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This work concentrates on a single N-S profile 8 m long 
repeated four times, one for each polarization shown in 
Figure 1. Data was collected with a  Pulse Ekko 100 with 
200 MHz antennas, 400 ps sampling rate, 32 stack, and 0.1 
m spatial sampling with stop-and-go firing. Topographic 
control was done with total station. 

Data processing was kept to a minimum, comprising of data 
editing, dewow, an user-defined gaining stage, mild enough 
not to saturate any trace anywhere, followed by a band-
pass filter. 

Results 

The electromagnetic field at a given point in space, at the 
given time, has both a magnitude and a direction, and thus 
is described by vectors. Polarization describes the 
magnitude and direction of the electromagnetic (EM) field 
as a function of time and space. When the time varying EM 
fields vary sinusoidally (time harmonic), polarization may be 
classified as linear, circular, or elliptical. The first two are 
special cases of elliptical polarization, in which the electric 
field traces out an ellipse. 

Three orthogonal basis vectors can describe an arbitrary 
electromagnetic field. So let the scattered field be described 
by three orthogonal basis vectors, (â1, â2, â3), one of which 
aligned with the direction of wave propagation, say â3. In 
this way the propagating electric field is decomposed into 
the two remaining orthogonal basis vectors (â1,â2). Let us 
assume further a common-offset field configuration with 
closely spaced antennas so the field at the soil-air interface 
is back scattered. This exactly the way most GPR surveys 
are conducted to image the subsurface. In this way the 
measured scattered electric field is entirely horizontal, and 
given by 
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where Râ is a unitary vector and the superscript (R) 
indicates along the direction of the receiving antenna. 

The far-field scattered electric field in (1) can be expressed 
as a vector sum of two orthogonal components in a 
Cartesian reference frame {1,2} defined by two mutually 
perpendicular antenna positions and profile direction. This 
is achieved first measuring the scattered field with 
transmitter and receiver antennas parallel, T1R1, and then 
rotating the receiver 90°, T1R2, 
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where Ek
i indicates that field amplitude is measured with 

transmitter along direction k (Tk) and receiver along 
direction i (Ri). 

Figure 2 shows the results from the four fixed-offset 
antennas configurations shown in Figure 1. They were AGC 
gained  just for visualization as signal energy levels are 
good. The reflections seen in the figure are mainly 
produced by textural variation within a sequence of sand 
grain sizes. 

We can associate the scalar values of the measured 
electric field intensity obtained with the four antennas 
configurations in a second rank tensor F. In this fashion 
each corresponding data point of each field polarization will 
be an element of the tensor, in the same order as shown in 

Figures 1 and 2, i.e., the main diagonal will be                     
( T1R1, T2R2 ), or ( E1

1 ,  E2
2 ).  

The elements of the secondary diagonal should be equal by 
the principle of reciprocity, but due to the change of polarity 
of the scattered field they are not, as seen in Figure 2. With 
our data set (134 traces and 532 data points) we produced 
71288 tensors. 
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gure 2. GPR sections for four fixed-offset antennas 
nfigurations shown in Figure 1. Sections are displayed in 
e same order of antenna configuration as in Figure 1. 

ch of the tensors can be rotated in relation to the field  
ordinate system, related to the positions of the antennas 
d profile direction. This Alford rotation (Van Gestel & 
offa, 2001) can produce images equivalent to the co-
lar or cross–dipole configurations at any given angle of 
ientation. 

sume a structure able to change the polarization of the 
ident field towards a preferred direction expressed by the 
it vector Pâ. The incident wave polarization will be 
ctorially resolved along the direction Pâ with a change in 
larization of the scattered field, resulting in a non-zero 
oss-dipole reading. Rotating the tensors to the desired 
ientation will give the instantaneous amplitude as if the 
tennas were deployed in the field along, or perpendicular 
 direction Pâ. Conversely one can estimate the 
polarizing direction Pâ from the scattered field from the 
ta estimating the angle θm that minimizes the  cross-
ole readings, thus maximizing the information in the two 

-polar configurations. 

 our data set most of the estimates of the angle θm are ≤ 
º, with peaks at  0º,  30º- 50º, and  80º, Figure 3. It is 
ssible to realize that the occurrences of θm in the interval 
º- 50º fall preferentially in three time zones: 0-20, 50-100, 
d > 140 ns, Figure 3. Concentrate on TWT = [ 50-100 ns] 
erval where there is a clear band of  θm = [30º- 50º] 
icating a depolarizing structure with a preferred angle 

ound  40º. The other time zones are of lesser importance 
 they lie on regions affected by the direct waves, or low 
nal to noise ratios. 

e polarization of the scattered field in the TWT = [ 50 - 
0 ns] interval, in rectangle B in Figure 3, can be 
sessed analyzing the time-phase difference between the 
o linearly independent co-polar components, E1

