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Abstract
Microwave radar testing
testing of tree trunks is one of the ways for the trunk interior
evaluation. The interpretation of the radar images can be a very complex task
- among others due to the roughness of the tree bark. This paper studies the
influence of a surface roughness on radar data of observed cylindrical objects,
trees in particular. During our study, we did numerical simulations and laboratory
measurements to compare radar data obtained by testing a cylinder with a
smooth and an irregular surface. Then, several real trees with different surfaces
and internal structures were tested to validate our findings. Those experiments
indicate that the presence of a rough and irregular bark can significantly inhibit
our ability to study the internal structure of the tree with the radar. On the other
hand, if the bark is smooth, it is possible to infer the internal composition of the
tree even for highly heterogeneous specimens.
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1

Introduction

Trees are a very important part of humans’ lives. They are crucial for
oxygen production, they are a necessary source of construction material,
they have an indisputable effect on the climate and they have a significant
influence on well-being in urban areas. Then, it is inevitable to pay
attention to their condition. As a result of a natural degradation of
wood and a human intervention to trees and their habitats, the stability
of tree trunks is constantly decreasing which leads to endangering
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people and infrastructures. In order to prevent collapses of trees, it is
highly important to investigate their internal structure [1]. From the
macroscopic point of view, tree trunks are composed of bark, sapwood
and heartwood with different mechanical properties. Within them, we
can observe natural defects (knots, reaction wood, cross grain, etc.) or
biological degradation (caused by fungi, insects etc.).
There are several destructive and non-destructive methods for tree
trunk evaluation [2]. Core drilling, knife test or penetrometer testing are
examples of the destructive ways for tree trunk inspection [3]. Gilbert et
al. [4], Lin et al. [5] or Brancheriau et al. [6] used ultrasonic tomography
to detect decayed wood in living tree trunks. This method is based on
emitting sonic waves into the trunk and evaluating its mechanical state
by the sonic waves responses. Guyot et al. [7] and Elliott et al. [8]
used electrical resistance tomography (ERT) for evaluating the internal
structure of tree trunks. ERT measures the subsurface distribution
of electrical resistance (which is a function of humidity, density, etc.)
with several electrodes following a specific geometric pattern along an
investigated object. Van den Bulcke et al. [9] used X-ray tomography
for analysing tree rings to measure the age of trees. Ground-penetrating
radar (GPR) is being increasingly used as a non-invasive device for tree
trunk interior inspection. It is based on emitting electromagnetic waves
into media and capturing them after scattering on the internal structures
of the studied object.
Nicolotti et al. [10] compared three non-destructive methods for
the tree trunk investigation, namely, electric, ultrasonic and georadar
tomography. Al Hagrey [11] also tested the same techniques for tree
trunks and the root zone in order to evaluate their moisture. Butnor
et al. [12] used the GPR in order to detect decays in tree trunks and
provided a comparison between data obtained from gymnosperms and
angiosperms. Lorenzo et al. [13] used the GPR to test a root zone of trees
and tree trunks. They observed advantages of using a metal sheet to
increase reflections from the other side of the tree. Fu et al. [14] provided
a living tree trunk ray-based tomography using the GPR in a reflection
and transmission mode. Mazurek and Łyskowki [15] tested two shielded
antennas (1.6 GHz and 0.8 GHz) for a tree trunk inspection in both
reflection and transmission mode in a longitudinal direction to the tree.
Li et al. [16] proposed a ray-based tomography of a living tree trunk and
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compared a polar and real cross-section shape of a data visualisation.
Takahashi and Aoike [17] combined the reflection and transmission mode
of the GPR to distinguish heartwood and decay in logs and living tree
trunks.
Tree trunk inspection using GPR is a very complex discipline for
several reasons. First, living wood is a humid material with a very variable
water content (which can range from about 30% to more than 200% of the
weight of wood substance [18]) which is the cause of the electromagnetic
waves attenuation. Second, significant heterogeneity and anisotropy
of wood further complicate the interpretation of the radar data as the
relative permittivity of wood depends also on a grain direction [19, 20].
Third, an irregular shape of a tree trunk does not allow for a good contact
or at least a constant distance between a radar antenna and the tree
trunk surface. Having various distances between the surface and the
antenna leads to irregular surface reflections in radar images which are
not straightforward to filter out. And last, but not least, in order to
inspect tree trunks, it is essential to keep a good contact of the antenna
with bark for better impedance matching. This is not always possible due
to the bark roughness.
The influence of the surface roughness on radar data was already
very well described by Pinel et al. [21] who studied wave scattering from
multilayered random rough surfaces for road applications. Tosti et al.
[22] dealt with the roughness of a railway ballast during evaluation of its
dielectric properties with the GPR. Ardekani et al. [23] studied scattering
and attenuation of radar signal due to a vegetation cover. Lambot et
al. [24] and Jonard et al. [25] observed the soil roughness influence on
the monostatic GPR signal inversion to retrieve surface moisture.
The objective of this paper is to see the influence of the tree trunks
rough surface on GPR images. In that respect, we simulated two
cylindrical configurations with a smooth and rough surface using a finite
difference time domain simulator, namely, gprMax2D [26, 27]. To check
the validity of the numerical simulations, two laboratory measurements
on a corresponding cylindrical model were done. The laboratory model
contained also a smooth and a rough surface. Finally, four radar
acquisitions on real trees with various surfaces and internal structures
were carried out. Two trees with a rough bark and two trees with a
smooth bark were chosen. Both pairs of trees consisted of a relatively
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healthy tree and a tree with a visible cavity. Data were processed using
two filtering methods: free-space response subtraction and the average
background removal. For more intuitive readability of the GPR images,
the cartesian radargrams were projected to the polar coordinates.

