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Abstract— In recent years, trees in European countries have 

been increasingly endangered by emerging infectious diseases 
(EIDs). In the United Kingdom, this has been observed to affect 
whole woodlands and forests, threatening the existence of some 
types of trees. Although quarantine measures have been taken to 
limit the spreading of such diseases, this has not yet been 
effectively controlled leading to millions of trees affected by EIDs. 
Ground-penetrating radar (GPR) has proven effective in 
identifying critical features on diseased trees for detection of EIDs 
spread. However, the irregular shape of tree trunks and their 
complex internal structure represent real challenges for 
conventional GPR measurements and signal processing 
methodologies. In this research, a dual-polarised GPR system is 
used to detect internal decay in tree trunks using novel signal 
processing methodologies. A polarisation correlation filter based 
on Bragg Scattering on a 3D Pauli feature vector and an arc-
shaped Kirchhoff migration are discussed in detail. The proposed 
polarisation correlation filter is utilised to enhance the signal-to-
noise ratio (SNR) of B-scans due to bark and tree trunk high-loss 
properties of tree trunks. Meanwhile, an arc-shaped Kirchhoff 
migration algorithm is performed to counteract the influence of 
the bark irregularity. The proposed data processing framework is 
successfully validated with measurements on a real tree trunk, 
where cross-sections were subsequently cut for comparison 
purposes. Outcomes from the proposed methodology demonstrate 
a high consistency with the features observed on the tree trunk 
cross-sections, indicating the reliability of the proposed detection 
scheme for assessing tree-decay associated with EIDs. 
 

Index Terms— ground-penetrating radar (GPR), dual-
polarised radar; non-destructive testing (NDT); decay inspection; 
tree trunk; emerging infectious diseases (EIDs) 
 

I. INTRODUCTION 

N recent years, an increase throughout pests and diseases has 
harmed trees in Europe, particularly in the United Kingdom 

(UK). Multiple types of virus, often known as emerging 
infectious diseases (EIDs), have infected whole forests and 
woods. EIDs are being more recognised as a global risk to 
human development, including climate change and food 
security. Plant diseases continue to pose a hazard as current 
knowledge progresses. In reality, EIDs spread has been 
accelerated by commerce and transportation, as well as the 
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capacity of microbes to adapt the changing surroundings as a 
result of climate change [1]. The consequences can be severe, 
since diseases are on the rise and might lead to the loss of more 
fragile tree species. In both the UK and the United States (US), 
EIDs have turned into the abolition of approximately 100 
million elm trees. 3.5 billion chestnut trees in the US died from 
chestnut blight [2]. Between 2000 and 2020, the loss of EIDs-
infected pine trees has resulted in the emission of at least 270 
megatons of CO2 in Western Canada, at a large economic cost 
to both the carbon released and the wood. Prevalence of EIDs 
on trees has substantially affected the ecological variety, 
requiring extensive management and huge losses of fixed CO2. 
EIDs spread the fungus through a special beetle of the bark that 
targets leaves and branches [3]-[5]. This causes the tree to 
become starving and progressively die. Because predictive 
modelling and small-scale studies will never be able to 
completely predict disease spread and severity in the future, 
intensive monitoring and surveillance are increasingly required. 
Aside from enhanced monitoring, it is critical to integrate 
theoretical and practical epidemiology, climatic projections, 
genomic surveillance, and molecular evolution monitoring to 
develop clear and urgent EIDs control techniques for effective 
preventive and timely control [6][7]. Moreover, estimating tree 
trunk structure accurately is critical for preventing tree 
collapses in urban areas or near roadways. 

