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ABSTRACT: The voids in their trunk significantly affect tropical
trees’ health. Both the wood and timber industries may face
substantial financial losses because of the lack of an effective
technique to inspect the defected trees through deep zonal
monitoring. Microwave imaging offers the advantages of mobility,
processing time, compactness, and resolution over alternative
imaging methods. An ultra-wide band (UWB) imaging system
consisting of UWB antennas and a reverse problem algorithm is
proposed. Several conditions, such as the size of trunk samples
(16−30 cm), number of targets, size of voids, heterogeneity of
media, and number of layers, are considered in experimental
studies. Based on these studies, cylindrical wooden models with
100 and 140 mm diameters, one void at the center, and three voids in different locations were 3D printed. After proving the system’s
ability through simulation and measurements on 3D models, a rubber-wood trunk with a length of 75 cm was cut into smaller pieces.
The images created utilizing the measured data showed that the system could detect voids in the rubber trunk. Furthermore, the
system indicated a high percentage of reliability and repeatability.

1. INTRODUCTION
Rubber trees are vital for the economy of tropical countries.
One of the problems that the farmers face is the fungal disease
that attacks their fruits and tree trunk.1−6 As the dryness
progresses, voids are shaped inside the stem. In addition, holes
are usually shaped in a trunk when aridity increases. For a deep
inspection of a field, unmanned aerial vehicles (UAVs) may be
utilized to monitor the evident symptoms of destruction.7

However, UAVs cannot check for any internal defects. Hence,
other solutions were suggested to perform the monitoring
process more deeply with minimally invasive methods and
minor side effects, such as applying chemicals.8,9 The
nondestructive testing (NDT) technique was recommended
for the internal inspection of materials, trees, and organs with a
noninvasive method with minimal environmental effect.
Tomography methods, for instance, can be a reliable
alternative to examining trees. These methods have been
employed to generate a cross-sectional image of a subject using
light waves or electromagnetic waves.10

Some tomographic systems utilize probes located around
dense areas such as rubberwood trunks. The ultrasound (US)
method offers low-to-medium-resolution images because
sound waves cannot travel straight in such asymmetrical and
dense materials. Therefore, localizing the voids inside wood
using the US is not easy. In addition, the US cannot
discriminate between a particular void and a group of other
voids since the transmit time resulting from the damage near

the surface can be similar to the more profound damage.10−12

Other techniques introduced insufficient spatial resolution.
High-resolution X-ray computed tomography (HRXCT) takes
a long time to process and may cause danger to the
environment and the operator. They are very dependent on
the density of the material and its distance from the sample. In
addition, Gamma computed tomography (CT) may be used,
but it is unsafe for the environment, needs a long processing
time, and poses immobility issues.13,14

A different method is needed to overcome the challenges
mentioned. Microwave tomography (MT) is a nondestructive
method that may also provide safety while it has the
advantages of being low cost, portable, and requiring low
processing time.

Microwave imaging (MWI) approaches are currently
present and employed in various fields.15 Dielectric character-
istic extraction and target localization are two of the most
common applications of MT.16−20 For example, some studies
have utilized MWI to examine rubber tree leaf dielectric
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characteristics21 and oil palm natural rubber (the dielectric
properties of oil palm/natural rubber composite materials were
characterized).22 Moreover, MWI and microwave sensing are
standard methods for localization targets (also known as
microwave radar imaging). MWI based on radar usually uses
two or several low-power ultra-wideband pulse-like waves.23,24

In wood imaging, several studies were performed to identify
voids in the trunk or characterize a wooden piece to distinguish
hollows. The backpropagation method was carried out to
create images of a hole in a trunk made of wood. Nevertheless,
the achieved composed images indicated that the void could
not be identified, and the images were dim because of the
interferences at only a specific measured frequency.25 The
MWI structures used in these studies are complex. Also, the
antennas employed in the system are enormous, where a 30-
element array was used. A tedious multi-static technique was
imposed when no prior knowledge of the samples under test
existed.26 Therefore, less processing time is required for the
methods based on time reversal. Images were obtained with
only one transmitter and multiple antenna receivers. The
authors in ref 27 used a combination of backpropagation and
iterative methods to recreate an image. They mechanically
turned the transceiver sensors (large antennas) horizontally
and vertically.27

Additionally, voids in agarwood were hypothetically spotted
utilizing MWI. However, their performance in void detection
in agarwood using six different methods could not identify the
target clearly, and their quality of estimating the structural
similarity index (SSI) was not sufficient (it was less than
47%).28 Consequently, a system having an efficient and short
processing time for image reconstruction that can create high
precision is necessary.

An antenna array configuration is needed for constructing
images using the MWI method. UWB antennas can provide
better resolution images since they offer wider BW and use
these broad BW and the received pulses. Therefore, they can
provide more spatial resolution. They can also help recognize
the desired target near some other adjacent elements.
Commonly, a planar or a cylindrical arrangement is used.
The planar array was primarily applied to validate the imaging
methods and antenna array performances24 and other
purposes.29,30 A cylindrical array is the most suitable
arrangement for MWI in wood imaging due to the cylindrical
shape of the tree trunk. A more experimental assessment is
presented in this paper. The actual rubber trunk sample is
utilized as a sample and imaging environment, not just
simulation and 3D-printed models.31 The reconstructed

images from the experimental trunk show that the proposed
system can detect the voids in a realistic scenario.