2

Numerical simulations

The first step in understanding the effect of the surface roughness on our
measurements was to simulate a cylindrical structure with a smooth and
with a rough surface. In our previous experiments [28, 29], we studied
reflections curves occurring in simulated and measured radargrams of
a cylindrical laboratory model. All those experiments were done for a
smooth surface. To see the influence of a rough surface, the same
configuration with a rough surface was simulated. The configuration
had a similar shape as a laboratory cylindrical model which is filled with
sand. The rough surface was designed to have a random thickness (up to
70 mm) while the internal parts of the model remained the same (dry sand
with air). The rough surface was created by generating 1000 random
points in a known annular area with outer radius 4 cm larger than the
current model. The generated points were used as centres of a series
of filled circles (with a radius of 3 cm). The circles randomly overlapped
each other and created a filled area with a rough edge. Figure 1 shows
a configuration with a smooth surface (a) and with a stochastic rough
surface (b). The relative permittivity of the sand was set to 3 and
the relative permittivity of the generated surface was set to 2 to be
slightly different than sand. The numerical simulations were done using
the open source software gprMax2D [26, 27] using the Finite-Difference
Time-Domain (FDTD) method [30] and which is specifically dedicated to
GPR applications. The operating source was a Ricker wavelet with a
centre frequency of fc = 900 MHz. The spatial resolution of the numerical
model geometry in the x and y directions was 2,5 mm.
Figure 2 shows the simulated radargrams of the smooth configuration
(left) and the configuration with the random rough surface (right) for both
choices of data filtering (free-space response subtraction and average
background removal). In all images, we can see the surface reflection (at
about 1.5 ns), the reflection from the opposite side of the model (at about
10 ns), the reflection curves originating from internal inhomogeneities
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(a)

(b)

Figure 1: Configurations of the tree trunk model for numerical simulations in
gprMax2D: a) With a smooth surface, b) with a rough surface with the tickness
up to 7 cm.