As a result, monitoring and controlling EIDs is a difficult and 
vital undertaking. In addition to preventing its spread, it is 
critical to be able to quickly diagnose tree disease at an early 
stage and treat it effectively. On the other hand, early indicators 
of tree disease are often present in the tree inner core which 
making it difficult to spot particular signs of illness on the tree 
exterior surface. In view of the above, detecting decay in living 
trees is certainly a challenging task. Simple approaches, which 
are still commonly used right now, are based on the experience 
of operators, such as determining the existence of attenuation 
by making trees sound. However, these basic methods can only 
determine whether the tree is diseased or not and are generally 
unable to obtain more comprehensive details. Other destructive 
methods, such as core drilling techniques, can be used to 
determine the internal structure of trees. However, living trees 
cannot be subjected to damaging inspections such as core 
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drilling or, in the worst-case scenario, tree chopping down. 
Moreover, these approaches are time-consuming and laborious 
to introduce. At the same time, they can cause permanent harm 
to the tree itself, rendering the tree more vulnerable to disease. 
More importantly, these approaches can only provide 
information at the sampling point and cannot monitor the 
overall disease status and evolution of the entire tree. 

In that sense, nondestructive testing (NDT) has been 
introduced as a solution for assessing the internal structure of 
tree trunk. NDT techniques such as electrical resistivity 
tomography, ultrasound tomography, infrared thermography, 
X-ray computed tomography and neutron imaging have been 
used for tree trunk inspection [8]. As a recognised NDT 
technology, Ground penetrating radar (GPR) is becoming more 
widely used in environmental engineering [9]-[14]. GPR is a 
real-time NDT technology that generates high-resolution data 
in a short amount of time using high-frequency electromagnetic 
(EM) waves. This method employs EM waves that propagate at 
a specified speed dictated by the permittivity of the material. In 
a word, GPR is a practical alternative because it allows for 
nondestructive trunk assessment. GPR system can rebuild the 
internal structure of a live trunk cross-section quite well. 
However, when it comes to non-destructive tree examination, 
traditional GPR calculation approaches have its drawbacks. To 
begin with, living trees contain a lot of water, which makes it 
difficult for high-frequency EM waves to travel through the 
trunk. In [15], the relative permittivity is given as 20 to assess 
the internal structure of a real hollow tree. The radar signal with 
2 GHz centre frequency can only penetrated a dozen 
centimeters into the tree trunk. While a lower frequency system 
may provide more penetration depth, it is not practicable to use 
due to system size constraints and resolution requirement. 
Moreover, unlike the unusual shape of the ground surface, the 
irregular shape of the tree trunk makes traditional data 
collection and processing difficult to be performed [16]. 
Therefore, inspecting the small decay inside the tree trunk is a 
challenge task. 

To overcome the above challenges, a dual-polarised GPR 
system was employed for non-destructive inspection of a living 
tree trunk in this paper. In the field of microwave remote 
sensing, polarisation technology has been one of the most 
important for the past decades [17]-[19]. It refers to the 
orientation of the electric field vector, which can be employed 
by polarimetric radar to characterise target characteristics. 
Polarimetric decompositions are polarimetric analytic methods 
that can be used to obtain polarisation-related properties. These 
methodologies were widely used in polarimetric synthetic 
aperture radar (SAR) data-based topography and land-use 
categorization. [20]-[22]. In recent years, polarimetry has been 
introduced into GPR research to improve its detection 
capability concurrently with the rapid development of 
polarisation technology. The attempt to use polarimetric radar 
systems for subsurface feature inspection starts from 1995 [23]. 
Following that, polarimetric GPR methods, such as polarimetric 
borehole radar is developed and signal processing 
methodologies are applied for detection of subsurface fractures 
[24]-[27], unexploded ordnance (UXO) [28][29], detection of 

targets [30]-[32], and linear objects [33]-[35]. Meanwhile, 
polarimetric analysis methods are applied to improve the 
capability of GPR for classification of subsurface targets 
[36][37]. 

In [38], we have reported a simple approach which trying to 
combine HH and VV polarimetric GPR profiles together to find 
out the decays or anomalies for tree trunk inspection. Following 
that idea, we propose a complete and improved methodology 
for polarimetric GPR signal processing in this paper. The 
proposed methodology is different from any existing signal 
processing algorithms using polarimetric GPR system. The core 
part is derived from the Bragg Scattering 3D Pauli feature 
vector. Based on that, a polarisation correlation filter is built 
with first and second scattering vectors. The working principle 
of the proposed filter is similar to polarimetric coherence which 
has widely used in polarimetric remote sensing. The designed 
filter can both keep the weak reflection and suppress the noise, 
even if the weak reflection is below the noise level. In the 
meantime, arc-shaped Kirchhoff migration algorithm is 
performed to suppress the effect of the irregular shape of the 
tree trunk. The proposed data processing framework is 
successfully validated with measurement on a real tree trunk, 
where cross-sections were subsequently cut for comparison 
purposes.  