2. IMAGING METHOD
In this section, a brief background on the MWI methods is
presented. Three methods of MWI exist: (1) passive, (2)
hybrid, and (3) active methods. The passive method works
based on microwave heating and creates images based on the
object’s temperature under test (OUT). Microwave and
acoustic waves are combined in the hybrid method. The
active MWI technique works based on the difference in the
electric characteristics between the healthy and defective areas
of different materials.32 The active MWI techniques can be
divided into two categories. MT uses the scattered collected
fields around the object, and the images are created by solving
an inverse problem. MT radar imaging is based on the
backscattering of the waves. It can create an image of regions of
different materials inside OUT boundaries using the time of
arrival of the reflected waves. Most active MWI systems use
UWB transceivers. In these systems, UWB antennas send and
receive UWB pulses in the time domain or use multiple
frequencies within the UWB band to send time-harmonic
signals. The use of wide bandwidth is necessary to provide
high-resolution images. The reflected, transmitted, and
scattered signals are collected by the UWB antennas, digitized,
and used in different imaging algorithms to recreate and
reconstruct the target image. The scatterers (voids) and the
surrounding areas cause scattering and show extra energy levels
accordingly.33−41

2.1. Microwave Imaging Setup for Imaging of
Wooden Trunks. The focus of this study is the use of
MWI to find voids inside a rubber tree trunk. In the proposed
setup, the trunk sample is in contact with the UWB antenna
sensors for measuring the scattered fields. A polylactic acid
(PLA) elastic shell was 3D-printed to hold the antenna sensors
in place during the measurements. The PLA shell and the
proposed antennas for wood imaging are shown in Figure 1
(introduced in ref 24). The locations of UWB antennas were
selected according to the proposed antennas’ main lobes. It is
mainly around 180−210° with a beamwidth of approximately
60°. Therefore, the antennas were arranged to focus the beam
at the center of the trunk, although the beam can cover a larger
area, and the constructed images will be shown later in the
paper. Equation 1 determines the polar coordinates of the
antenna with index B.

R d B, ( 1) /8max r= = (1)

Figure 1. (a) Simulation setup along with the antenna array, (b) the trunk sample, and the elastic PLA tape.
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where dr is the radial distance between two array elements, θ is
the angle between every transmitter and receiver, and Rmax is
the maximum diameter of the trunk sample (the dr is needed
later to calculate the delay time that signal takes to get to an
antenna from another array).

Sixteen antenna elements were used to excite the sample and
collect the scattering data. Each antenna has an area of 20 × 20
× 1.5 mm3.24 The arrangement of the antenna elements
around the sample under test is shown in Figure 1a. Since the
antenna is small, we could arrange eight antennas around the
wood sample in each row. It is essential since having more
antennas can provide more scattering data sampling points,
and therefore, more accuracy can be attained accordingly.33

The proposed antenna uses a substrate with εr = 2.55, which is
close to the dielectric constant of most wood types, such as dry
wood, plywood, and rubber wood, in a dry condition. Since the
dielectric constant difference between the antenna’s substrate
and OUT is small, reflections at the surface are negligible and
can be ignored. The proposed UWB antenna’s characteristics
and working capability in wood media were studied and
presented for a planar configuration.24 This study will examine
its ability to work in a cylindrical arrangement.
2.2. Electromagnetic Fields and Inverse Problems.

Several imaging algorithms are in the form of inverse problems.
For example, inverse scattering algorithms can be used to
reconstruct an image. One of these algorisms is the time-
reversal algorithm which applies the Wave Equation’s
reciprocal properties. The electric (E) and magnetic (H) fields
are backpropagated to concentrate the field at the target. The
receiver and transmitter antenna elements applied in a time-
reversal approach are mirrors. The time-reversal algorithm has
been utilized for various applications, such as ultrasound
imaging.42 It performed well in heterogeneous and dense
environments.43−47 The time-reversal algorithm is a promising
imaging method since it provides high-accuracy outcomes;
however, it is challenging due to its wide bandwidth and high-
fidelity value requirements. The fidelity values should be low to
keep the signal distortion at an acceptable level, and how the
received signals are similar in shape.

Moreover, it indicates the similarity of the received signals
too. Also, the choice of the transmitted signal should be such
that a high correlation with the scattered field is present.48,49

The time-reversal method can be implemented using a Finite
Integration Technique (FIT).31 In this study, the simulation
and modeling were carried out in CST Microwave Studio
2020. The modeling area consists of the UWB antennas and
the trunk sample inside the radiation boundaries. When
Maxwell’s equations are solved using FIT, the fields are
reversed in time and backscattered.50 It should be mentioned
that a modulated Gaussian pulse is used as antenna sensors’
input using eq 2 ( f r = 0.9 GHz, ω is the pulse width) (Figure
2).