(two sinusoidal shapes at about 3-7 ns corresponding to the closest and
the furthest point on the void to the receiver) and the total internal
reflection (TIR) at about 14 ns (explained by Ježová et al. [28, 29]).
Figure 2a (smooth surface, free-space response subtraction) provides
very clear reflection curves described above without any particular noise
(other minor reflections). The reflections of the opposite side of the model
(at 10 ns) and the TIR are stronger at the positions of 0.5-1.2 m when
the antenna is close to the internal void. Then, at the propagation
time of 7-14 ns we can see cross-shaped reflections at the positions of
1.7-2.5 m when the antenna is far from the internal void. Both cases
occur due to the symmetrical geometry regarding the antenna position
and the internal void which can cause additional reflections. We already
described this phenomenon in our previous study [31].
In Figure 2b (rough surface, free-space response subtraction), many
reflections in the background are present. This fact, however, does not
prevent the visibility of the internal void reflections and the TIR, but it
makes other reflections less visible (e.g., the opposite side reflection at
10 ns). Just below the surface reflection, we can observe a reflection
originating from the interface between the rough surface and the cylinder.
In the image, the opposite side of the observed model is not represented
by a line, but we can see it through a series of irregular reflections
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at about 10 ns.
It is worth mentioning that we cannot see any
additional reflections caused by the symmetry of the model-hole-antenna
configuration because this phenomenon was significantly suppressed by
the rough surface.
In Figure 2c (smooth surface, average background subtraction),
the reflections pointing at the internal inhomogeneities, opposite side
reflection and TIR are well visible. Nevertheless, the surface reflection
was almost fully eliminated by the average background removal as it
is constant. Furthermore, a constant line at about 3 ns now appeared
in the radargram as a result of the filter. In the radar data, we can
see a strong reflection at 3 ns in positions of 0.9-1 m as a part of the
sinusoidal reflection of the internal void. Its values affected the average
value which was subtracted from the whole image at this time. This
may cause problems during a tomography of the medium as it displays
a non-existing external contour of the model. Also in this case, we can
observe a stronger opposite side reflection curve and the TIR as well as
the cross-shaped reflections caused by the symmetrical geometry.
In Figure 2d (rough surface, average background subtraction), we
can again observe many minor reflections caused by the rough surface,
especially at the closer edge of the configuration (at about 1-2 ns) and its
opposite side (at about 10 ns). The strong constant reflections appearing
in Figure 2b (surface reflection and TIR) were weakened but generally,
the images are very similar for both choices of the filtering. Also in this
case, a constant line at 3 ns appeared as a result of the use of the average
background removal.
To better visualize of the GPR images, a polar representation of them
was made. To keep the surface reflection of the configurations, the
images processed with the free-space response subtraction were chosen.
To project into the polar representation of the radargram, the GPR
image was cut in the middle part corresponding to approximately 4.6 ns
(according to its "r = 3 and the geometric radius r = 0.4 m) from the source
reflection (1.5 ns). Therefore, the image was split at the propagation time
of 6.1 ns. Figure 3a shows the polar representation of the simulated
radargram of the smooth case. We can see very well the external and
internal contours of the configuration without any additional reflection.
The image is very clear and corresponds to the simulated cylinder
also with its size. Figure 3b shows the polar representation of the
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(a)

(b)

(c)

(d)

Figure 2: Numerical simulations using gprMax2D of a laboratory tree model
with a smooth surface (left) and with a rough surface (right). The radar data were
processed: a-b) with a free-space response subtraction, c-d) with an average
background subtraction.

configuration containing the random rough surface. We can observe the
very rough surface of the model edge and the slightly smoother surface of
the circle which follows. The internal void is very well displayed despite
the rough surface. In both images, a small reflection (coordinates [0.6,
0.6] in Figures 3a and 3b) appeared as an artifact of the projection. This
indicates, that such a visualization is only illustrative, as we calculated
the model centre assuming homogeneous permittivity of "r = 3, which is
violated by the presence of the internal void.

