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Abstract   
Besides the propagation velocity, the absorption of electromagnetic waves is 
the most important parameter for the processing and interpretation of 
Ground-Penetrating Radar (GPR) data. Both the phase velocity v  and the 

absorption coefficient  are frequency-dependent, which express energy 

absorption and waves dispersion. From the linear basis of the frequency 
dependence of   of geology media, a constant Q-hypothesis is valid, 

whereby the Q factor is inversely proportional to  and describes material-

specific absorption of different rocks. For the near-reality description of 
electromagnetic waves propagation in rocks, modeling with constant Q and 
velocity dispersion after Futterman is carried out. On the basis of such model, 
the effect of these parameters on wavelets is investigated. As a result of 
absorption, the wave amplitudes become smaller with increasing distance at 
the same Q and become smaller with decreasing Q at the same distance 
(absorption) and the waveforms are stretched (dispersion). The longer the 
distance at the same Q as well as the smaller Q at the same distance, the 
smaller is the bandwidth of the transmission wavelets. At the same time, its 
peak frequency moves toward smaller frequencies. In addition, three 
methods for the determination of the absorption through Q factor are 
reviewed, namely spectral ratio method, amplitude decay method and a 
method over absorption coefficient determination. The applicability of the 
methods is then demonstrated using real data acquired from transmission 
measurement at test site in Reiche Zeche Shaft in Germany. 

© 2015 Pak Publishing Group. All Rights Reserved. 
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1. Introduction 
During propagation in geology medium electromagnetic (EM) waves are influenced by 

absorption process. The process leads to a decrease of the wave energy. As a result of the 
attenuation the wave amplitude becomes lower with increasing distance (absorption) and in 
particular, due to strong frequency dependence of the absorption process, the wave is 
increasingly stretched (dispersion). Therefore EM waves become carrier of both structural and 
petro-physical information about the medium. 
 

 
Figure-1. Illustration of physical cause and its effect in attenuated waves. * g(t) denote convolution with impulse 

response of absorbing medium. 
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Figure 1 shows the attenuation of EM waves during their propagation in a medium. 
Physically the output signal results from a convolution of the input signal with corresponding 
impulse response of the medium. Wave propagation in the medium is described by two 

propagation parameters namely phase velocity v and absorption coefficient   or real part 
'

r  

and imaginary part 
''

r  of the complex dielectric constant. Both   and  v  are frequency 

dependence, that express energy absorption and wave dispersion. The impulse response )(tg  

is determined by petro-physical parameters such as porosity , density  , permeability fk , 

grain size KV , water saturation WS and degree of mineralization MS , that are of high interest for 

geologists and geotechnical engineers. Therefore, measurement of the attenuation behavior of 
EM waves is very suitable to differentiate rocks. For this reason, the determination of both 
 and v can lead to substantial as well as structural interpretation of certain media.  Since the 

absorption coefficient   of GPR waves, similar to that of seismic waves can be assumed to be 

linearly frequency-dependent in the first approach, Q-constant hypothesis is valid. The Q factor 
is inversely proportional to the absorption coefficient   and therefore describes clearly 

“material-specific” absorption of different rocks. 
Q factor is defined as a measure of the relative energy over a wavelength (Johnston and 
Toksoz, 1981): 
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where 1E  as well as 2E represent mono-frequency energy of EM waves at a distance of 

wave length  . Whereas Q values of seismic wave lie in the range 50 – 300, Q values of EM 

waves lie in the range of 5-80. That means, EM waves are stronger absorbed than seismic 
waves. 

The relation between  and Q  is Forkmann and Petzold (1989). 
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As a result, wave function of a plane wave traveling in x direction, which incorporates 

attenuation can be written as: 
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Where A and 0A  denote amplitude at x distance and amplitude at 0,0  tx , 

respectively. j  is imaginary unit and 12 j . 

The propagation of electromagnetic waves in geology medium is then characterized by its 

phase velocity v and Q factor. The scientific contribution of this research is new analysis for the 

determination of the absorption media by attenuation through Q factor. Measurement of 

the attenuation behavior of EM waves is very suitable to differentiate rocks. For this reason, the 
determination ( and v ) can lead to substantial as well as structural interpretation . 