S t e f t( ) cos(2 )t t( ) /2
r

0
2 2

= (2)

The transmitted fields should be subtracted from the total
field to show the effects of the voids on each received signal.
Therefore, the received signals with and without OUT are
collected. The total received signals with and without OUT are
shown in Figure 3, assuming that antenna A1 is the transmitter
and A2−A16 is the receiver. The received signals are attained
when antennas are located around the trunk sample. They are

put on a cylinder with a radius of 50 mm. A void is placed at
the center of the cylinder with a radius of 4 mm.

3. IMAGE RECONSTRUCTION AND DETECTION OF
VOIDS IN THE TRUNK SAMPLES

In our previous work, we designed and tested a microwave
imaging system with ten antenna elements arranged in a planar
lattice to check their radiating efficiency in the vicinity of wood
and their capability in wood void imaging.24 This study
presents a cylindrical array of 16 antenna elements arranged
around the PLA-printed samples representing a rubberwood
trunk piece model. The considered trunk sample had a 100
mm diameter and 55 mm thickness (height). The reason
behind choosing this diameter is to detect voids at an early
stage and when the rubber trees are young. Furthermore, the
dielectric properties of the tree trunk are presented in ref 51.
The dielectric constant for a healthy part when the rubber tree
trunk has a moisture content (MC) of 10% is between 5 and 7.

On the other hand, the defective part of the trunk is
considered almost completely dry. Therefore, it has a dielectric
constant of around 3. Thus, the dielectric constant was
assumed during the simulation, and the image processing was
within 3−7.51

Signals are time-reversed and then backpropagated to the
trunk to concentrate on the focal point in this imaging area (it
is backpropagated to every point in the trunk). It is to start the
image reconstruction of the void in the trunk sample. It is done
to obtain and extract the void response and differentiate it
from the other undesired signals, like other parts of the trunk.
The other antenna elements’ clutters, noise, and mutual effects.
The effect of clutters should be suppressed or removed to
improve the signal-to-noise ratio. Otherwise, they will have a
dominant influence on the void response. An algorithm is
proposed in detail in ref 31 and a block diagram of it is shown

Figure 2. (a) Gaussian pulse, (b) the UWB pulse response.

Figure 3. Total received signals.
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in Figure 4 to remove the clutter and artifact effects and
modify the void’s response. We applied this algorithm to

construct the void’s image. We then compared the results with
filtered delay multiply and sum (FDMAS) and modified
weighted delay and sum (MWDAS) algorithms for comparison
and evaluation.

When the proposed algorithm presented in ref 31 was
applied, the received signals shown as s1−s16 in Figure 4 were
imported into the program. Then, the output of each part, as
shown in Figure 4, was calculated. Figure 5 shows the output
and received signal amplitude after each image reconstruction
stage. The early time and unwanted late time content are

suppressed after each phase. The output is therefore focused
on showing the void’s response. The clutters and artifacts are
removed after applying each step.

4. RESULTS AND DISCUSSION
The critical parameters affecting the image reconstruction of
the void in the cylindrical configuration should be investigated
before starting the imaging of the sample (these parameters
were already evaluated in a planar setup24). These parameters
are the received signals, coupling effects of the antenna arrays,
and the fidelity factor. Figure 6 depicts these parameters for a
sixteen-element cylindrical setup around the rubber tree trunk
and its void through simulation.

Figure 7 displays the signals received from six antenna
elements (A2, A5, A9, A11, A14, and A16) when the array
transmits and receives signals imaging a healthy or defective
sample. A slight shift in signals is noticed. It could be due to
the different locations and distances between each antenna and
the void. The delay occurs when the signals reach the receivers.
However, it can be observed that the signals’ shapes are the
same, and only the peak is shifted. The fidelity factor is how we
can evaluate and investigate the similarity of the received
signals and the level of the signal’s distortion. The fidelity
percentage is depicted in Figure 8, which was more than 90%
in both cases of imaging void-free and defective samples.
Equations 17 and 18 in ref 52 show the fidelity formula, and
they can be used to calculate the fidelity factor (FF) using the
simulated and measured signals.

F t t tmax x ( ) y ( )d= ·
+

(3)

where tx ( ) x t

x t t

( )

( ) d2
=

| |+ , ty ( ) y t

y t t

( )

( ) d2
=

| |+ ; τ is the

shifted time, and F is assumed as the maximum cross-

Figure 4. Applied algorithm for image reconstruction of voids in the
trunk (ETC: early time content, TOA: time of arrival) (u and y are
the input and output of the paring multiplication).

Figure 5. Received pulses after each stage of imaging (a) background reduction (ERx), (b) early time content removal (E1), (c) time of arrival (E3),
and (d) windowing (E4).
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correlation function of two signals when normalized to their
energy level.

FF may vary between 0 and 1, where zero shows no
similarity and 1 means the maximum similarity of 100%. Since
the void-free and the defective samples have different physical
and electrical properties, their FF percentage is different.

A1 sends the pulse, and other antennas around the sample
are positioned at different angles to receive it. These collected
data are used to acquire fidelity. First, the transmitted pulse is
assumed as a reference, and its Fast Furrier Transform (FFT)

is calculated to calculate FF. Then, the other received pulses
are multiplied by that. Afterward, their inverse FFT values are
calculated, and their similarity percentage is compared and
plotted. The following formula calculates fidelity using the
previous explanation and eq 3.