This article is organised as follows. Section II described the 
proposed processing methodologies, including pre-processing, 
ringing noise removal, polarisation correlation filter, and arc-
shaped Kirchhoff migration. In Section III, the real 
measurement strategy, and results on a living tree are presented. 
Discussions on results are also conducted. Conclusions follow 
in Section IV. 

II. PROCESSING METHODOLOGY 

This research uses a four-stage processing pipeline. To raise 
the total signal to clutter ratio, a pre-processing procedure for 
time correction and signal noise filtering is first implemented. 
The ringing noise caused by the multiple layers of the tree trunk 
is then removed using the singular value decomposition (SVD). 
After that, the proposed polarisation correlation filter is utilised 
to improve the signal-to-noise ratio (SNR) of B-scans, which is 
caused by tree trunk bark and high-loss qualities. Then, the arc-
shaped Kirchhoff migration is used in the last stage to mitigate 
the impact of the irregular shape of the tree trunk. Finally, a 3D 
image mapping the decay of the tree trunk is created for further 
interpretation. 

A. Pre-processing 

After data collection with the dual-polarimetric GPR system, 
the raw data were formed by a group of B-scans. As a result, 
data pre-processing processes such as zero-time correction, 
direct coupling subtraction, and band pass filtering were applied 
to the acquired raw data. In GPR signal processing, the zero-
time correction is used to correct the starting point of the surface 
reflection. To eliminate the superfluous B-scan antenna 
coupling between transmitter and receiver, direct coupling 
subtraction is used. The band pass filter is performed to the 
initial processing for noise suppression.  
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B. Ringing Noise Removal 

A regular tree trunk is made up of five layers: bark, phloem, 
cambium, heartwood, and sapwood. In terms of water content, 
chemical makeup, and texture, each of these levels is presents 
distinctive features. This produces dielectric differences, 
resulting in recurrent reflections and, as a result, an overall 
ringing noise. 

In B-scan outputs, ringing noise behaves similarly. This is 
why ringing noise is often reduced by simple averaging removal 
in common GPR surveys. However, averaging removal does 
not work well in tree inspection due to the irregular shape of the 
tree trunk. Ringing noise does not show a constant arrival time 
in the B-scan. In difficult settings with variable surface 
conditions, SVD could provide a more precise and systematic 
solution to minimise ringing noise. 

Specifically, a factorisation of the form VU  is the SVD of 
a nm  complex matrix M . The matrix U  is a mm  
complex unitary matrix.   is a rectangular diagonal matrix 
with non-negative real integers on the diagonal of size nm . 
V  is a nn  dimensional complex unitary matrix. 

In any singular value decomposition, the following condition 
applies: 

 VUM                                (1) 
where the singular values of M  are equivalent to the diagonal 
elements of  . Large eigenvalues are linked to dominating 
repeated features, which are most commonly connected with 
ringing noise. In the case of tree inspections, ringing noise 
shows the dominant feature for horizontal events. Five 
dominating eigenvalues in matrix   are set to zero and a new 

matrix   is obtained based on the rebuild B-scan qualities. 

Then, the new B-scan M  after removing ringing noise is 
formed as follows: 

. VUM                                    (2) 

C. Polarisation Correlation Filter 

On polarimetric SAR data, the information content of 
backscattering polarimetric signatures has been explored 
against the effect of surface roughness over the last few years 
[39][40]. In GPR investigations, reflections from targets can be 
assumed as a Bragg Scattering in the working frequency at a 
certain incidence. Most of the electromagnetic (EM) wave 
energy is incident on the target surface covered by waves of 
small slope and a backscattered signal is produced by the 
component of the reflected wave. 