 

2. Constant-Q_Model and Velocity Dispersion V(f) 
In this study I adopt the so-called Jonscher (1977) as the frequency-dependence of the 

attenuation behavior of geological medium, which is based on the complex permittivity  or 

complex dielectric constant r  ( r 0 ). The model after Jonscher (1977) has a form 
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Where 0<n<1, rr f 2  and r are all constants and rf is a certain reference frequency. 

The model of a constant Q-value means that the real and imaginary parts of dielectric 
constant exhibit the same trend of frequency dependency. It is therefore justified to build a 
complex dielectric constant, whose real- and Imaginary parts appear above a certain peak-
frequency in double-logarithmic representation as two parallel lines, as displayed in Figure 2.  
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Figure-2. Dispersion function of the dielectric constant after (Jonscher, 1977). Both functions in (a) and (b) show the 

universal behavior at higher frequencies. 

 
If we consider only the positive frequencies for the JONSCHER-model (equation 5), we 

get (Bano, 1996): 
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For the relationship between Imaginary and real parts of the above complex permittivity   it 

follows: 
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Equation (7) describes a frequency-dependent Q. 

If we define 0. QconstQ  : 
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and set  )1(cos
2

' nrr    in equation (7) , we get  
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For a weak attenuation or high Q value the dependency of the Q on the frequency can be 
neglected. Equation (9) can then be approximately written as follows (Bano, 1996):       
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Now equation (9) has the same form as the approximation of a constant Q for elastic waves 
after Put equation (9) in equation (6) yields  
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The complex wave number k can also be written as  

 jk    ………………. (12) 

Applying equation (9) on equation (12), we get 
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Assuming the weak attenuation, the tangent in equation (8) can be approximated with its 

argument:   )1()1(tan
22

nn   .  

After some mathematical manipulations (see detail explained in Bano (1996) we finally get 
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with                                  
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According to equation (12), equation (14) can be rewritten, so that: 
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where   )(/  v .   

Equation (16) reflects the dispersion law of velocity by Futtermann (1962) for the elastic 
wave. Equation (15), (16) and (17) describe the relationship between dispersion and absorption 

 
3. Impulse Response 

The propagation of electromagnetic (EM) waves in a medium can be considered as a 
linear system. Figure 3 shows this relation.  
 

 
Figure-3. Physical process of the propagation of waves in time- (top) and frequency domain (bottom). 

 

The medium is characterized by an impulse response g(t) or its transfer function )(G . 

The output y(t) is resulted from a convolution between the input signal x(t) and the impulse 
response g(t).  
The Fourier transform of the input signal is:                                                









 dtetxX tj)()(    …………….. (18) 

If no absorption exists, y(t) can be written as: 
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Where v  and 0t are the propagation velocity of the wave and the travel time, respectively. 

According to the shift theorem of Fourier transformation, Fourier transformation of )(X  and 

)(Y  differ only with a phase term: 
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The spectrum of output signal is resulted from a multiplication between the spectrum of input 

signal )(X and the transfer function )(G : 
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For the transfer function )(G  it follows 

0)(
t

eG
 

   ………………………… (22) 

For an absorbing medium the transfer function must contain an attenuation term.  
Taking the absorption into account, the transfer function becomes (Doan, 1984): 
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From equation (20) the impulse response is easily determined through its inverse Fourier 
transformation  
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It can be seen from the course of the impulse response in figure 3, that it is about a 

Lorentz curve whose maximum lies at 0tt   and symmetrical about earlier and later times. The 

propagation of EM waves must be described by physically realizable process, where the 
causality principle applies. Therefore, for t < 0 the impulse response function must disappear. It 
requires a correction in equation (23). This is achieved by introducing velocity dispersion in 
equation (23), where higher frequencies travel faster than the lower ones . 

For the mathematical description of this under linear dispersion function there is a number 
of different approaches. In the present work, the Dispersion relation after Futtermann (1962) is 
used: 
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where 02 f   is a frequency reference.  

 
Put equation (26) into equation (23): 
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Equation (29) and equation (30) represent amplitude spectrum and phase spectrum, 
respectively. 

The reference frequency 0  occurs only in phase spectrum and for our purpose in this 

work we use NYQUIST frequency as the reference frequency: NY 0 . Thus, it appears 

finally to the transfer function of absorbing medium with causal impulse response 
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In equation (33) the first term represents the absorption factor,   the second term the travel 
time factor and the third term the Dispersion factor. Figure 4 shows the influence of Q factor on 
the course of amplitude as well as phase spectra. The figure demonstrated that absorption and 
dispersion effect increases with decreasing Q. 
 