F
x t y t t

x t t y t t
max

( ) ( )d

( ) d ( ) d2 2
=

·

| | · | |

+

+ +
(4)

In addition to FF, various antenna elements’ transmission
coefficients are investigated to show their coupling level. Figure
9 shows that the level of mutual coupling between antenna
elements within the bandwidth is less than −20 dB.

Many parameters may affect the quality and accuracy of the
images. Therefore, we have considered some variations. Some
of these are the number of antenna elements, the number of
voids, the dimensions, the trunk sample radii (8 and 15 cm),
the number of layers, and symmetric vs asymmetric samples.
Unless otherwise mentioned, a void radius of 4 mm was
assumed in all the cases under study (one point of 2 mm
radius). Unless otherwise noted, the trunk radius was 5 cm for
all the experiments (cases of 8 and 15 cm radii).

The mutual coupling between the antenna elements was
considered and investigated in the absence of the samples. The
mutual coupling among the sensors influences cylindrical array
characteristics. The mutual coupling was less than −20 dB over
the whole band and less than −30 dB for the band of 12 to
−20 GHz. It was observed that mutual coupling was affected
by the distance, positions, and medium and whether the void
existed. For instance, the mutual coupling between A1 and A5 is
lower due to the larger spacing. It is also due to the impact of
the void on the signal’s way. This section may be divided into
subheadings. It should provide a concise and precise
description of the experimental results, their interpretation,
and the practical conclusions that can be drawn.

Another vital factor in evaluating an imaging system’s
capability to detect a target is the resolution. It is a factor that
describes the ability to see small targets and the resolution of
the system. Three kinds of resolution exist. We used the
following equations available in previous studies53−55 and
calculated spatial (D), cross-range (ΔX), and rage resolution
(ρr) to be ∼5.5, ∼6.5, and ∼8.5 mm, respectively.56

D S r X R c Bw/ , , /(2 )imaging zone r= = × = (5)

Figure 6. Antenna arrays around the wood trunk; (a) 3D view and (b) 2D view.

Figure 7. Received signals from various antenna elements for the (a)
void-free sample and the (b) defected trunk sample.

Figure 8. Measured and simulated fidelity percentage of received
signals in healthy and defective wood and air.
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where R is the distance between the scatter and the radar, Bw is
the adequate bandwidth of the pulse, and c is the speed of light
(2Leff). Leff is the actual array length, while r denotes the
effective rank that establishes the size of the reconstructed
image. The number of evenly spaced points in the imaging
zone is considered during picture reconstruction. The signals
displayed in the flowchart in Figure 4 are all the signals used in
these calculations. After data collection, the delay time,
antenna placements, and distances between them were
computed. The image was then rebuilt after measuring the
intensity value of each focal point (the signal or field amplitude
at each place inside the imaging environment). The first
investigation was to reconstruct the image considering various
numbers of antenna elements. Next, we assessed the system’s
ability to create an image of a void compared with three other
algorithms, MWDAS, FDMAS, and Standard Time Reversal
(STR).
4.1. Void Detection Using Simulated Signals. Figure

10 shows the reconstructed image of a void at the center
created using 16 antennas around the sample and a robust

time-reversal (TR) algorithm. This constructed image is
compared with images using three other algorithms
MWDAS, FDMAS, and STR.50

By increasing the number of elements, the image precision
and correctness in localizing the void increased, and the
number of clusters decreased. It is due to the increased
information collected by taking more samples of the scattering
data. The results showed great accuracy and clutter removal.
Also, applying the Robust TR (RTR) enhanced the distinction
of voids at the central part (the array size has been discussed in
ref 31).

Figure 11 demonstrates the recreated central void images in
a larger size of the wood trunk with 16 and 30 cm diameters.
The RTR algorithm achieved better clutter removal perform-
ance than the results of MWDAS, FDMAS, and STR
algorithms. However, a small central minor cluttered area
remained at the center. It could be avoided or improved by
increasing the space between the void and antenna elements
and the reflection time. Figure 10 shows the reconstructed
images using the proposed Robust TR and three other

Figure 9. Transmission coefficient results from antenna elements.

Figure 10. Reconstructed image using (d) robust TR compared with (a) MWDAS, (b) FDMAS, and (c) STR.
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algorithms. It is noticed that using the proposed Robust TR, a
better-reconstructed image is obtained. However, the images
shown in Figures 10 and 11 and the other reconstructed
images might not be symmetrical. It might be because we only
use the data when one array sends and the different arrays
receive to save more time. The image will be more symmetrical
if we use data when all the arrays send and received at the time.

The reconstructed image of three off-center voids is depicted
in Figure 12. The array system identified every three holes with

a slight error in their position (the error is presented later as
MSE in Table 2). Figure 12a shows that the trunk diameter
was 16 cm to show the system, and the algorithm can remove
the clutters and differentiate more than one void from the
surrounding clutters. The simulation setup is presented in
Figure 12b,c. The space between every two targets and the
diameters of these three targets are 4 and 5 mm, respectively.