3

Laboratory measurements

The next step of the rough surfaces evaluation was done in laboratory
conditions. In particular, we performed two radar measurements of a
laboratory cylindrical model made from two tubes (paper and PVC) and
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(a)

(b)

Figure 3: Polar representations of the numerical simulations with gprMax2d of
the configuration with: a) Smooth surface, b) rough surface. The simulated data
were processed with the free-space response subtraction.

sand (as a filling material). Analogically to the numerical simulations,
the cylindrical model had a smooth surface for the first measurement
while for the second, an irregular inhomogeneous structure made of
paper and polystyrene was installed on the external surface of the
larger tube to emulate the shape of the tree bark (see Figure 4). Both
measurements were carried out with a lightweight radar system including
a dielectric-coupled TEM horn antenna, a micro vector network analyser
(Planar R54, Copper Mountain Technologies, Indianapolis, USA, [32]), an
Intel computer Stick, a battery and a webcam for remote positioning. The
antenna was filled with paraffin wax ("r = 2.2) in order to better couple the
antenna impedance with the investigated medium (dry sand with "r = 3).
This radar system (see Figure 5) was described in detail in [32]. In order
to get the return loss of the antenna Hi , it was calibrated against a copper
sheet (3⇥3 m) using the antenna model of Lambot et al. ( [33]). For the
calibration, a VNA (ZNB8, Rohde & Schwarz, Munich, Germany) was used
to feed the antenna. The VNA was calibrated following Open-Short-Match
reference calibration kit standards. The operating frequency was set to
0.5-3.5 GHz with a frequency step of 2 MHz.
In order to validate the observations made about different approaches
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(a)

(b)

Figure 4: Laboratory tree trunk model: a) with a smooth surface, b) with a bark.

Figure 5: The mini radar system set up for the measurement of the laboratory
cylindrical model with a smooth surface. 1) dielectric TEM horn antenna, 2)
battery with VNA, 3) Intel computer, 4) barcode ruler, 5) webcam for remote
positioning.

to background removal in the previous section, two different types of
filtering was used again, namely, the free-space response subtraction
(Figures 6a and 6b) and the average background subtraction (Figures 6c
and 6d). Unsurprisingly, the laboratory images have different appearance
than the simulated ones, especially those treated with free-space
response subtraction where the antenna effects were removed. Both
images with this filter contain periodically repeating multiple reflections
between the antenna and the medium. In the simulated images, we
used a point source dipole for emitting the signal, however, in the
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laboratory conditions a real antenna was used. By free-space response
subtraction, we eliminated the internal reflections in the antenna, but
not the reflections originating from its contact with the medium.
Both cases (smooth and rough) have very similar appearance and we
can observe the surface reflection (at about 1.2 ns) and the internal
void reflection (sinusoidal shape at about 2-5 ns). We can also see
the strongest parts of the TIR (14 ns, 0.5-1.2 m) and the cross-shaped
reflection (0.7-14 ns, 1.7-2.5 m) which we were able to see much better in
the simulation. The remaining reflections are not recognizable very well
as they have been obfuscated by the multiple reflections from various
surfaces that have not been included in the simulation.
The second set of GPR images (using the average background
subtraction) are, compared to free-space response subtraction, very well
readable. We can immediately see that they describe a cylinder with the
same internal structure but different surfaces. Figure 6c shows the GPR
image of the smooth laboratory cylinder. As for the simulated case, the
surface reflection was practically eliminated by the average background
subtraction because the antenna was in contact with the surface and,
therefore, the distance was constant and so, easily eliminated by this
filter. Nevertheless, we can see very well the sinusoidal reflection from
the internal void closest point (at about 2-5 ns) and the furthest point
(about 2.6 ns further) as two parallel curves. We can also see a relatively
constant reflection curve at about 10 ns which points at the opposite
side of the cylinder. At 14 ns, we can see the TIR which is not visible so
well as in the simulated images, but it is recognizable. Same as during
the simulations, the curves are thicker at the positions 0.5-1.2 m. The
cross-shaped reflection (0.7-14 ns, 1.7-2.5 m) is again well visible. At the
position of 1.3 m and the time of about 1.2 ns, we can see a very strong
hyperbolic reflection corresponding to a metallic structural wire hidden
in the laboratory cylinder.
Figure 6d shows the GPR image of the laboratory cylinder with the
rough surface. We can see more or less the same reflections as in the
previous case with the smooth surface (Figure 6c). Also here we can
see the opposite side reflection curve which is bolder at the positions
0.5-1.2 m and the cross-shaped reflection (0.7-14 ns, 1.7-2.5 m). This
illustrates the fact, that the bark laboratory emulation is less rough
than the one used in the numerical simulations. Nevertheless, we can
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(a)

