 
a file deletes an already archived file from memory. 

 
(l)ist plot: plots all traces listed in file: traces.ini 

The number on the first row of the file �traces.ini� is displayed in the 1st column 
(usually the blank trace). All numbers on additional rows in the file are displayed in 
the 2nd to xth columns. On top both traces (1st and xth), on the bottom the xth minus the 
1st.  If averaging is set to a value higher than 1 (in option (a)) all traces are averages. 

 
(s)td plot: plots all traces listed in �traces.ini� with a separate plot for its deviation (for 

repeat measurements traces) 
On the top row of the figure , traces are displayed as listed on each row of traces.ini. 
On the bottom row, the standard deviation between the traces is plotted for each data 
point. The number of traces for which the std is calculated is the averaging number given 
in option (a). If that value is 1, it is temporarily set to 5 (since the std of one trace has no 
meaning). 

 
(r)eflection surface calculation: calculates the total area of the reflected waves   
 Start and end time are required as input in this function. This function produces a file 

called �oppervlak.txt� as output, which contains two columns, with all trace numbers in 
the first column and relevant areas in the second column. The area is calculated as the 
total of the absolute amplitudes for each point in the given time range. 

  
(e)xit program 
 
The following files are part of the Matlab program: 
 

radar.m  
radarplot.m 

verwijderoffset.m 
superplot.m  

stdplot.m  
oppervlak.m  

regexprep.m & load_ascii.m  
oppervlak.txt  

traces.ini 

: main program  
: (p)lot function  
: (o)ffset removal function 
: (l)ist plot function 
: (s)tdplot function 
: (r)eflection surface function 
: internal Matlab functions 
: output file 
: input file 

 
The entire program is included on the attached CD-rom. 
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4. Experimental setup parameters. 
 
There are many factors influencing radar measurements. Some are inherent, others can be 
influenced. In this chapter these factors are discussed.  
These factors are always present but are not in all cases important. Repeat measurements can 
illustrate the effect of these factors, but one must be aware that these influences occur every 
measurement. 
 
Most experiments with GPR are done with the antenna on the ground facing down. Some of 
the following experiments however required the antennas to be in a different position and 
orientation. When this is the case, the caption will state this. Otherwise a normal position can 
be assumed. 
 
All figures are constructed as described in chapter 3. 
 
4.1. Location. 
Soil properties at the measurement location dictate some of the parameters that must be used 
for the measurement. When measuring in a dense, wet, clay rich soil, radar energy is absorbed 
quickly. The antenna separation must therefore be reduced, and the frequency lowered to 
receive any detectable signal. On a dry sandy soil antenna separation can be increased (to 
extend range), and frequency increased (to increase resolution). 
 
High grass can impede the contact between antenna and soil preventing energy to radiate into 
the soil, and produce unwanted reflections. 
 
 

Figure 4.1. Location 2
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4.2. Frequency 
To test antenna- and radar wave properties, the antennas have been turned upside down and 
directed towards the air. From these measurements several properties can be determined. It 
produces a radar image with a minimum number of reflections. It also demonstrates the fact 
that antennas are directional and direct most of the energy towards the bottom of the antenna. 
One property that is very important is the pulse length generated by the radar. As can be seen 
in figure 4.2., the duration of the signal is from approximately 8 to 25 ns with the 225 MHz 
antenna and from 10 to 15 ns with the 900 MHz antenna. This is important when trying to 
detect properties of distinct reflections due to overlapping waves. 
Frequency implications are summarized in table 4.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4.1. 
 
 

Low frequency High frequency 

Long pulse 
Is influenced by bigger objects 
Penetrates deep into soil 
Low number of datapoints 
Short measurement duration 

Short pulse 
Is influenced by smaller objects 
Penetrates less deep into soil 
High number of datapoints 
Long measurement duration 

Figure 4.2.  Antennas are pointed upwards.
Air-directed measurements with 225 MHz (left) and 900 MHz (right) 
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4.3. Antenna separation. 
 
In the figures below, the effect of energy decay is illustrated. Due to energy loss to the soil 
and air, the signal received by the receiving antenna decreases its amplitude with increasing 
antenna separation. Many characteristics of the wave remain intact except for signal to noise 
ratio. Note that in the figures below horizontal scale (amplitude) is the same for each 
frequency but optimally scaled between different frequencies. These measurements were 
taken at location 7 (sandy soil). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.4 
Radar traces with antenna separations of 0.32 (left), 0.65 1.1 and 2 (right) meter. Used 
frequency is 450 MHz.. 

Figure 4.5 
Radar traces with 
antenna 
separations of 0.32 
(left), 0.7 and 1.2 
(right) meter. Used 
frequency is 900 
MHz. (note 
horizontal scale) 
 

Figure 4.3 
Radar traces, with 
antenna separations 
of 0.52 (left) and 1.15 
(right) meter. Used 
frequency is 225 MHz.
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4.4. Polarity. 
 

 
Three experiments were done to investigate polarity of the radar signal (in 3 dimensions) 
The most important is shown in figure 4.7, since in this experiment the antennas were facing 
each other constantly, while rotating on the axis shown in figure 4.6.  
 
The loss of signal at 90 and 270 degrees can best be explained by polarity.   

Figure 4.7. Rotation as illustrated in fig 4.6. 
The receiving antenna is rotated. At 90 the antennas are perpendicular to each other. 
Traces 1 and 2 contain incorrect data due to a measuring error. Rotational stepsize ± 22.5°. 