When examining the system’s capability in detecting the
void, it is vital to consider that the tree trunk has multiple
layers, like the tree’s live and dead dark layers. We thought of
two layers. The outer layer has a dielectric constant of 5, like a
wood sample, when it has approximately 10% moisture. The
central part has a higher dielectric constant (εr = 7) due to the
higher moisture content at the central part of the rubber tree
trunk (Figure 13). Despite having differences in the dielectric
constants and higher moisture content, the image clearly shows

the void at the center with a diameter of 5 mm. However, a few
blurry areas exist around the void. This small out-of-focus area
might be due to the signal reflection or scattering caused by the
mismatch at the surface layers.

We then examined if the system could detect smaller voids.
We chose a smaller radius of the void of 2 mm. We placed a
void at the center of the sample. The sample had two layers to
model the outer layer with a lower permittivity and the inner
one with a higher dielectric constant. Figure 14 shows the

reconstructed image of the smaller void using the RTR
algorithm.31 Figure 15 illustrates a heterogenous trunk sample
for the examination. This sample is constructed of two
cylindrical shapes with the largest dimensions: X = 210 mm
and Y = 160 mm. The void was at the location of X = −25 mm
and Y = −5 mm. The spherical void located at this position
had a radius of 2 mm. The reconstructed image clearly shows
that the proposed array system identifies voids in these
asymmetrical samples with the capability to remove clutter and
artifacts. However, some clutters can be seen that might have
been caused by the unequal distribution of antennas which
affected the time delays in signals.
4.2. Void Detection Using an Experimental Setup. A

measurement setup was used to test the imaging algorithm’s

Figure 11. Recreated image of a trunk with a radius of (a) 16 and (b)
30 cm.

Figure 12. Reconstructed image of three voids in a simulated model
of a wood trunk sample with a diameter of 16 cm (a: the
reconstructed image, b: top view simulation setup, and c: perspective
view of the simulation setup).

Figure 13. Reconstructed image of central hollow in the trunk wood
with a diameter of 16 cm and two layers: (a) reconstructed image, (b,
c) simulation setup.

Figure 14. Reconstructed image of the hollow with a radius of 2 mm.
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capability to create tree trunk images. We used 3D-printed
samples that have dielectric properties similar to wood. It
should be mentioned that a cube was 3D-printed to measure
the dielectric constant of the material within the band of 2.45
to 3.26 GHz and to be sure that the dielectric properties stayed
in the range (Figure 16). The dielectric properties measure-
ment was carried out in the cross-section direction. We
ensured that the 3D-fabricated cube had a smooth surface to
reduce the impact of air gaps between the cube and the surface
of the coaxial dielectric probe. Any air gaps could cause an
inaccurate outcome. Figure 17 shows the 3D-printed cube and
the dielectric probe calibration and measurement setup (the

measured dielectric properties of the cube are presented in
Figure 17 of ref 31 and are not repeated here).

First, we prepared four symmetrical samples with 5 and 7 cm
radii. These samples had no voids or defects and were used for
calibration of the system (Figure 17). Additionally, two
heterogeneous 3D-printed models, one representing a healthy
trunk and one representing a trunk with defects with the exact
outer dimensions, were prepared. The asymmetrical samples
had the same dimensions as were used in the simulations (210
mm × 160 mm) (a total of six pieces). The models were 3D-
printed with a material (PLA wood with 40% wood and a
constant dielectric range of 2.5−3.5).57 Also, a flexible elastic
strip was printed to hold the antennas in place and wrapped
around the trunk sample.

Figure 15. Reconstructed image of a void embedded in an
asymmetrical wood sample (a: the reconstructed image, b: the
simulation setup).

Figure 16. Measurement setup for dielectric properties measurement of a 3D-printed cube: (a) calibration, (b) measurement, (c) measurement
dielectric constant (e’), and dielectric loss (e″).

Figure 17. Measurement setup for the 3D-fabricated samples with a
radius of 7 cm.
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In one symmetrical trunk sample, the void was located at the
center. In another proportional model, the void was located at
X = −10 mm and Y = 0, where the origin was the center of the
cylindrical sample. The dimensions of the 3D-printed sample
were π (50)2 × 55 mm2 and π (70)2 × 55 mm2 (π (radius)2 ×
height). The void radius was 2 mm. Figure 17 shows the array
with 16 antenna elements placed on two rings with a height
difference of 25 mm and connected to a vector network
analyzer (Performance Network Analyzer- PNA, model HP
85070-Ds) positioned around the 3D-printed sample with a
radius of 7 cm.

All sixteen antenna elements (A1−A16) were fabricated,
soldered, assembled, and then positioned on the flexible strip,
and they were fixed in their positions to ensure no movement.
The measurement was performed manually (no switching
network was used). The scattering parameters (reflection and
transmission coefficients) were recorded for each pair of
antennas (A1−A2, ..., A1−A16) and then extracted for further
investigations. It should be mentioned that the PNA was
carefully calibrated. Times and the scattering matrix at several
frequencies were saved and utilized to produce a pulse in the
time domain through IFTT. Finally, the extracted S-parameters
were imported to MATLAB to perform the image
reconstruction by applying RTR.