(b)

(c)

(d)

Figure 6: A laboratory tree trunk model measuremen with a smooth surface
(left) and with a bark (right). The radar data were processed: a-b) with a
free-space response subtraction, c-d) with an average background subtraction.

observe certain differences. First, the reflection corresponding to the
surface of the cylinder was not eliminated by the average background
removal, because the distance between the antenna and the surface was
not constant due to the irregular (rough) artificial surface. We cannot,
however, see the direct reflections corresponding to the artificial bark
created on the laboratory model surface as paper and polystyrene have
similar "r to the air. Second, the surface-antenna interaction caused the
same multiples as we could see in Figures 6a and 6b, but because of
the rough surface, it is not distributed constantly in direction x (position
change). Hence, the average background subtraction could not eliminate
it. Therefore, there is a lot of noise which makes the image more difficult
to interpret. Finally, we can see only hints of the metallic wire reflection
due to the noise in the radargram.
We represented the laboratory radargrams in the polar coordinates
in the same way as we did for the simulated radar images.
In
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(a)

(b)

Figure 7: Polar representations of the simulated data of the configuration with:
a) Smooth surface, b) rough surface. The simulated data were processed by the
average background removal.

contrast to the previous section, the second filtering method (average
background removal) exhibited better readability of the radargrams than
the free-space response subtraction due to missing multiple reflections.
Figure 7a displays the smooth cylindrical model radargram with two
outstanding reflections pointing at the internal void at the position (0.5,
0.7) and the metallic wire at the position (0.2, 0.6). Due to the average
background subtraction, the contour of the model surface is not so well
visible which makes it difficult to read comfortably the image without the
red contour. Figure 7b shows the polar representation of the radargram
of the cylinder with the rough surface emulation. In this case, the model
external border is well visible as well as the internal void. The image is,
nevertheless, quite noisy.

4

Real tree trunk measurements

To see the real influence of a bark and of an internal structure on
the radar data acquisition, we performed several measurements on real
tree trunks. For the experiments, we chose four trees with different
external and internal properties. All measurements were performed
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Figure 8: A living sweet chestnut with a rough bark in Waterloo (Belgium).

using the same lightweight radar system with a dielectric-coupled TEM
horn antenna as for the laboratory measurements. The frequency range
was set again to 0.5-3.5 GHz. All measurements were done in near-field
conditions where the antenna was in contact with the bark. For all
radar images, we applied the average background removal, as it showed
better performance during the laboratory tests and an exponential gain
function.
4.1 Living tree with a rough bark (Waterloo - Chestnut)
The first case study was a living tree (sweet chestnut, Castanea Sativa)
in the Castle-Farm of Hougoumont, Waterloo, Belgium, with a very rough
bark (see Figure 8). The tree is very old as it was present during the
Battle of Waterloo in 1815 (the tree is situated in the battle site). This
tree had about 6 m in circumference (almost 2 m in diameter). The radar
data acquisition was not very easy due to the exceptional roughness of
the bark and also the very irregular shape of the tree trunk cross-section.
Hence, the antenna was never fully in contact with the surface of the tree
trunk. Furthermore, only 5 m of its circumference was inspected because
of poor accessibility (bushes around the trunk).
Figure 9 displays a radar image of that tree. The polar representation
shows the part of the tree trunk which was investigated. For the polar
representation, the "r of the medium was estimated to be 9 (as a living old
tree) leading to 20 ns as the centre of the trunk because the diameter of
the tree was about 2 m. We can observe very clearly the surface reflection
(red curve at about 1.2 ns) which is very irregular. Another reflection
(green curve) is visible at about 2.5 ns, and it has the same shape as the
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Figure 9: A polar representation of the radar image of a living chestnut with
a bark (in Waterloo) up to 20 ns which is the estimated centre of the trunk
(for "r = 9). Surface reflection is highlighted with a red curve, its first multiple
reflection is highlighted with a green curve.