Figure 4.6  
S = sending antenna (position remains unaltered) 
R = receiving antenna (rotated) 



 17

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Polarity test in another dimension reveals an unexpected result as shown in figure 4.9 (and 
4.7). When the receiving antenna was rotated 90° the radar signal almost disappeared. When 
rotating further towards 180° the image restored itself resulting in an identical, but mirrored 
trace at 180°. 
 
The third polarity test is compromised by the fact that the influence of directionality of the 
antennas is greater than potential polarity effects. 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.9. Rotation as illustrated in fig 4.8.
trace 27 antennas in normal position, trace 58 
receiving antenna is rotated 180° horizontally. 

Figure 4.8. 
S = sending antenna 
R = receiving antenna 

Figure 4.10. 
S = sending antenna 
R = receiving antenna
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4.5. Noise 
Independently of the transmitting antenna, the receiving antenna receives a signal that is 
defined as noise. There are two methods used to quantify this noise. A dedicated experiment 
can be used, in which the transmitting antenna is disconnected during the experiment. In all 
other experiments the first couple of nanoseconds can be used to measure signals before a 
pulse is sent by the transmitter. The results from both methods are similar.  
 
When using all 3 different frequencies the level of noise is constant. This despite the fact that 
(for instance) mobile phones operate in the 900MHz frequency range. 
The standard deviation of the noise varies between different measurements, which cannot be 
explained by these experiments. This value lies between 25 and 50 units. The maximum value 
given by the radar software is (-)32760 units. When measuring exact amplitudes the signal to 
noise ratio must be considered, but reflections can be identified even with amplitudes not 
much bigger than that of the noise. 

Figure 4.11 
Noise with 900 MHz 
antennas. 0-2 
nanoseconds of trace 
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4.6. Object disturbances 
To determine the effect of a person standing next to the antennas, an experiment has been 
done with a person walking towards the antennas. As can be seen in figure 4.12, the 
disturbance has minimal effect until the person stands between the antennas. The disturbance 
doesn�t result in extra reflections, but only influences the airwave. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
During one of the air launched 
experiments, accidentally a water filled 
bucket was standing near the antennas. 
This results in a detectable different 
radar image (figure 4.13). This 
illustrates the importance of keeping the 
experiment plot free from potentially 
reflecting objects when performing an 
air launched measurement sequence. 
 
 
 
 
 
 
 
 
 

Figure 4.12 
Disturbance sequence at 225 MHz. From left to right: no disturbance, person standing at 
0.5m, at 0m and in between antennas.

Figure 4.13 
Disturbance caused by a nearby (0.3m) standing water filled 5 
liter bucket with 450 MHz antennas. 
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4.7. Reproducibility  
In long term experiments it is can be necessary to remove and replace the radar equipment. 
This introduces an error. In the following experiment this error is examined. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
There are three errors that can show up in the radar image as a result of antenna disturbance. 
These can occur separately or combined. 

1. Phase shift. As illustrated in figure 4.14 the first and second trace appears to be 
identical except for its place on the time-axis. Many properties of these traces are 
identical; however in a mathematical comparison the error can be very high. 

2. Amplitude discrepancy. As illustrated in figure 4.15 the first and second trace have the 
same pattern, and the same place on the time-axis, however, the size of the amplitudes 
varies. 

3. Distortion. As illustrated in figure 4.16 a complete distortion of the trace occurs. 
Position, size and shape of waves differ. 

 
The extent of these errors can be significant. Errors up to 20 % of the measured values occur. 
This is dependant of the type of disturbance and independent of frequency. Depending on the 
required properties of the radar image a disturbance does not cause a measurement to be 
useless. For instance a change in amplitude does not change the arrival time of a wave. 
 
In these experiments disturbances were introduced in two steps. First, within a single 
measurement sequence, one or both of the antennas were picked up and replaced as accurate 
as possible. Subsequently the antennas were changed to a different frequency. This involved 
not only changing a software parameter, but also requires different antennas and a new 
measurement sequence. Thus resulting in a major disturbance to the site and experimental 
setup. When all three frequencies were tested, each frequency was repeated. This resulted in 
repeat measurements that were taken with a reproduced setup, some 30 minutes later for each 
frequency. 
 

Figure 4.14 
Two repetition measurements, 
225MHz. 
Error consists of a phase shift. 

Figure 4.15 
 Two repetition 
measurements, 225MHz 
Error consists of an 
amplitude discrepancy. 

Figure 4.16. 
 Two repetition measurements, 
450MHz. 
Error consists of distortion. 
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After reviewing the repeat measurement data it is clear that a more precise reproduction of 
measurement circumstances is required if repeat measurements are required in an experiment. 

• The surface can be modified ensuring a similar contact with the surface each 
measurement. When placing the antennas on grass or soil, as was done in this study, 
antennas cannot be placed 100% level, and surface contact varies when replaced at the 
same location. 

• Mark the location precisely, taking into account that different frequency antennas are 
different in size. Do not switch the sending and receiving antenna. 

• As described in chapter 4.2 the antennas are directional, and must be placed correctly 
facing each other (position as in the mounting brackets). 

• Other parameters as described in chapter 4 must be similar. 
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 5. Foreword. 
Ground penetrating radar is being used by the University of Amsterdam to measure ground 
water content for some time now. The groundwavespeed method (see chapter 2.) is most 
commonly used in these studies. This method measures SWC to a depth of max.10cm. Other 
scientists developed borehole GPR methods to measure SWC at a greater depth (Chang, et al. 
2004). Within the UvA an idea surfaced to combine these two methods and get the �best of 
both worlds�. A SWC measurement at depth without the need for extensive drilling.  
 