 
Figure-4. Transfer function (amplitude spectrum (a) and phase spectrum (b) and their corresponding impulse 

response (c). parameter: Q factor. Model input: t0 = 6 ns, NY 0 and fc = 900 MHz. 
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4. Forward Modeling and Absorption Determination 
As illustrated in figure 4, propagation of electromagnetic (EM) waves in a medium is 

described as linear system through this relation: 

)(*)()( tgtxty     …………………… (34) 

By using equation (32) I carried out forward modeling using input data listed in table I.  
 

Table-1. Data For Forward Modelıng 

Case Input signal )(tx  Travel time 0t in ns 

1 Model signal A (900 MHz) 3 

2 Model signal A (900 MHz) 6 

3 Model signal A (900 MHz) 9 

4 Model signal A (900 MHz) 12 

2b Model signal A (900 MHz) 6 

4b Model signal A (900 MHz) 12 

 
The model wavelet A and B are the extracted wavelets, which are obtained from 

measurement in the air with 900 MHz and 450 MHz antennas frequency, respectively. The 
impulse response is determined using inverse Fourier transformation (IFT) of the transfer 
function: 

)()( Gtg IFT   …………………..  (35) 

The transfer function )(G is calculated using equation (33). It describes filter properties 

of medium in frequency domain. Its input parameters are travel time 0t and Q  factor. 

 

 
Figure-5. Impulse response at the same travel time t0 (t0 = 3 ns) with variable Q 

 

Figure 5 shows various impulse responses at the same travel time 0t ( 0t = 3 ns). It can be 

seen, that for small Q (high attenuation) the impulse response becomes smaller and wider. A 
smaller impulse response means that more energy is absorbed. A wider impulse response 
means, that more time is required to transfer the energy of EM waves. That means also, that the 
main energy is transferred in later time.  
 

 
Figure-6. Output signal (left) and their corresponding frequency spectra at the same travel time t0 (t0 = 3 ns) with 

variable Q. 

 
Figure 6 represents the output signal and its corresponding frequency spectrum at the 

same travel time 0t  ( 0t = 3 ns) but with different Q. With decreasing Q value the output signal 

becomes smaller and wider. Its peak frequency increases and is shifted to lower frequency. It 
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also applies to impulse responses as well as output signals at the same Q value (Q=50) with 

decreasing 0t (see figure 7 and 8). 

 

 
Figure-7. Impulse responses at the same Q value (Q-50) with variable  t0 

 

 
Figure-8. Output signal (left) and their corresponding frequency spectra at the same Q value (Q=50) with variable t0. 

 

With increasing 0t  the impulse response becomes smaller and wider. That means EM 

waves at the same Q are more attenuated as they propagate at longer distance. The transferred 

energy is lower, and the main energy will be later transferred. With increasing 0t  the peak 

frequency is shifted to lower frequency. 

In figures 6 and 8 the characteristic frequencies are listed: the equivalent bandwidth f
~

, 

peak-frequency Pf , the bandwidth at 0.70 maximum amplitude 7.0f and the bandwidth at 0.5 

maximum amplitude 5.0f . It shows that the higher the Q value at the same travel time as well 

as the longer the travel time at the same Q is, the smaller the corresponding band-width as well 
as the peak frequency is. 

Q values are determined from the ratio between the two signals or their frequency spectra. 
The easiest way to Q-determination is the so-called Amplitude decay method. From the 

relationship between the amplitude for two different distance 1x  and 2x  as well for times 

vxt /11   and vxt /22  t2:  
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with f as the dominant frequency and 120 ttt   as the travel time.  )( 1xa  and )( 2xa  are 

the signal amplitudes at 1x  as well 2x . This method has disadvantage, that it can only be 

applied if true amplitudes exist. The dominant frequency or apparent frequency gives us only an 
estimate value. 

The second technique is the so-called spectral ratio method. This technique is probably 
the well-known method for the determination of Q. With this method the absorption effects are 
determined in frequency domain.  It is based on the building of the Amplitude spectral ratio of 
two signals. This method was extensive described in the works of Doan (1984). Therefore this 
procedure is here briefly explained and is directly described for the case of transmission signals. 

