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ABSTRACT: Microwave-based object localization system is a noninvasive technique that uses microwave signals to detect, map, and
analyze the properties of materials. This approach provides information about hidden objects within materials. However, the localization
process can be complex, requiring sophisticated algorithms to interpret the signals accurately. This study proposes a new technique for
microwave-based object localization system using Radio Frequency (RF) Codes to perform spatial detection with four pairs of RF Code
sensors representing bits of “111”,“110”, 1017, and “011”. The system incorporates four identical RF Code paths arranged symmetrically
around a circular container, improving spatial coverage and enabling accurate detection of hidden objects located at eight different spatial
positions. Steel is used as the hidden object, while Stone serves as Material X in this system. The system achieved an average detection
accuracy of 70% and a detection efficiency close to 100% across all spatial positions. Additionally, the RF Code performance chart
is designed to interpret the detection accuracy results, making the analysis more accessible and practical. The proposed system has
potential applications in nondestructive testing, material analysis, industrial inspection, and security systems, offering a reliable and

efficient solution for detecting hidden or embedded objects.

1. INTRODUCTION

icrowave-based object localization system has gained sig-
Mniﬁcant attention as a noninvasive, high-resolution tech-
nique for detecting and analysing the internal structure of ma-
terials across a wide range of applications, including medical
diagnostics, industrial nondestructive testing, and geophysical
exploration [1-7]. Its ability to provide detailed information
about the electromagnetic properties of materials, such as per-
mittivity and conductivity, has made it particularly useful in
scenarios where conventional imaging methods are ineffective.
For instance, high-resolution millimeter-wave tomography, as
discussed by Och et al. has been successfully employed for
nondestructive testing of low-permittivity materials, offering a
powerful tool for analysing structural integrity without physi-
cally altering the test object [8]. This method leverages spa-
tial diversity and multi-view scanning techniques to reconstruct
two-dimensional (2D) or three-dimensional (3D) images with
exceptional clarity, making it a promising approach in both in-
dustrial and scientific contexts.
In the medical field, microwave-based object localization
system has been extensively studied for its potential to revo-
lutionize cancer detection, especially for breast cancer [9—12].
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Benny et al. provide an overview of the advantages of mi-
crowave tomography in breast tumor detection, emphasizing its
ability to provide a quantitative description of tissue permittiv-
ity, which helps differentiate between healthy and cancerous
tissues [13]. Moreover, microwave-based object localization
system offers a safer alternative to traditional methods like X-
rays, as it avoids ionizing radiation, making it suitable for fre-
quent monitoring. Recent advancements in this area have fo-
cused on improving the spatial resolution and reducing the com-
plexity of reconstruction algorithms to ensure that microwave
images can accurately depict even small tumors. AlSawaftah et
al. highlight the potential of this technology for early breast
cancer detection, where high-resolution images are critical for
identifying malignancies at an early stage, offering a promising
direction for future medical diagnostics [14].

Despite the growing adoption of microwave-based object lo-
calization system, several challenges persist, particularly in en-
hancing spatial resolution and refining image reconstruction
processes. Advances in microwave near-field imaging have ad-
dressed some of these limitations by developing prototypes and
systems capable of operating at higher frequencies and offer-
ing improved resolution [15]. The use of ultra-wideband mi-
crowave systems has further expanded the scope of microwave-
based object localization system applications, allowing for bet-
ter differentiation between materials with subtle permittivity
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contrasts. Furthermore, deep learning techniques have been in-
corporated into microwave-based object localization system to
overcome some of the traditional challenges in image [16, 17]
reconstruction. Shao and Du explore the feasibility of using
convolutional neural networks to enhance microwave-based
object localization system accuracy, enabling the system to re-
construct images in a lower-dimensional space while maintain-
ing essential features of the original structure. This approach
significantly reduces the computational burden, making real-
time imaging and analysis more achievable [18].

RF (Radio Frequency) Code is a code technique that uses RF
as a code. The idea of RF Code comes from the reflection co-
efficients at different frequencies which are varied to encode
data as shown in Fig. 1. This frequency-code technique allows
a larger number of bits to be encoded on a relatively simple and
low-cost sensor. One notable application of RF Code technol-
ogy is in chipless Radio Frequency Identification (RFID) an-
tenna tag design, where the absence of a microchip enables even
simpler and more cost-effective implementations [19-29]. The
unique reflection patterns across frequencies provide a reliable
means of identifying and locating objects within the medium of
detection.

Reflection
coefficient
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RF codes = 011
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FIGURE 1. Frequency encode technique.