6. Summary. 
The Reference Foreign Body Ground Penetrating Radar method relies on an object being 
lowered down a small borehole into a soil at a known depth. When this object is identified in 
the radar image all necessary information is available for a Soil Water Content measurement 
based on EM-wave speed. To achieve this several problems must be overcome. Among 
others: shape, mass, material of the RFB must be selected. Also interference from dielectric 
contrasts in the borehole must be dealt with. And having the required resolution at the 
required depth (for the particular soil). 
Results show that a large metallic object can be identified up to a depth of a meter in a 9,5 
centimetre borehole, resulting in an average SWC to that depth. Several disturbance factors 
have been identified, but could not be addressed in this study. Also efforts to obtain TDR 
measurements to validate the RFBGPR results failed. As part of the conclusion a proposition 
for a continued study is included. 
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7. FRBGPR theory.     (see also appendix III) 
Measuring water content with GPR can be achieved by calculating the speed of a radar wave 
(which is influenced by permittivity of sample). (Huisman, 2002) This is done by dividing the 
travel time between send- and receiver antenna, by the distance between them.  

Radar waves reflecting from 
(unknown) subsurface strata travel an 
unknown path, with unknown length. 
Therefore only the direct (ground-) 
wave can be used, which travels 
through the uppermost section of the 
soil, in a straight line. 
Although attempts to measure the 
depth of influence by Gulik, (2001) 
were inconclusive, Gulik and 
Huisman, 2002. estimated that only 
the uppermost centimetres of the soil 
are represented in a ground wave 
measurement. Variables like 
frequency, substrate, antenna type, 
etc. influence the behaviour of radar 

waves and therefore the range of the 
measurement. (Noon, et 
al.1998,Gulik, 2001,Huisman, 2002) 

 
 

By introducing a 
Reference Foreign Body 
(RFB) into the soil at a 
known position, reflected 
waves can be used, which 
pass trough a larger section 
of the soil, and thus give 
more relevant information. 
It resembles �borehole� 
type measurements where 
the radar equipment is 
actually lowered into a set 
of boreholes, thus 
measuring a cross section 
of soil.  
 
However only one 
borehole is necessary in 
the RFB method and 
depending on the 
refinement of this method 
perhaps only a small RFB 
is needed. 

Figure 7.2. Radarwavepaths with ReferenceForeignBody present. 

Figure 7.1. Radarwavepaths without 
ReferenceForeignBody present. 
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The trick is to be able to identify the 
RFB in the GPR reflection. There are 
many different waves received by the 
receiving antenna in a short period. 
Separating them is essential to the 
interpretation of the measurements. It 
would be very useful if the RFB 
introduced into the soil would have a 
�signature� reflection. Perhaps this can 
be accomplished by material or shape of 
the RFB. 
An estimate of permittivity of the soil 
provided by the groundwave can be used 

to estimate the arriveltime of the reflected wave from the RFB, assisting in identification. 

Figure 7.3. Schematic possibility of wave paths. 
(Huisman, 2002) 
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8. Pre measurement theory. 
Before starting the actual experiment the following theories were considered. (see also 
appendix III) 
 
8.1 Foreign body material. 
The percentage of radar energy reflection is determined by the change in dielectric constants 
when going from one material to the next (dielectric contrast) (Hubbard et al, 2001) .If the 
foreign body can be made to reflect significantly more than the reflections coming from the 
soil around it, identification it will become easier.  
Material Dielectric constant 

(http://www.asiinstr.com/dc1.html) 
SAND (DRY)  5.0 
CLAY  1.8 - 2.8 
WATER (32° F)  88.0 
AIR  1 
PVC, POWDER  1.4 
 
Dielectric constants represent the ability of poorly conducting materials to propagate electro 
magnetic fields. Within conducting materials EM field can propagate uninhibited thus 
corresponding with a very high dielectric constant, should we be able to measure the constant 
for these materials.  
A conducting material (iron, steel, aluminium) in a borehole (filled with air) should provide a 
very good contrast to reflect EM waves. 
 
8.2 Foreign body shape / composition. 
One of the advantages of this method is that is requires only a small borehole, of about   10cm 
∅. The space wherein can be experimented with shape is therefore limited, and perhaps to 
limited to be distinguished in the readout.  

• A concave shape can increase the reflection received, thus standing out from others. 
 
 

 
 

 
 

Fig 8.1 a. Schematic wavepath. 
b. Schematic possible gpr reading 
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• A sequence of different materials could reflect a signature reflection. To allow the 
waves to pass in-between the layers, these must be placed at sufficient distance 
(vertically) from each other. An elongated shape (rectangle) placed perpendicular to 
the wave path will allow the waves to pass more easily, while optimising the reflective 
surface. 

 
• Frequency drift. 

By moving the RFB up or down, the Doppler effect will cause a change in frequency 
of the radar wave. It also changes the travel length of the radar wave. A precise timing 
of the measurement is therefore required. A possibility is triggering the radar pulse by 
the RFB reaching a determined depth. 

 
8.3 Borehole interference. 
The vertical shaft of air caused by the borehole in which the RFB is lowered creates a contrast 
in dielectric properties causing reflection of the radar wave. This could change the way the 
RFB reflects the same radar wave, possibly hiding the RFB from detection. The construction 
of the borehole may have to be altered to provide less of a dielectric contrast. It may also be 
necessary to provide a good contact between the RFB and the soil. This could be achieved by 
using a PVC pipe containing the FRB and a material with a similar dielectric constant as PVC 
(dielectric constant pvc, powder= 1.4). 
 