If we build the ratio of amplitude spectra of two different signals and we calculate its 
logarithmic value, the ratio of   the corresponding Futterman’s transfer function arises to  

Q

ft
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where t denotes the travel time difference between )(ty and )(tx .  

Q  is determined from the slope of the linear function in the frequency-dependence at a 

distinct travel time difference (see figure 9). 
 

 
Figure-9. Logarithmic values of  spectral ratio for Q determination 

 

Q -factor is inversely proportional to the angle : Q/1tan  . A general problem that 

exists in the Q-determination with this method is in estimating frequency intervals. 
Absorption coefficient   is determined from two different signals: 
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  in equation (36) has a unit of Neper/m, whereas   in equation (37) dB/m. Using 

equation (36), Q is then calculated using equation (3). 
 

5. Investigation on Real Data 
The validity of three methods for Q determination, namely spectral ratio and amplitude 

decay methods as well as method for Q determination over   was tested on real data. One 

dataset is available for the investigation: transmission measurement data acquired on existing 
gneiss body. The measurement is conducted with pulse Ekko-1000 GPR system with 900 MHz 
and 450 MHz nominal frequency.  Low pass-filter with higher frequency cut-off of 0.3 fNY was 
applied on all data. The empirical signal extracted from measurement in the air was utilized. 

Gneiss as a crystalline rock is selected as an ideal test medium due to its small absorption 
and therefore resulting in large depth penetration. The object is located in “Reiche Zeche” 
Schacht, in Saxony State of Germany, at a depth of 180m (Fig. 10).  
 

 
Figure-10. Sketch of test site (a) and cross section I - I as well as II - II (b). S and E are the position of transmitting- 

and receiving antenna, respectively. 

 
The test object is selected so that it represents a quasi-homogeneous medium. The 

Gneiss wall is not flat, therefore it was difficult to stand the antenna surface on the Gneiss wall 
to position, so that parallel antennas are guaranteed In spite of this handicap, the transmission 
signal could be received relatively good. Contrary from this condition, the recorded signals at 
horizontal measurement were so bad, that only a few trace can be analyzed. 

Two different measurement configurations were realized (see figure 8). Two different 
measurement configurations were implemented (see figure 10). In horizontal mea-surement, 
transmitter and receiver antennas at a height of about 120cm to 150cm from O to S as well as 
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from O to E were synchronize moved with 0.5m step forward. Vertical measurement means that 
the antennae were synchronize moved vertically from top to bottom with 20cm step. Figure 11 
and 12 are the results with the 900 MHz antennas for the horizontal as well as vertical 
measurements, It is concluded from the measurement data, that in particular with the 450 MHz 
antennas the recorded transmission signals sufficiently appear only at a larger transfer distance. 
Therefore, only the measurements with the 900-MHz-antennas are introduced. In addition to 
absorption determination, velocity value is also calculated.  
 

 
Figure-11. Recorded transmission signals with 900 MHz antenna (horizontal measurement) 

 

 
Figure-12. Recorded transmission signals with 900 MHz antenna (vertical measurement) 

 
In order to obtain velocity and absorption from horizontal measurement, trace numbers 5, 

8, 9 and 12 are used (see figure 11). The important data are summarized in table 2. 
 

Table-2. Important Data Extracted From Trace 5, 8, 9 and 12 

Trace 
0t (ns) v  (m/ns) 

peakf (MHz) 

5 17.0 17.12 624.99 

8 24.3 17.74 585.93 

9 26.1 18.31 585.63 

12 31.6 18.53 484.36 

 
Trace 4 and 5 are available for the input signal. Since amplitudes of trace 5 are higher 

than those of trace 4, signal from trace 5 is chosen as input signal. For Q determination signals 
from traces no. 8, 9 and 12 are considered as output signals. Using equations (34) and (35) , Q 
values are determined and their results are listed in table 3.  
 

Table-3. The Result of the Q Determınatıon Usıng 2 Methods for Horızontal  

Measurement 

Input 
signal 

Output 
signal 

0t

(ns) 

Calculated Q  

Amplitude decay Spectral ratio 

Trace 5 Trace 8 7.3 38.80 40.70 

Trace 5 Trace 9 9.1 38.62 40.17 

Trace 5 Trace 
12 

14.6 44.23 45.72 
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From three different trace Q-values of more than 40 are delivered. The same traces are 
used to calculate their absorption coefficient using equation (37) and Q values using equation 
(3). Velocity value listed in table 2 is used for Q computation. The results are summarized in 
table 4.  
 