surface reflection. This means, that the reflection at 2.5 ns is a multiple
reflection of the surface which repeats again, but much more feebly also
at about 4 ns in the radargram (and the next ones would be more visible if
we used higher gain function). The rest of the image is very noisy despite
the applied filter. Therefore, we can assume, that nearly all waves were
reflected from the bark or absorbed in the relatively humid sapwood.
4.2 Living tree with a rough bark and a cavity (Sohier - Oak)
Another case study was the inspection of a living oak (Quercus robur) with
a rough bark and with a significant cavity in the trunk (see Figure 10).
This tree was situated in the countryside in Sohier, Belgium. The tree
trunk cross-section was more regular than the one of the previous tree
and the texture bark was slightly finer. The circumference of the tree
was about 4 m (giving the diameter of about 1.3 m). Its bark was partly
missing and through one side we could see an open internal cavity of a
very irregular shape (20-40 cm in diameter).
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Figure 10: A living oak with an internal cavity in Sohier (Belgium). Missing bark
and the opening to the internal cavity.

Figure 11 shows a radar image in polar coordinates obtained by the
radar inspection of the oak. We present only the part of the radargram
with outstanding reflection curves (about 43% of the circumference)
because the radar data were affected by very strong reflections at the
positions corresponding to a cavity or a missing bark. Same as for the
previous tree, we evaluated the "r to 9 and so, we determined the centre of
the trunk to be at the propagation time of 13 ns (for a diameter of about
1.3 m). We can see the surface reflection at about 1.2 ns (red curve)
and also its multiple at about 2.5 ns (blue curve). This radar image is
very noisy due to the rough surface and very heterogeneous medium, but
we can observe certain reflection curves at 5-6 ns (green curve). This
reflection points at the internal irregularity (probably the cavity) in the
trunk. In this example, we can see an importance of the electromagnetic
properties evaluation. We set the "r as a homogeneous value for the whole
tree trunk, nevertheless, the "r in the cavity was 1. Therefore, the size
of the cavity appears larger in the polar representation (⇡ 0.9 m) than in
reality (⇡ 0.4 m).
4.3 Living tree with a smooth bark (Louvain-la-Neuve - Beech)
The third case study was a radar inspection of a living European
beech (Fagus sulvatica) in a forest in Louvain-la-Neuve, Belgium, with
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Figure 11: A polar representation of a radar image of a living oak with an
internal cavity (in Sohier) until 13 ns which is the estimated centre of the trunk
(for "r = 9). Red curve points at the surface reflection, blue curve shows its
multiple and green cruve highlights the internal cavity.

a relatively smooth bark (see Figure 12). This tree had a circumference
of about 3 m (almost 1 m in diameter), and it had a relatively regular
cross-section (circular shape). It was therefore relatively easy to keep the
contact between the antenna and the tree trunk surface without almost
any air gaps.
In Figure 13, the radar image of the living beech tree is displayed in
polar coordinates. We estimated the centre of the trunk at about 11 ns
(for a relatively healthy living tree trunk, "r = 12), knowing the tree trunk
circumference 3 m and so, it diameter almost 1 m. Because the distance
between the antenna and the surface was almost constant, it was easy
to reduce multiple reflections which were constant too. The image then
appears less noisy than the previous cases. In Figure 13, the surface
reflection at 1.2 ns is highlighted by a red curve. The curve is very clear
and quite smooth. Afterwards, closer to the centre, we can observe other
reflections with a different shape than the surface contour (blue and
green curves). Those reflections correspond to certain interfaces inside
the tree trunk. Changes of electromagnetic properties may correspond to
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Figure 12: A living beech tree in Louvain-la-Neuve (Belgium).

Figure 13: A polar representation of the living beech (in Louvain-la-Neuve) radar
image until 11.5 ns which is the estimated centre of the trunk (for "r = 12).

changes of humidity or density of wood. It will then point at heartwood or
decayed wood. Because we can see two layers in the trunk, we assume
to have detected decayed wood in different stages of rot.
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Figure 14: A dead sweet chestnut in Waterloo (Belgium).