8.4 Repeated measurements. 
Several RFBGPR measurements can be conducted on the same location, with varying RFB 
depths. This will produce similar results, with the only variable being the reflection from the 
RFB. This can be an effective tool in identifying the proper reflection, and simultaneously 
provide a cross-section of the soil.  
 
8.5 Attenuation measurements: 
Using the attenuation (loss of energy) of the radar wave for measurements might not be 
possible. Traditionally tomography measurements of this sort are taken from boreholes. 

Fig 8.2 a. Schematic wavepath.
b. Schematic possible 
gpr reading 
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During cross-borehole measurements the radar wave travels directly from the sending to the 
receiving antenna through the soil. When using reflected waves an unknown proportion of 
energy could be lost at the reflection point. 
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9. Measurement strategy. 
 
9.1 Summary of strategy: 

1. choosing area. 
2. familiarization with equipment and soil. 
3. radar characteristics measurements. 
4. RFB experiments 

• Lowering different RFB objects into borehole, measuring with several 
frequencies, and increasing antenna separation. 

• When most suitable object was identified, series of measurement sequences to 
systematically analyse the influence of parameters. (depth, frequency, 
separation, soil type) 

• Borehole type measurements (not preformed, due to time restraints) 
 
9.2 Observed measurement principles: 

• All measurements were done 5-fold, except for some series where the RFB was 
lowered stepwise. 

• The direct area surrounding the antennas was kept clear of potentially reflecting 
objects whenever possible (including persons). 

• Antennas were placed horizontal and with optimal contact to the surface whenever 
possible. 

 
9.3 Measuring: 
During the experiments it is important to be able to interpret the results reasonably fast after 
doing a measurement sequence. The abilities to analyse radar traces in the field are severely 
limited due to the software required to receive data from the radar, and the capabilities of the 
hardware when outside (battery life, poor screen visibility, and so on). However its limited 
abilities are enough to be able to spot (most) mistakes made in setting up the experiments, 
which is very important (loose connections, non fatal software errors, and so on).  

This means for these experiments that data has to be 
analysed at a computer workstation after each 
measuring sequence to determine its result, and to 
decide how to move on.  
 
 
 
 
The greenhouse facilities of the UvA at the 
Kruislaan were suitable. Several potential areas were 
available at this location. Some radar measurements 
were taken at 6 selected locations (see appendix II), 
and a borehole was made in nearly all locations to 
assess the soil profile. The most suitable location 

was chosen (location 6) and a CMP measurement was taken to be able to interpret the 
different waves in the radar image (see chapter 2). 
 
After familiarizing ourselves with the location and the analysing software, some preliminary 
measurements were done with several objects (FRB�s) being lowered into the borehole. These 
measurements were used to design a Matlab program that was able to interpret and quantify 

Figure  9.1. Analyzing measurements. 
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radar traces in a way the existing analyse programs could not (see chapter 3). The design of 
this program was continually modified to evolve to our needs. 
 
At locations 5 and 6 measurements were taken to assess different characteristics of the radar 
equipment such as polarity, separation, noise, and others (see chapter 4).  
 
By analysing the data from locations 5 & 6 it became clear that the clay-rich soil, and high 
water table made the interpretation of the radar image difficult. Nearby the university 
complex were road works in progress for which a 5-meter layer of sand was deposited. 
Measurements done there were clearer. This was named location 7. (see appendix II) 
 
With a suitable site found the RFB experiments could be done. Systematically the effects of 
RFB object, frequency, antenna separation, and depth were tested. The expertise gained from 
these measurements allowed some of the data from locations 6, which was previously 
discarded, to be analysed. 
 
Experiments with borehole size and type had to be skipped for lack of time. 
 
The primary objective of these experiments was identification and correct interpretation of 
RFB radar images. A TDR was available to do some verification measurements, however it 
proved to difficult to get accurate readings. A separate verification experiment is considered 
to complement this study. 
 
At the same time as the RFBGPR measurements, an AirlaunchedGPR experiment was done 
using the same equipment and some of the same data. 
 
9.4 Set-up. 
The set-up of equipment is very simple. The antenna frame was not used, and antennas were 
placed at sufficient separation to allow drilling in-between. The radar console and laptop were 
set-up several meters from the actual measurement site, to prevent interference from 
equipment.  RFB�s were lowered on a string by a person standing besides the borehole 
(possible interference from the person was measured). 
 

Figure 9.2. A measurement site, location 7, for RFB(right)  and Airlauched 
GPR (left) measurements. 
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10. The RFB Method applied. 
In this experiment a 5 Kg cylindrical object is lowered into a 10cm diameter borehole. The 
450 MHz antenna is used with a 0.32m antenna separation. 
 
On the left is the radar image of the situation without object (with borehole). 

 
Second from left is the image of borehole + object at few centimeters from 
surface 
  Second from right is the difference between them 
  (trace 6 � trace 3) 
     
    On the right both trace 3 and 6 are displayed 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
When the second and fourth columns of figure 10.1 are examined at 9.5 ns, a vertical portion 
of the trace can be seen. To cause the trace to run vertically at an amplitude which is not zero 
is only possible by interference of two waves. One wave declining towards zero, the other (at 
the same rate) increasing towards the negative (decreasing in value). 
Trace 6 must therefore be the result of the wave as seen in trace 3, plus the wave coming from 
the object. 
In the third column trace 3 is subtracted from trace 6, leaving the wave coming from the 
object. 
 