The reconstructed images for a circular void with a 2 mm
radius within the fabricated samples of 5 and 7 cm radii are
shown in Figure 18a,b, respectively. The images depict the
location of the voids. There are a few insignificant clutters.

Figure 19 shows the reconstructed image of the asym-
metrical fabricated trunk model. The trunk model is imprinted
in a rectangle with the following measurements: 210 mm, 160
mm, and a height of 55 mm (the same as what was used in the
simulation). The middle of the enclosing rectangle, where X =

0 and Y = 0, is where the void is located at X = −25 mm, Y = 0
mm. The void with a radius of 2.5 mm was found and localized
in the right place, as shown in Figure 20.

After checking the system’s ability of the detection of a
single void in both symmetrical and asymmetrical fabricated
models, four more trunk models were fabricated, each with
three voids within them. All three voids had a radius of 2 mm,
but they were located at three different locations within the
fabricated model. The samples had radii of 50 and 70 mm.
Figure 20 depicts the reconstructed image of three voids in two
fabricated models. All three holes can be detected at their exact
locations. However, some negligible clutters are also seen (they
are insignificant compared to the actual place of the targets and
their accurate shapes. Furthermore, they are recognizable
compared to the tiny clutters in the imaging environment).
4.2.1. Image Reconstruction of Actual Tree Trunk Using

the Experimental Data. At the final stage, after ensuring the
system’s capability in imaging small voids using the 3D-printed
samples, a rubber-tree trunk with a length of 75 cm was
obtained and used for testing the system. The model is shown
in Figure 21a. Next, the large sample was cut into smaller
pieces to examine how different dimensions and heterogeneity
of the trunk affect the reconstructed images.

The elastic, flexible 3D-printed strip holding antennas was
wrapped around the trunk piece without any air gap between
the antennas and the surface of the trunk. The measurement
setup was then utilized to collect the scattering data, similar to
the process used for the 3D-printed samples. Two trunk pieces
were used in this measurement. One model had a smaller size,

Figure 18. Recreated image applying the measured data for the
fabricated sample (a: 5 cm radius and b: 7 cm radius).

Figure 19. Reconstructed image for the asymmetric fabricated
sample.

Figure 20. Reconstructed image using the measured data for three
voids inside two different-size models.

Figure 21. Measurement setup for imaging a tree trunk sample is (a)
the rubber-tree trunk sample, (b) a cut piece, and the measurement
setup.
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inscribed in a volume with the dimensions of 190 × 185 × 20
mm3, and the other one with a larger size, cut in a volume with
the dimensions of 240 × 200 × 25 mm3. It should be
mentioned that the dielectric properties of the trunk were
measured and used in the image reconstruction. The dielectric
properties measurement was performed the same way it is
presented in ref 51. The dielectric constant in the radial
direction was between 3−7. It depends on the moisture
content of the layers inside the trunk. Table 1 depicts the

dielectric variations for each layer (three different layers shown
in Figure 22b) and different percentages of moisture constant

(MC). It also demonstrates that the dielectric constant does
not alter too much between 5 and 7 when the MC is 10%. The
dielectric constant was also examined, considering the different
MC percentages of the trunk. The process of how the
measurement was performed in various moisture levels was
completely explained in ref 58, taking into consideration the
time and weight of the trunk during the measurement.

Figures 22 and 23 show the reconstructed image of these
two trunk pieces. It can be seen that the approximated central
void has around a 6 mm radius. The accuracy in finding the
location and size of the hole was excellent, although small size
clutters and a slight shift in the void’s location can be observed.
The variability of the trunk and the antenna arrays’
asymmetrical placement around the trunk may be to blame.
4.3. Structural Similarity Index. The quality of the

reconstructed central images can be examined by comparing
them with a reference image (Figure 24, the reference image
for the central images is provided just as an example of the
reference image). For example, a reference image forms a 4
mm radius sphere (2D circular surface) with a mean-squared
error (MSE) of 0 and an SSI of 1 when no clutters exist. This
reference image was to show how much the reconstructed

images are similar to the expected image. Therefore, the
similarity index can be used by evaluating the images’
brightness, contrast, and structure.

Further details about the similarity index can be found in ref
59. All figures (Figures 11−23) listed in Table 2 are related to
the images obtained with a 16 elements system. It is noted that
the reconstructed images using the RTR algorithm have the
most significant similarity index.

Table 3 compares the proposed imaging system’s ability with
other systems that utilized MWI and US techniques. The
proposed system offered a high similarity between the

Table 1. Dielectric Constant Ranges of the Actual Trunk
(Each Layer and Different Percentages of MC)

dielectric constant (εr)

dielectric constant (εr)

minimum maximum

core (10% MC) 2 5
first layer (10% MC) 3 5.5
second layer (10% MC) 5 7
complete trunk with all layers (10% MC) 5 7
20% MC 6.5 14
30% MC 9.5 17
60% MC 14 24

Figure 22. (a) Reconstructed image and (b) the smaller size trunk
sample.