1 and E2
2. 

gure 4 shows that the vector that describes the 
rmonically varying electric field varies along a straight 
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line, indicating a linear polarization case. Figure 4 was done 
plotting the two co-polar components of a randomly chosen 
trace location against each other. The linear polarization is 
a special case of the more general elliptical polarization. 
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former the two eigenvectors of F are independent, in the 
latter they are redundant. Any other value in between will 
indicate a certain degree of dependence between the two 
eigenvectors of F. 
ure 3. Histogram of the estimates of the angle θm ≤ 90º 
 our data set. The red rectangle A shows where θm = [30º 
0º]. The GPR-like section on the right shows the location 
θm values that fall inside rectangle A.The red rectangle B  
lineates a structure located in the TWT = [ 50 -  100 ns] 
erval  that depolarizes the incident field in a preferred 
gle around  40º. 

w we are ready to rotate the tensors F build with our 
ta set, shown in Figure 2. The data inside the rectangle B 
Figure 3 is then rotated to θm = 45º. The result is in 
ure 5. The improvement in both polarizations is easy to 

e, with sharper reflectors and complementary information 
m the two co-polar components. It is also clear that there 
a mixing of effects in the sections as there are other 
luences apart from the depolarizing structure revealed in 
 angle section of Figure 3. 

 
Figure 5. Panel (A) shows an interpretation of co-planar, 
T1R1, and T2R2, data for the interval TWT = [50, 100] ns, 
shown in the Figure 2. Panel (B) shows the same reflectors 
seen in (A), but on a 45o rotated section. 

 

Figure 6 shows that there is a great deal of independence 
in our data in the TWT = [ 50 - 100 ns] interval. This 
indicates that the two co-polar sections are decoupled, i.e., 
most occurrences are k ≈ 1. The attention of the reader to 
the fact that if there were no depolarization effects the two 
co-polar sections would be decoupled and therefore k = 1. 
When depolarization effects are present there is some 
degree of coupling and k > 1. As we have shown above we 
have  depolarization effects in the interval indicating there 
are other intervening structures in the subsurface that  do 
not depolarize the incident field. 
ure 4: Polarization of the scattered field for a given trace 
d the  TWT = [ 50 - 100 ns] interval, shown in the 
tangle B of Figure 3. The two co-polar components are 
tted against each other. The relevant sections of the 
ces are shown in the fourth ( E2

2 ) and second ( E1
1 ) 

adrants. 

e combined effect of the several structures that affect 
ld polarization can be also assessed analyzing the 
gree of independence between the two co-polar 
mponents, E1

1 and E2
2. That can be done by estimating 

  two eigenvalues of the tensor F, say λ1 and λ2. The 
envalues are rotationally invariant and thus are 
erence frame invariant. Define a condition number, k, as 
  the ratio of the maximum to the minimum eigenvalue. 
ere are two particular cases: k = 1 and k >> 1. In the 
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re 6: Condition number, k, in the TWT = [ 50 - 100 ns] 
val. That interval is shown in the rectangle B of    
re 3.  

clusion 

have shown here results obtained with a multi-
rization data set obtained on an area of Quaternary 
mentation characterized by unconsolidated deposits of 
n, alluvial, lacustrine and marine sands. The data set 
prises of a GPR profile done with two cross-dipole and 
co-polar antennas configurations. We have investigated 
 the angle θm that minimizes the  cross-dipole readings 

maximizes the information in the two co-polar 
igurations. 
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The  angle θm is related to the preferential direction of  
depolarization of the incident field expressed by a unit 
vector Pâ, caused by a given structure in the subsurface. 
The incident wave polarization is vectorially resolved along 
the direction Pâ resulting in a change in polarization of the 
scattered field, giving rise to non-zero cross-dipole 
readings.  As there are more than one intervening structure 
in the subsurface depolarizing the incident field, the two 
cross-dipole readings are not equal to each other. 

Here we have isolated one  depolarizing sub-horizontal 
structure bounded in the interval TWT = [ 50 - 100 ns], 
which changes the incident field polarization 45º in relation 
to the profile direction. The scattered field displays a 
conspicuous linear polarization. We then applied Alford 
rotation to the data,  maximizing the information in the two 
co-polar components. Those display a high degree of 
independence from each other. 

With the multi-component GPR processing technique we 
achieved a great deal of improvement in imaging capability 
of a sedimentary environment. That was achieved even in  
our case where data was collected with a field geometry 
less than optimal, i.e., with a profile direction in an angle in 
relation of the isolated structure in the interval               
TWT = [ 50 - 100 ns]. Even considering that improvement it 
remains the task of combining the multi-component data in 
a practical way to produce reliable images of the 
subsurface. 
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