Figure 10.1. 450 MHz radar traces. 
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The object is now lowered into the borehole. Figure 10.2 shows a succession of traces with 
the object going down into the borehole. From each trace, trace nr.3 is subtracted, leaving 
only the wave coming from the object. 

 
The signal coming from the object is soon invisible. At a depth of approximately 55 cm. The 
signal is undetectable (most right column in figures 10.2 & 10.3.). 
In the traces just before the signal is lost zooming can assist in detecting the wave. 
Disturbances in the experimental setup and noise must be considered at this point since the 
scale of the measurements now approaches the scale of those unwanted signals.  
However the signal coming from the object can still be detected, when guided by the previous 
(stronger) signal.  
 
Since the PulseEKKO zero time point is not a true zero (see chapter 3.1) the start of the very 
first wave in the original trace is measured as the arriveltime of the airwave, from which the 
true zero time point can be calculated. Any other point of the airwave can be altered by the 
overlain wave coming from the RFB. To calculate the correct traveltime the same point (the 
start) of the reflected pulse must be measured. However the start of the reflected pulse has a 

Figure 10.3. Enlargement of fig. 10.2. 

Figure 10.2.  Sequence of �difference� plots. 450MHz. Object is lowered into borehole. Red area enlarged below. 
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small amplitude and is difficult to detect in 
traces where the object is deep. In these 
cases travel time must be corrected as 
illustrated in figure 10.4.  
 
The red arrows indicate the measurable start 
times, the blue arrow indicates the 
correction needed for low amplitude 
measurements. 
 
(All measurements were taken accurately in 
Matlab) 
For these traces the start of the airwave is 
measured (in the original trace) at 7.3ns. 
Start time for the reflected pulses (red 
arrows) are resp. 8.2 and 12.5. The 
correction (blue arrow) is 0.9 ns. 
The corrected start time for the low 
amplitude trace is 12.5 - 0.9 = 11.6 ns. 
 
Antenna separation is 0.32 m. At the speed 
of light (0.30m/ns) the airwave arrives 1.07 
ns after correct timezero. The correct zero 
time is therefore: 7.3 � 1.07 = 6.2. 
 
Travel time for both traces is consequently 8.2 � 6.2 = 2.0 ns. and 11.6 � 6.2 = 5.4 ns. 
 

The 5 kg object is cylindrically shaped with a 
diameter of 10 cm and a height of 10 cm. 
The center of the object in the first column 
(fig.10.4 and 10.1) was at a depth of 6cm. 
The center of the object in the second 
column (fig. 10.4.)(6th column in fig. 10.1) 
was at a depth of 33 cm. Following 
Pythagoras traveled distances are resp. 0.34 
m and 0.73 m. 
 
Distance divided by travel time gives speed: 
0.34 / 2.0 = 0.16 m/ns and 
0.73 /   5.4 = 0.14 m/ns. 

 
 
 
 
 
 
 
 
 
 

Figure 10.4. Start time correction in case of low 
amplitude. 

Figure  10.5. Pythagoras calculation. 

Topp et al. 2003: 
According to this formula: 
Θ= -5.3 x 10-2 + 2.92 x 10-2 ε � 5.5 x 10-4 ε2 + 4.3 x 10-6 ε3 

 
ε = (C/V)2 
 
Mean watercontent to a depth of 6 and 33 cm would be 
 resp. 0.043045 and 0.069901 

Textbox 10.1. Topp equation. 
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11. Parameter effects. 
 
For location 7 the 450MHz antenna with 0.32 cm separation produced the clearest result. 
Other combinations also produced a result. The 450MHz, 0.65m sep. combination for 
instance looks like figure 11.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Even the 450MHz, 1.1m sep. measurement sequence can produce travel times when displayed 
correctly, however the signal to noise ratio is starting to distort the waves. 

When measuring with small antenna separation the difference between the arriveltime of 
airwave and reflected wave is largest and increases more with depth, than is the case with 
larger separations. This is due to the ratio of traveled distances. When using small separations 
this effect makes patterns more recognizable, and allows for more accurate calculations. It 
does reduce the range of the measurement to essentially a point measurement. 
 
Location 7 has also been measured with 225MHz and 900 MHz pulses. In the 900MHz 
sequence the object is �visible� but due to energy loss the reflected wave becomes 
unrecognizable at very small depths.  
The 225Mhz measurements cannot be done with very a small separation because the 
amplitude exceeds the measuring cutoff for the PulseEKKO 1000. The 225MHz, 1.15m 
separation sequence produces a good result (figure 11.3).  

Figure  11.1.  Difference plots for 450 MHz, 0.65m sep loc.7 (note horizontal scale: ± 5000) 

Figure 11.2. Difference plots for 450MHz, 1.1m sep. loc.7 (hor. Scale ± 1000) 
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The reflected wave coming from the RFB is not as clear as the 450MHz measurements. The 
shape is less regular, and pulse duration is longer (see chapter 4.2) making it more difficult to 
do accurate calculations. The energy loss is much lower for this frequency allowing for 
greater depth to be measured. Together with the large separations gives a large measurement 
range. 
 
 
11.1 The RFBody. 
In the pre-measurement theory (see chapters 8.1 & 8.2) some suggestions were made for the 
type of object that would be most suitable for detection. These theories were made before it 
was known how a radar wave was shaped. Some intricate objects were discarded even before 
measurement, see appendix III. Others became useless soon after beginning the experiment. 
The best method for detecting an object proved to be with (specially written) analysis 
software. In this regard it was most important to get a strong signal from the object, instead of 
an identifiable signal. A solid metal cylindrical object proved to be most suitable. 
Characteristics that made it suitable were:  

1. It�s large mass: 5kg.  
2. It�s material: metal. 
3. It�s diameter: 10cm. 

The borehole was drilled with a 9.5 cm wide drill. The hole 
was slightly bigger. The 5kg object fitted with several 
centimeters to spare. However it �fitted� much better than 
other (smaller) objects.  
 