Figure 23. (a) Reconstructed image and (b) the larger size trunk
sample.

Figure 24. Reconstructed reference image.

Table 2. Reconstructed Images’ MSE and SSI Comparisons

images MSE SSI

Figure 11a 755.11 0.5775
Figure 11b 295.23 0.6756
Figure 11c 458.56 0.8721
Figure 11d 110.56 0.9898
Figure 12a 139.15 0.9799
Figure 12b 194.56 0.9579
Figure 13 120.57 0.9843
Figure 22 240.35 0.9212
Figure 14 230.48 0.9074
Figure 15 190.23 0.9487
Figure 18a 120.22 0.9887
Figure 18b 120.58 0.9798
Figure 19 140.32 0.9623
Figure 20 135.25 0.9743
Figure 21 178.36 0.9178
Figure 23 220.23 0.9478
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reconstructed image and the actual or reference image, which
was a circular target at the center of the trunk. In addition, the
proposed system was compared with some similar systems
shown in Table 3. Table 3 shows that the proposed method
could detect a smaller target with the same trunk diameter as
those systems. Furthermore, the proposed system detected a
target (void) diameter much smaller than they achieved.
Therefore, it could be concluded that the proposed approach
offers much better results than theirs. It can be observed that
the proposed system can attain superior outcomes in terms of
resolution, and it provides detection of the smallest in different
positions in the imaging media.
4.4. Reliability of the System and Repeatability of the

Results. The consistency of the measurement data over
numerous measurements, or the size of the measurement error
concerning the inherent variability in the “error-free”, “true”, or
underlying level of the quantity between subjects, are two
definitions of dependability or accuracy.63,64 The more
significant error gives less reliability. Therefore, the reliability
will be low if errors in reconstructed images are substantial
compared to the reference images. The reliability of an
instrument was determined using standard deviation (SDS)
and measurement error, as presented in ref 64. Reliability has a
value between zero and one. The value of one means no error
exists in the results, and the value of zero represents an entirely
incorrect result or 100% error. Furthermore, repeatability
measures differences in the obtained data in multiple trials
performed on the same sample.

The reliability inquiry and computation must be accom-
plished in a suitably nominated trial, assuming no less than two
extents per subject under the same situations or media. A
similar rater (variable) should be used. Besides, repeatability
indicates how much agreement exists among the measurement
results of the same subject, carried out under certain
conditions. Its conditions consist of test results that are not
dependent and obtained with the same method, on similar test
subjects, in the same environment, or by the same operator,
and using the same equipment. Thus, repeatability reflects the
best achievable internal precision. The results can be indicated
in terms of SD, coefficient of variation (CV), or relative
standard deviation (RSD). The SSI is considered an output
parameter under the same measurement method and similar
conditions to analyze our imaging system’s reliability,
repeatability, and reproducibility. This analysis is performed
for simulated and measured data for different sample
dimensions. Therefore, we have two sets of values, one for
the simulation data and another for the measurement data.

Two columns of 4 rows (four × two matrices) (Table 4) are
considered for each simulated and measured data, those that
have the nearest conditions in terms of the trunk and void
diameters (dia). Figure 25 depicts both simulated and
measured results along with the mean line (solid line), upper

and lower confidence interval (CI) (dashed line), and ±1.96
standard deviations (SD) (dotted line). The repeatability is
nearly 100%, which is more than 98%. In addition, the
experiment was performed in a laboratory environment first
and then taken to the plantation. Changing the ports and
connecting to VNA are done manually. Therefore, the
repeatability might be a little less than 100%. A switch
network can change the ports and get the received signals to
get 100% repeatability.

Then, the “single ANOVA (analysis of variance)” and
“descriptive statistics” were calculated in a Microsoft Excel
spreadsheet to obtain the values needed to define the reliability
and repeatability of these two groups of data. The single
ANOVA gives us the sum squares (SS) within and between
groups, degrees of freedom (df), mean square (MS), P-value,
and F critical value. In addition, the descriptive statistics give us
the standard error, SD, and 95% CI. The upper and lower CI
can be calculated by adding to the mean and deducting the
results from the mean value. After obtaining the parameters in
both the ANOVA test and descriptive statistics, the reliability
and repeatability of the study can be determined.65 The
reliability of the system can be calculated from the following
equations presented in ref 64:

(SD of subject strue values)

(SD of subject strue values) (SD measurement error)
0.1243

0.1243 0.031
0.8 80%

2

2 2+

=
+

= =
(6)

The repeatability coefficient (RC) is investigated and
considered to quantify the measurements carried out by a

Table 3. Recommended System, Compared with Recent Alike, Perform

references techniques trunk max radius (cm) hollow min radius (mm)

25 MWI 15 25
26 MWI 15 25
38 MWI 11.5 30
60 US 12.5 11.8
61 US (cube) 49.5 × 30.1 × 14.5 cm3 (rectangular area) 75 × 43 mm2

62 US 15 12.5
proposed MWI 15 2.75

Table 4. Input Data for Reliability and Repeatability
Evaluation

simulation measurement

97.75 98.33
96.25 99.10
99.78 98.38
99.21 98.65

Figure 25. Simulated and measured SSI, their mean, CI, and SD lines.
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single method or device under the same conditions. The same
as reliability, the sample should be appropriately selected. The
possibility of bias between every two observers in measure-
ments was excluded in the repeatability study to start the
evaluation. An alternate case can inform the SD of the
discrepancies between two measurements completed on the
identical subject.