Cloude and Papathanassiou give a complete generic 
formulation for polarimetric radar [22]. Each channel dataset is 
measured by fully polarimetric radar devices using a 2×2 
complicated scattering matrix. To generalise spatial coherence, 

a coherent scattering vector k  can be recovered by vectorizing 
the scattering matrix [21]. In a monostatic backscattering 
scenario, the reciprocity constrains the sinclair scattering matrix 

to be symmetrical, that is, VHHV MM  . As a result, the four-
dimensional polarimetric target vectors are reduced to three-
dimensional polarimetric target vectors. The scattering vector 
for the monostatic situation can be obtained using Pauli basis 
matrices as [17]: 
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It can be supposed that there is only one dominant 
eigenvector for Bragg scattering (depolarisation is 
insignificant), and that the eigenvector is given by: 
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In GPR electromagnetics, changes in permittivity difference 
and target geometry affect the EM reflection. Furthermore, the 
polarisation of the transmitting and receiving antenna, as well 
as the shape and electrical properties of the scatterers, have a 
significant impact on the received EM back reflection from 
subsurface structures. The electric and magnetic fields of GPR 
EM waves are transverse to the propagation direction, making 
them vectors in nature. For the identification of discontinuities, 
approaches that combine both polarisation invariant 
information and waveform information into a single, clearly 
interpretable attribute reflection are preferred. 

The first component  VVHH MM   of the scattering vector 

in (4) enhance much more the reflection information from the 
target body and contribute to suppress the decorrelated noise 
level. The coherent noise generated by the system, etc. is much 

reduced in the second component  VVHH MM   of the 

scattering vector in (4). Therefore, a polarisation correlation 
filter based on the first and second components of the scattering 
vector is proposed as:  

.

22

VVHHVVHH

VVHHVVHH

MMMM

MMMM
PCF




               (5) 

In (5), the denominator has the function of normalising the 
numerator term and avoid extreme value. The working principle 
of the proposed filter is similar to correlation. If a mathematical 
expansion of the numerator in (5) is performed, only the cross 

term VVHH MM   will be preserved. This cross term has the 
similar form with the polarimetric coherence term: 

.
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The expectation value is denoted by   and   denotes the 

complex conjugate. The coherence magnitude is defined from 
0 to 1. It measures the degree of the correlation between HH 
and VV channels and with 1 denoting perfect correlation. While 
the polarimetric coherence cannot directly apply to the GPR B-
scan, because it is not complete imaged data. In that case, we 
proposed the polarisation correlation filter (as shown in (5)) 
which can strengthen the correlation between HH and VV GPR 
measurements. It can be very effective in suppressing noise, 
recovering and strengthening the useful signals that below the 
noise level. More importantly, it maintains the signal phase 
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information which represents the target time delay in the GPR 
measurement. 

D. Arc-shape Kirchhoff Migration  

To reconstruct the 3D inner structure of the inspected tree 
trunk, 3D migration algorithm has been performed on the 
processed data. 3D Kirchhoff migration is the process that 
attempts to overcome this problem by geometrically re-locating 
targets in the subsurface and time back into their true subsurface 
position. Kirchhoff migration process can be time-consuming 
and expensive in case outputs with a relatively high-resolution 
are required.  

In this paper, we have proposed an arc-shape Kirchhoff 
migration approach based on an optimal imaging aperture. The 
imaging aperture is selected based its equivalent diameter and 
the GPR system antenna radiation pattern, as  described in  
(7). The arc-shape Kirchhoff migration has low computational 
and operational requirements, making it ideal for large-scale 
forestry applications. As described in Fig. 1, the imaging 
resolution is composed of an azimuth angle d , a radial 

resolution dr  and a vertical resolution dz .  
Mathematically, the output wave field  trzI outout ,,,  of 

tree trunk after Kirchhoff migration is obtained by solving the 
scalar wave equation from the wave field with zero offset 

 trzPCF surfaceinin ,,, , which corresponding to (5) in the above 

subsection. The zero offset data is measured at the surface of 
tree trunk. The comprehensive migration solution is provided 
by: 
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where v  is the RMS velocity. R  is the path from the target 

point  rz outout ,,  to the observation point  surfaceinin rz ,,  at 

tree trunk surface.   is the angle of incident wave relating to 
the antenna radiation pattern. 