Contact between object and the soil on the sides of the 
borehole might prove to have a positive influence on the 
amplitude of the reflected wave. This might in future allow 
for smaller objects (and boreholes). In order to achieve this it 
might be necessary to drill with a PVC pipe, in which an 
objects fits tightly. 
 

Figure 11.3. Difference plots for 225MHz, 1.15m sep. 

Figure 11.4. RFB. 
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12. Discussion. 
Due to the restrictions that are always present while doing experiments, this study leaves 
some aspects of the method (largely) uninvestigated. To be able to generalize this method 
some effects should be tested further.  
 

• This study has concentrated on the ability to detect RFBs in the radar image, and to get 
traveltimes. The conversion to SWC was applied for one measurement but with 
virtually no validation data further SWC calculations on current data are without 
merit. 

• One of the principal features of GPR is violated by this method: �non-invasive 
measurements�. Drilling a (small) borehole alters the soil properties, one of which is 
SWC. The traveled path the radar waves travel is deducted from theory and 
measurement results, however it is not exactly known which parts of the soil (and 
atmosphere) carry the waves. The results of the measurements that were taken prove 
that the borehole alters the radar image (and thereby all measurements deducted from 
this image), but no analyses were done to investigate its influence properly. 

• The influence of the soil type on GPR measurements has been studied by many 
scientists, and some of its influences are apparent in this study as well. As more 
RFBGPR measurement locations (potentially) become available trough the use of this 
method, existing theories can be tested against RFBGPR-data. 

 
 
To some extent this method has an in-built flaw. It compares radarwaves, and measurements 
are deducted from that comparison. However the radarwave coming from an object viewed 
trough a little material is not the same radarwave as that coming from the same object viewed 
trough a lot of material. 
 
This is illustrated by the start-time correction (see chapter 10). The characteristics of the wave 
alter, in that case the amplitude. This causes a need for correction.  
Other characteristics can change due to increased depth (more 
material in the wavepath).  

Pulse length also changes with increased depth. 
Calculations on the pulse length in figure 10.1 are 
summarized in table 12.1 (length of green, red and  blue 
section of the wave in figure 10.1). 
The cause of this effect is unknown and there is no correction 
for it at this stage.  
  
Although the first section of this paper (chapters x to x) investigates the properties of the 
PulseEKKO-1000 GPR system, there are some effects that are unknown, or cannot be 
explained� yet. 

Duration of pulses 
9.1 10.9 12.5

12.4 14.8 17.3
3.3 3.9 4.8

Table 12.1. Pulse length for 
column 1, 4 and 6 of fig 10.1. 
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13. Conclusion. 
The Reference Foreign Body Ground Penetrating Radar method is able to detect objects 
introduced into a soil. Most successful has proven to be the 450MHz band, with small antenna 
separation. The object is best detectable when it is: solid, metal and with a large mass. Results 
to this date suggest a maximum measuring depth not exceeding 1m, which would be an 
average measurement for soil properties as they exist from 0 to 1 m deep.  
 
A validation experiment will further determine the value of this method. 
 
 
 

Measurement strategy for validation measurement at AWD neutronprobe location. 
 
• Perform a CMP with 450 MHz to be able to identify the waves. 
• Select a suitable (small) separation (with the aid of the CMP). 
• Place antennas, and measure the drilling of the borehole stepwise.  
• Perform the neutronprobe SWC measurements. 
• Measure presence of RFB. 

1) Up and down sequences. 
2) Static depths. 

• Change separation, and repeat last step. 
• Change frequency and repeat. 

Textbox 13.1. Proposal for validation experiment. 
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14. The validation experiment of Aug. 18th 2004. 
14.1 Introduction. 
Following the preliminary report (chapters 1 to 13) as it was written in June 2004, a validation 
experiment has been preformed to test the ability of the RFBGPR method to produce accurate 
soilwatercontent measurements. A location in the �Amsterdamse waterleiding duinen� was 
chosen. Several neutron probe boreholes were already present at the location, from which a 
suitable one was chosen. The dune sand substrate, and relatively dry soil where regarded to be 
advantageous for the clarity of the results. Since neutron probe measurements do not include 
the upper 30 cm of the soil, additional Time Domain Reflectrometry (TDR) measurements 
were taken with a 35 cm probe length (30 cm probes not being available).  
 
14.2 Results.  
Following the results of the previous experiments (chapters 1 to 13) a 450 MHz, 1m-
separation measurement was predicted to produce the best results. Other frequency / 
separation combinations were also measured. All measurement combinations are summarized 
in table 14.1. 
 
After analyses, the 450 
MHz measurements 
proved not to produce the 
best results, but the 225 / 
1.15 combination was 
most useful. (see par.14.3) 
 
 
 
 
 
Each trace of each measurement sequence was inspected for the opportunity to extract a RFB 
datapoint. In other words: can the reflection signal from the RFB be identified? Each 
datapoint is represented in fig 14.1 as a blue square.  

Soilwatercontent is derived from wavespeed measurements according to the equation 
presented by Topp et al. 1980 (see chapter 2). 