2 SDwithin subject 0.49× = (7)

The estimated repeatability coefficient can be determined as
follows:

1.96 2 SD 0.977within subject× × = (8)

Suppose the differences between two measurements made
on a subject are normally distributed, it will be expected that
that variation between two measurements does not vary further
than the repeatability constant in 95% of incidents. It means
that the differences between any future measurement data by a
particular observer and unit are approximated to be no more
than 0.97 on 95% of occasions.62

As mentioned, the one-way ANOVA can be utilized to
approximate the within-subject SD. However, the RC
calculation is an estimation; thus, it is necessary to compute
a CI to specify how it is approximated. Such a CI can be
identified for RC as 1.96 × √2 (−1, 8.47).

First, the dataset should be plotted. The simplest one is to
plot the subjects’ measurements compared to the simulated
one (or contrariwise). The points would be on the equality line
if they showed no error. Overlaying the equality line can be
applied to inspect if a bias exists to understand the differences
between the simulation data and the measured ones (readers 1
and 2). Figure 26 shows the line of equality, the line of mean
differences (solid line), the upper and lower limit of CI (dotted
lines), and the lines that show the mean ±1.96SD (dashed
lines).

The system’s stability is assumed on how much the output’s
lowest and the highest percentage values vary. Besides, it shows
how various the simulated and measured graphs are.66 Based
on the ANOVA and the descriptive evaluation, the SSI results
(both simulated and measured) obtained from different
conditions show a slight and negligible variation between
each group and within groups. Hence, system stability can be
concluded.

5. CONCLUSIONS
Tropical trees are essential to most Asian countries’ economies,
especially their wood/timber industry. For instance, the rubber

trees’ health has been affected by a fungus that damages the
tree’s trunk and creates voids in the form of holes inside it. The
presence of these voids in the tree trunk degenerates its
productivity and ultimately destroys it. If the examination of
the tree’s health during the implementation is not performed
correctly, monitoring its health during its productivity period
will be necessary. Hence, there is a great interest in finding
noninvasive imaging methods to monitor the health of the
trees. Numerous imaging techniques have been recommended
in the past. MWI has shown promising outcomes among
various imaging techniques with a minimum tree invasion. This
work established a noninvasive imaging system to identify
voids in rubber trees at their early stage. The proposed UWB
antenna array showed good efficiency and performance while
placed on the surface of the tree trunks. We tested the array in
two settings, planar and cylindrical arrangements. We
examined the efficacy of the system through several tests.
With high precision, voids as tiny as 4 mm were discovered in
the reconstructed pictures, either in the center or off-center of
3D-printed samples of 16 and 30 cm diameter tree trunks. We
used an improved time-reversal imaging algorithm to
reconstruct the image of the void within the asymmetrical
models. Eight 3D-printed samples were tested, four of which
had no voids and four of which did. These eight samples
included two voids with a diameter of 4 mm in the center, two
with three voids with diameters of 3 mm in the center, and two
asymmetrical samples with larger dimensions, one defective
with a hole inside.

The proposed system showed robust performance through
both simulation and measurement, and the improved
algorithm was able to identify a void with a minimum
diameter of 5.5 mm (the range, cross-range, and spatial
resolution are ∼6.5, ∼8.5, and ∼5.5 mm, respectively) and a
maximum trunk diameter of 30 cm. The voids can be placed at
different locations within the trunk. After investigating the
system through simulation and measurement of 3D-fabricated
samples, a lengthy sample of a rubber-wood trunk with a length
of 75 cm was obtained and cut into smaller pieces to test the
system’s capabilities in detecting voids in a realistic setup. The
reconstructed images of these wood samples also showed the
excellent performance of the system and its accuracy in
detecting and locating the voids. The antenna system and the
applied algorithm could perfectly detect the hollow in both
simulation and measurement setups (the asymmetric samples,
both printed one and the actual trunk). Therefore, it can be
applied for asymmetric and irregular samples other than a
trunk. More antennas can be utilized in the system if a trunk
with a bigger diameter is tested. The diameter of the trunk can
be increased, and the system is capable of the detection of any
voids in a bigger trunk. Only more antenna arrays should be
used to cover all sections of the trunk or the antenna’s beam
width can be improved and make it wider; thus, no extra
antenna will be required. In addition, the SSI examination
depicted that the proposed imaging system attains tremendous
significance compared to agarwood imaging in the literature.
The proposed approach provides a significant resolution
(compared with a current imaging system of wooden media
using ultrasound technique), is highly reliable, and provides
repeatable results. The 3D image reconstruction of the voids in
the trunk is considered for the future work. The same antenna
system and microwave imaging principles that were applied to
reconstruct the 2D images of the void can also be used to

Figure 26. Differences between the simulated and measured SSI.
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reconstruct the 3D image of the void; only more programming
is required.
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