4.4 Dead tree without bark (Waterloo - Chestnut)
The last case study was a radar inspection of a dead sweet chestnut
(Castanea Sativa) in the Castle-Farm of Hougoumont, Waterloo, Belgium
(see Figure 14). This tree was visibly dead. It was already without its
bark and inside the tree trunk. We could see a large irregular cavity. The
cross-section of the trunk was relatively regular and the trunk surface
was very smooth. The circumference of the tree trunk was about 4.5 m
which gave us its diameter of about 1.4 m. The inspection was not done
around the whole trunk because of a difficult accessibility (bushes).
In Figure 15, we can see a radar image in polar coordinates obtained
by the radar inspection of the dead sweet chestnut. We estimated "r
for this tree to 5, as the tree was dead and dry, and moreover, it
contained a large cavity. Then, the centre of the trunk was calculated
to approximately 11 ns (knowing the diameter about 1.4 m). The image
shows the part of the trunk which was investigated. The wedge in the
lower part of the image corresponds to the opening to the cavity in the
tree trunk. In this part, only multiple reflections are visible, as the
antenna was in free space. Nevertheless, the rest of the image shows
the data obtained by the radar measurement when the antenna was in
contact with the bark. The surface reflection is, again, highlighted by a
red curve. It is quite regular and by its shapes, it corresponds to the real
trunk surface shape. Then, we can see several reflections (blue, green
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Figure 15: Polar representation of the dead sweet chestnut (in Waterloo) radar
image until 11 ns which is the estimated centre of the trunk (for "r = 5).

and orange) pointing at the very complex internal structure of the tree
trunk.

5

Summary and Conclusions

In this paper, we studied the influence of the surface roughness
on the appearance of radar images, specifically for tree trunk radar
inspection. We performed simulations comparing a cylindrical model
with a smooth and a rough surface. To check the correctness of the
simulation, we performed measurements on a laboratory cylindrical
model with a smooth and a rough surface corresponding to the
simulated configuration. The radar data were treated using two different
filters, namely, free-space response subtraction and average background
subtraction.
In both cases, the rough surface made the GPR images noisy and
less readable. It did not prevent detection of the large inhomogeneities
in the observed model, but it made observation of the small objects
(e.g, the metal wire hidden in the laboratory cylinder) very complicated.
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Furthermore, the presence of the irregular surface practically eliminated
the phenomenon originating from a symmetrical antenna-cylinder
geometry.
For the two cases (numerical simulations and laboratory
measurements), a different type of filtering turned out to be more
suitable. The free-space response subtraction, which worked perfectly
for the simulated images, did not provide a good filtering for the real
measurements, as it did not eliminate the reflections originating from the
interaction between the antenna and surfaces. Therefore, the average
background subtraction was used for the measurements with the real
antenna even though it removed the constant surface reflection which
was important for expressing the radar image in a realistic way.
Despite the fact that the mini-radar system provided very good
radar images of the laboratory cylindrical model, we can observe
certain limitations for a tree trunk inspection. We performed radar
measurements of four types of trees, specifically, two trees with a rough
bark, two trees with a smooth bark. Both pairs consisting of a relatively
healthy tree and a tree with a cavity. The radar data show the difficulty
of a satisfactory data acquisition of trees with a rough bark. The signal
was significantly reflected which prevented detecting internal interfaces
in living wood, which is very humid and causes signal attenuation. On
the other hand, the radar data obtained by the measurement of the trees
with a smooth bark showed relatively clearly the internal structure of the
trunks despite the living wood humidity.
We demonstrated that the major limitation of the tree trunk inspection
with the GPR is most likely the high degree of irregularity of the bark.
Additionally, to improve the tree radar data, we suggest a usage of
dielectric antennas with similar electromagnetic properties of wood. To
avoid having air gaps between the antenna and the tree trunk surface, a
flexible material may be considered as a dielectric for future antennas.
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