As the RFBGPR method measures an average SWC to the depth of the RFB, the 
measurements from the neutron probe and TDR are averaged from 0 cm depth to Ycm depth 
for each point (X,Y) on the pink line.  

Brown and green lines represent the actual measurements from the neutronprobe and 
TDR (TDR being an average of 11 repeat measurements). Gray lines represent neutronprobe 
measurements done in the past on the same location. 
 
It is possible to determine the SWC on a given depth from the RFBGPR profile by 
incorporating measurements done at a smaller depth, in a way, subtracting the SWC above the 
desired depth from the average SWC measured at the desired depth. Error propagation must 
be considered when using this technique. The technique is not used in this study. 

Frequency Separation 
450 1.15 
450 2.15 
225 1.15 
225 2.15 
225 3.15 
900 1.15 
900 2.15 
Table 14.1. frequency / separation combinations used. 
(Antennas were placed 1/2/3.00 m. apart; 15 cm wide 
antennas result in 1/2/3.15 m. sep.) 
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Figure 14.1 data collected on 18-8-04, and previous data on same location. Blue squares 
would coincide with pink line if RFBGPR and Neutronprobe methods would match 100%.  

14.3 Conclusion. 
It was only possible to extract 14 datapoints from 306 measured traces. This would mean a 
RFB detection rate of 4.6%. This low percentage is not accurate since there was no real 
expectation to find detectable reflections with the 900 MHz, nor reflections from 1.90m 
depth, but the detection rate must be increased for this method to be useful. When only 
counting the measurement sequences that produced one or more datapoints (meaning 
frequency / separation combinations capable of producing a datapoint) this percentage goes 
up to 23 % (14 out of 61).  
 
Also important is the fact that these points did not come from the sequences that were 
expected to produce results. Having to do several measurement combinations on one site to 
find the correct one, would seriously hinder the practicality of the method. 
 
The method, at this time, depends on the user being able to detect the correct reflection, aided 
by software. When the method can be refined to reduce disturbing factors (see chapter 4,10-
13) the desired signal will become more distinct. This will improve several factors: 

1. Higher rate of detection. 
2. Lower rate of faulty readings. 
3. Higher accuracy 
4. The possibility to automate the procedure, saving time, and user input. 

 
The datapoints as are represented in figure 14.1 suggest that: when reflections are properly 
detected, the method is capable of measuring SWC. 
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How to analyse the data 
 
The program Reflex helps you analysing the data and with a spreadsheet you can calculate the 
soil water contents. 
 
Reflex 
 
First make a project directory, from this directory all the data will be read and will be written 
down. You have to copy the pulseEkko data to the ascii folder in the project. 
For opening the file choose �modules� and �2D-data analyses�. Now you can import the data 
file to Reflex, first �file� and then �import�, the sheet that occurs is shown in figure 15. 
 

 
Figure 15 The import sheet in Reflex. 

 
This sheet determines the format of the represented plot.  
Finally click �convert to Reflex� and choose the file to open, always take the dimension *.dt1. 
 

Appendix I. page 16 of: Instructions for using the GPR  (by Suzanne Vijfhuizen) 
Entire document on appendixCD.
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Appendix II. Locations 
 
 

 
Kas = greenhouse 
 
L1: This location is located slightly higher in the landscape (approx 0.5 meters higher) 

however this height was due to dump material. Many rocks, tiles and other disturbances in 
the soil. Vegetation was low grass (± 10 centimeters). Upper part of soil contains a large 
fraction of sand. Water table around 1m 

L2: clay rich soil, water table around 60cm. Vegetation is high grass (± 0.5 m) 
L3: like L2 
L4: like L1 only underneath plastic tent. No vegetation, surface covered with plastic. 

No borehole made. (this was an attempt to measure a more dry soil) 
L5: Like L2 only with low grass. The proximity of the Kas made this location ideal for radar 

parameter measurements.  
L6: Clay rich soil, water table around 70 cm, vegetation is low grass. Relatively undisturbed 

soil 
L7: on 5 meters of sand deposited for road works. Sandy soil, no water table detected, surface 

was dry.  No vegetation.  
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Appendix III. Research proposal. 
Reference Foreign Body GPR method: 
 
Measuring water content with GPR can be achieved by calculating the speed of a radar wave 
(which is influenced by permittivity of sample). (Huisman, 2002) This is done by dividing the 
travel time between send- and recieverantenna, by the distance between them.  

Radar waves reflecting from 
(unknown) subsurface strata travel an 
unknown path, with unknown 
distance. Therefore only the direct 
(ground-)wave can be used, which 
travels through the uppermost section 
of the soil. 
Although attempts to measure the 
depth of influence by M.Gulik, 2001 
were inconclusive, Gulik and 
Huisman, 2002. estimated that only 
the uppermost centimeters of the soil 
are represented in a ground wave 
measurement. Variables like 
frequency, substrate, antenna type, 
etc. influence the behavior of radar 

waves and therefore the range of the 
measurement. (Noon, et 
al.1998)(Gulik, 2001)(Huisman, 2002) 
 

 
By introducing a 
Reference Foreign Body 
(RFB) into the soil at a 
known position, reflected 
waves can be used, which 
pass trough a larger section 
of the soil, and thus give 
more relevant information. 
It resembles �borehole� 
type measurements where 
the radar equipment is 
actually lowered into a set 
of boreholes, thus 
measuring a cross section 
of soil.  
 
However only one 
borehole is necessary in 
the RFB method and 
depending on the 

refinement of this method 
perhaps only a small RFB is 
needed. 

Fig.2. radarwavepaths with ReferenceForeignBody 
present. 