Table-4. The Result of the Q Determınatıon from a  for Horızontal Measurement 

Input signal Output signal α in dB/m CalculatedQ   

Trace 5 Trace 8 2.058 43.80 

Trace 5 Trace 9 1.852 41.14 

Trace 5 Trace 12 1.729 46.57 

 
From the tables 5 and 6, it is concluded that the calculated Q data meet good agreement, 

where the determined Q-values lie between 40.166 and 46.57.  
 

Table-5. The Result of the Q Determınatıon Usıng 2 Methods Vertıcal  Measurement 

Input 
signal 

Output 
signal 

0t (ns) Calculated Q  

Amplitude decay Spectral ratio 

Trace 5 Trace 9 27.7 32.39 33.45 

Trace 5 Trace 10 27.6 32.52 33.58 

Trace 5 Trace 11 27.6 32.64 33.71 

Trace 5 Trace 12 27.6 32.79 33.85 

Trace 5 Trace 13 27.7 33.84 34.95 

Trace 5 Trace 14 27.8 33.96 35.07 

Trace 5 Trace 15 27.8 33.87 34.96 

Trace 5 Trace 16 27.7 34.31 35.43 

Trace 5 Race 27 27.9 31.07 32.11 

 
Table-6. The Result of the Parameter Determınatıon V and Α  as Well as Q For Gneıss 

No. v (m/ns) α (dB/m) Q fC (MHz) Depth (m) Source 

1 0.17 - 0.18 1.7 - 2.1 30 - 46 900 180 This study 

2 0.10 - 0.12     Grasmueck (1996)  

3 1.12 - 0.12   100 Up to 30  

4 0.17 2.6     

5 0.12 6.9     

6 0.17 1.5 – 4.5 30 300 - 900   

7 0.13 9.0 – 27.0 7    

8 0.08-0.11      

 
We obtain similar results with vertical measurement (see figure 12). From three different 

methods to Q-determination, the calculated Q-values lie on about 32 in average. 
Comparing the results of both the horizontal and vertical measurements, approximately 

20% difference exists. Possible cause for this is the orientation of the receiving antenna during 
the measurement. In the vertical measurement the orientation of the antenna at the vertical 
positions agrees well, at which every position three times was measured. That was at the 
horizontal measurement not so. The results of both measurement, which are compared with the 
data from the literature are listed in table 10.  
 

6. Conclusion 
Propagation of electromagnetic waves is described by two parameters, namely phase 

velocity v and absorption coefficient   as well as Q factor. Both are the most important 

parameter for the processing and interpretation of Ground-penetrating radar (GPR) data. These 
propagation parameters are frequency-dependent, which describe the wave attenuation during 
their propagation in absorbing medium. This attenuation process results in energy absorption 
and wave dispersion.  From the linear basis of the frequency dependence of   of geology 

medium, a constant Q-hypothesis is applied, whereby the Q factor is inversely proportional to 
 and describes degree of absorption of distinct rocks. Theoretical and practical considerations 

for the propagation of electromagnetic waves in absorbing Medium lead to the use of a  model 
with constant Q and velocity dispersion  

Forward modeling with such considerations was carried out, so that the propagation of 
electromagnetic waves in absorbing medium can be described approximating the real condition. 
On the basis of such model, the effect of these parameters on wavelets is investigated. 
Attenuation process causes the wave amplitudes smaller with increasing distance at the same 
Q and causes the wave amplitudes smaller with decreasing Q at the same distance (absorption) 
and the waveforms are stretched (dispersion). The longer the distance at the same Q as well as 
the smaller Q at the same distance, the smaller is the bandwidth of the transmission wavelets. 
Its peak frequency is shifted to lower frequencies. Three methods for Q determination are 
reviewed, namely spectral ratio and  amplitude decay  methods as well as Q-determination 
method through α- determination. The three methods are then applied on real data, which are 
acquired from transmission measurement at test site in Reiche Zeche Shaft in Germany. This 
study shows, that Q determination using the three methods is successfully applied on real 
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transmission data. This work suggests us to extend the use of the methods to reconstruct 
tomographically the distribution of Q in medium. 
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