 

 

III. MEASUREMENT RESULTS AND DISCUSSION 

A. Survey site and Strategy 

The field inspection measurement is performed on a live 

horse chestnut tree at Kensington Gardens - The Royal Parks, 
London, United Kingdom, as shown in Fig. 2 (a). Considering 
the health condition of the leaves at the inspection period, we 
could roughly diagnose that the tree was suffering disease. The 
height of the tree was about 20 m and the radius of the tree trunk 
is approximately 30 cm. 

Survey the tree trunk of every 5 cm along the main axis of 
the tree and parallel to the ground and circular scans were 
obtained. The entire scanned area is 1.5 m long and comprises 
of 30 parallel circular scans, as illustrated by the red circle in 
Fig.2 (b). The investigated region has a variable circumference 
and a pseudo-cylindrical form. The circumference of each piece 
was accurately estimated and then included into the detecting 
procedure using the measuring-wheel device affixed to the 
antenna. Meanwhile, 8 vertical scans were performed from top 
to bottom on the investigated volume, as shown by the black 
lines in Fig.2 (b).  

 

 
 

 

B. Dual-polarised GPR System 

This study employs the compact dual polarised “Aladdin” 
GPR system, which is a product of IDS GeoRadar (part of 
Hexagon), as shown in Fig.3 (a). The system has two 2GHz 
antennas that are polarised perpendicular to one another (HH 

 
                          (a)                                                         (b) 
Fig. 1. Illustration of the arc-shape Kirchhoff migration setup; (a) cylindrical 
coordinate system; (b) arc imaging cell.  
 

  
                                    (a)                                                          (b)   
Fig. 2. (a) The horse chestnut tree under investigation at Kensington Gardens 
– The Royal Parks, London, UK; (b) The survey lines of measurements on the 
investigated tree. Red dotted lines indicate the transverse circular 
measurements. Black lines along the z-axis indicate the longitudinal 
measurements. 

       
           (a)                                                      (b) 

Fig. 3. The dual-polarized system for tree inspection; (a) Aladdin system; (b)
antenna configuration. 
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and VV channels), allowing for simultaneous acquisition of 
polarimetric data [41]. The antenna configuration was shown in 
Fig. 3 (b). Deeper surveying is possible due to the dual 
polarisation, which allows for views of shallow and deep 
structures. 

C. Results and Discussion 

For a healthy tree, the water content inside the trunk is more 
evenly distributed and gradually increasing from the bark to the 
inside. The moisture content of living trees is in fact between 
35% and 60% [42]. This means that if there is decay or a hollow 
in the middle of the trunk, there will be a significant change in 
its dielectric constant, which indicates a fundamental change in 
the structure at the boundary of healthy wood. 

 

 
 

 
 

Using the proposed signal processing procedures, 
representative results are showed and discussed in this section. 
Fig. 4 shows a B-scan of HH and VV components after pre-
processing. In the GPR profile, relatively clear reflections can 
be observed from 0 to 3 ns. Reflection signals become weaker 

after 3 ns. This is due to the fact that the tree trunk is fully 
saturated with water, as the horse chestnut tree is still alive. The 
data quality deteriorates in a tree with moist decay within, and 
the signal-to-noise ratio approaches one. This can be explained 
by reflection losses near the boundary of decayed zone, 
according to EM wave theory. Conduction currents due to 
excessive moisture content, as well as scattering due to 
inhomogeneous structure. In other words, low data quality is 
the primary problem of trunk detection with GPR. 

In Fig.5, the top figure shows the reflection waveform of HH 
and VV components. As it shown in the enlarged window in the 
figure, the reflection cannot be distinguished from the noise. 
The bottom figure in Fig. 5 shows the result after the proposed 
polarisation correlation filter. As we can see from the 
corresponding enlarged window, the SNR of the reconstructed 
waveform has greatly improved. At the meantime, the filtered 
results kept the signal phase which represent the time delay 
from the anomies inside the tree trunk. The B-scan generated 
by using the suggested polarisation correlation filter is shown 
in Fig. 6. Compared to Fig.4, the reflected signal after 3 ns can 
be clearly observed.  
 