Fig.1. radarwavepaths without 
ReferenceForeignBody present. 
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The trick is to be able to identify the 
RFB in the GPR reflection. There are 
many different waves received by the 
receiving antenna in a short period. 
Separating them is essential to the 
interpretation of the measurements. It 
would be very useful if the RFB 
introduced into the soil would have a 
�signature� reflection. Perhaps this can 
be accomplished by material or shape of 
the RFB. 
An estimate of permitivity of the soil 
provided by the groundwave can be used 

to estimate the arriveltime of the reflected wave from the RFB, assisting in identification. 
 
Foreign body material. 
The percentage of radar energy refection is determined by the change in dielectric constants 
when going from one material to the next (dielectric contrast) (Hubbard  et al, 2001) .If the 
foreign body can be made to reflect significantly more then the reflections coming from the 
soil around it, identifying it will become easier.  
material Dielectric constant 

(http://www.asiinstr.com/dc1.html) 
SAND (DRY )  5.0 
CLAY  1.8 - 2.8 
WATER (32° F )  88.0 
AIR  1 
PVC, POWDER  1.4 
  
Dielectric contstants represent the ability of poorly conducting materials to propagate electro-
magnetic fields. Within conducting materials EM field can propagate uninhibited thus 
corresponding with a very high dielectric constant, should we be able to measure the constant 
for these materials.  
A conducting material (iron, steel, aluminum) in a borehole (filled with air) should provide a 
very good contrast to reflect EM waves. 
 
Foreign body shape / composition. 
One of the advantages of this method is that is requires only a small borehole, of about   10cm 
∅. The space wherein can be experimented with shape is therefore limited, and perhaps to 
limited to be distinguished in the readout.  

• A concave shape can increase the reflection received, thus standing out from others 
(see material). 

 
 

Fig.3. Schematic possibility of wave 
paths.(Huisman, 2002) 
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• A sequence of different materials could reflect a signature reflection. To allow the 

waves to pass in-between the layers, these must be placed at sufficient distance 
(vertically) from each other. An elongated shape (rectangle) placed perpendicular to 
the wave path will allow the waves to pass more easily, while optimizing the reflective 
surface. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

• Frequency drift. 
By moving the RFB up or down, the Doppler effect will cause a change in frequency 
of the radar wave. It also changes the travel length of the radar wave. A precise timing 
of the measurement is therefore required. A possibility is triggering the radar pulse by 
the RFB reaching a determined depth. 

 
Borehole interference. 
The vertical shaft of air caused by the borehole in which the RFB is lowered creates a contrast 
in dielectric properties causing reflection of the radar wave. This could change the way the 

Fig 4a. schematic wavepath. b. schematic possible 
gpr reading 

Fig 5 a+b. schematic 
wavepath. 
b. schematic possible gpr 
reading 
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RFB reflects the radar wave. Possibly hiding the RFB from detection. The construction of the 
borehole may have to be altered to provide less of a dielectric contrast. It may also be 
necessary to provide a good contact between the RFB and the soil. This could be achieved by 
using a pvc pipe containing the FRB and a material with a similar dielectric constant as PVC 
(d.c. pvc, powder= 1.4). 
 
Repeated measurements. 
Several RFBGPR measurements can be conducted on the same location, with varying RFB 
depths. This will produce similar results, with the only variable being the reflection from the 
RFB. This can be an effective tool in identifying the proper reflection, and simultaneously 
provide a cross-section of the soil.  
 
Attenuation measurements: 
Using the attenuation (loss of energy) of the radar wave for measurements might not be 
possible. Traditionally tomography measurements of this sort are taken from boreholes. 
During cross-borehole measurements the radar wave travels directly from the sending to the 
receiving antenna through the soil. When using reflected waves an unknown proportion of 
energy could be lost at the reflection point. 
 
Standard GPR SWC measurement theory: 
When using the wave velocity to measure SWC from a single radarmeasurement (single trace 
analysis (STA)) the STA refractive index is calculated. The refractive index is the ratio 
between the known wavespeed of a radarwave in vacuum, (≈ wavespeed of a radarwave in 
air, ≈ speed of light (c ≈ vradar airwave = 0.3 m/ns)), and traveltime of the selected radarwave 
(Gulik, 2001). 

 
The square root of permittivity is the refractive index, thus nSTA

2 = ε. 
 
The actual soilwatercontent must be derived from the permittivity by a callibration equation. 

θ = b1 + b2 nSTA 
where b1 and b2 are callibration parameters. (huisman et al. 2001) 
 
These callibration parameters must be derived from other soilwatercontent measurements. 

 
where c is the electromagnetic wave velocity in air (3 x 108 ms-1) and t GW (s) and t AW (s) 
are the arrival times of the ground wave and the air wave (Gulik, 2001). 
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Discussion. 
Frequency drift: 
After researching, the Doppler frequency drift approach to identifying the RFB is unfeasible 
due to two factors. 

1. The frequency emitting from the sending antenna is not specific; it has a frequency 
range with an optimum at the selected frequency. 

2. The difference in speeds involved is too large. To be able to significantly change the 
frequency, the relative speed of the sender (in this case reflector) to the observer must 
be in the same magnitude as the speed of the wave. In this case the speed of the RFB 
can at maximum be some meters per second, the speed of an EM wave (in vacuum) is 
3*108. (slightly lower in soil) The change in frequency would be minute. 
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Doppler equation. 
With a sender frequency of 1000MHz and if RFB could travel 
at 10 m/s (36 km/h) at measurement time, ∆f would be 
33.33Hz . 