 
 
According to the moisture content of the tree trunk, the 

relative permittivity r  is given as 28 to reconstruct the 3D 

images when apply the proposed arc-shape Kirchhoff migration 
algorithm. After the measurements were completed, the tree 
was chopped down (as shown in Fig. 2 (a)) and split into 
multiple slices to reveal its internal structure. One of 
reconstructed sections at the bottom of the investigated tree 
trunk is shown in Fig. 7 (a). The high energy parts indicate the 
anomalies matching the decay inside the trunk. In the central 
area of the achieved image, an irregular low energy shape can 
be observed (white dashed line). Compared to the 
corresponding real cross-section in Fig. 7 (b), we can conclude 
that the irregular pattern matches the boundary of the hollow 
which having a diameter of about 20 centimetres. 

Figure 8 (a) and (b) show the reconstructed section at the top 

 
Fig. 4. HH and VV B-scan after implementation of pre-processing steps. 

Fig. 5. (Top) Reflection waveform acquired by the dual-polarimetric GPR 
system (HH and VV) and (Bottom) the reconstructed waveform after the 
application of the polarisation correlation filter. 

 
Fig. 6. The processed B-scan obtained by application of the proposed 
polarimetric correlation filter. 
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of the investigated tree trunk and the corresponding cut section, 
respectively. A prominent decline extending down the main 
axis of the cross-section can be seen in Fig. 8 (b). The decay has 
an irregular shape and a strong transition between the healthy 
sapwood and the decayed sapwood. The high energy parts in 
Fig. 8 (a) match with the visible decay very well. The white 
dashed line in Fig. 8 (a) tracking the low-energy area indicates 
the hollow perimeter internal to the cross-section. The widest 
part of the hollow is approximately 10 cm long. 

A prospective view of the resulting 3D image of the trunk are 
shown in Fig.9 (a) and (c), while the corresponding real picture 
are shown in Fig.9 (b) and (d). From Fig. 9 (a), a major feature 
can be seen extending from the bottom of the trunk throughout 
– approximately – the full height of the investigated volume. 
This is in good agreement with the tree true structure, as 
illustrated in Fig. 9 (b). The shape and size of decays are 
reconstructed correctly. Looking at the 3D image 
reconstruction from a different prospect view, as shown in Fig.9 
(c), relatively good conditions can be diagnosed for the trunk. 
This also matches with the true internal structure of tree as seen 
in Fig. 9. (d). According to the results, dual-polarised GPR 
systems combined with the proposed strategy can correctly 
identify concealed decays in a time- and cost-effective way. 
 

 

 

IV. CONCLUSION 

A new processing framework in unhealthy trees for 
identifying concealed deterioration and cavities is presented 
using a dual-polarized ground penetrating radar (GPR) is 
presented in this paper. The proposed methodology has proven 
effective at clearly and accurately detecting decay in a living 
tree. The scheme of processing pipeline is made up primarily of 
a pre-processing step, a singular value decomposition (SVD), a 
polarisation correlation filter and an arc-shape Kirchhoff 
migration algorithm. To enhance the signal-to-noise ratio 
(SNR) of B-scans produced by the bark and high-loss qualities 
of tree trunks, a polarisation correlation filter is proposed based 
on a 3D Pauli feature vector of Bragg Scattering. The arc-shape 
Kirchhoff migration technology has low computing and 
operational requirements, making it especially interesting for 
large-scale forestry applications. It also reduces the effect of the 
irregular shape effect of tree trunk. The accuracy of the 
proposed framework is tested against real-life cross-section 
features. Comparison demonstrates a high consistency between 
predicted and actual conditions indicating the reliability of the 
proposed detection scheme for detecting tree-decay associated 
with emerging infectious diseases (EIDs). 

 

 
(a) 

 
(b) 

Fig. 7. Polarimetric reconstruction of one of the investigated tree trunk 
sections; (a) reconstruction by the proposed approach, where the internal white
dashed line indicates the hollow boundary; (b) corresponding section of the 
horse chestnut tree. 

 
(a) 

 
(b) 

Fig. 8. Polarimetric reconstructions of the investigated tree trunk sections; (a) 
reconstructions by proposed approach, where white line indicate the hollow 
boundary; (b) corresponding section of the horse chestnut tree. 
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