By employing multiple transmitting and receiving sensors
that use specific codes, a system can exploit the spatial diver-
sity offered by the antenna locations. This facilitates the ap-
plication of compressed sensing techniques, enabling efficient
reconstruction of the target’s location and shape. Moreover,
employing RF Codes can reduce system complexity and data
processing requirements, resulting in faster imaging speeds and
more efficient implementations. This study presents a novel
method for a microwave-based object localization system using
the RF Code technique to enhance spatial detection capability
that:

1. Developed a spatial detection technique using multibit RF
Code sensor configuration

2. Conducted detection experiments across eight positions

3. Introduced an intuitive RF Code Performance Chart

Unlike previous RF Code-based methods that primarily fo-
cused on object identification or tag encoding using chipless
RFID approaches, the proposed technique introduces a new
spatial detection mechanism by employing three-bit RF Code
combinations (111, 110, 101, and 011), each representing a
unique transmission path. These RF Code sensors are arranged
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in a circular layout, enabling signal propagation and detection
from multiple directions. Instead of relying on image recon-
struction or reflected signal analysis, the system analyzes the
transmission loss to detect the presence of a hidden object. De-
tection decisions are made by comparing the measured signal
difference (Yi) against calculated thresholds (Yyax and Yiin),
which allows for a low-complexity yet effective classification
framework. This significantly reduces computational demand
and enhances the system’s suitability for real-time, low-cost ap-
plications. A comparison with previous methods has been pro-
vided in the revised manuscript to highlight the uniqueness and
advantages of this work. Through detailed analysis and exper-
imental validation, the detection accuracy has been presented,
and this research highlights the potential advantages of the new
technique across various applications.

2. THE MAIN SYSTEM

In this work, the proposed RF Code Microwave-Based Object
Localization System detects and identifies hidden objects by
transmitting and analysing microwave signals. The system con-
sists of three main components: RF Code sensors, a Vector Net-
work Analyzer (VNA), and a computer, as depicted in Fig. 2.
RF Code sensors are strategically placed within the medium to
transmit and receive microwave signals. These signals inter-
act with the medium and any hidden objects before being sent
to the VNA, which captures and evaluates the transmitted and
reflected signal patterns. The measured data from the VNA is
stored on a computer for further processing and analysis. Fi-
nally, an RF Code performance chart is generated based on the
percentage of detection accuracy.

- =

FIGURE 2. RF Code microwave-based object localization system.
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2.1. RF Code Configuration

Four distinct RF Code sensors, identified by three bits which
are bits “1117, bits “110”, bits “101”, and bits “011”, were de-
signed, fabricated, and tested. These codes represent different
sensor types, each tailored to operate at specific resonant fre-
quencies within a multiband framework, ensuring minimal in-
terference between frequencies. The resonant frequencies cor-
responding to each bit are as follows: for the first bit, 1.6 GHz
(£0.1 GHz); for the second bit, 2.1 GHz (£0.1 GHz); and for
the third bit, 2.6 GHz (+0.1 GHz).

A 0.5 GHz gap was strategically incorporated between res-
onant frequencies to minimize interference, enhancing the ac-
curacy and reliability of the sensors. The simulation and op-
timization processes were conducted using Microwave Com-
puter Simulation Technology (CST) Studio software, which al-
lowed for precise adjustments to the sensor parameters before
fabrication. After the design phase, the sensors were fabricated,
and their performance was evaluated through return loss mea-
surements. Return loss is a critical parameter indicating how
well the sensor operates at its designated frequencies and was
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FIGURE 4. Picture of fabricated RF sensor of (a) Code 111, (b) Code 11, (c) Code 11 and (d) Code 011.

measured for each sensor Code 111 for bits 111, Code 110 for
bits 110, Code 101 for bits 101, and until Code 011 for bits
011. The measured return loss values were compared with sim-
ulation results to validate the design. All sensors successfully
achieved a minimum reflection coefficient of —10 dB, indicat-
ing efficient performance at the target frequencies. The mea-
sured resonant frequencies for each code closely aligned with
the simulated values, confirming the accuracy of the design and
fabrication processes.

The simulated and measured reflection coefficients for all
codes are shown in Fig. 3. Table 1 shows the comparison
between the resonant frequency and the return loss of both
simulation and measurement for all codes. For Codes 111
and 110, the measured frequencies are slightly higher than the

TABLE 1. Comparison of S11 for simulation and measurement results.

Code Simulation Measurement

/1 2 3 /1 2 3
T GHz | 160 | 2.6 | 266 | 1.67 | 215 | 2.4
Ul aB | 1130 | 4048 | 421 | 2249 | 2454 | 2116
1 [ Ghz | 161 | 2.7 - 169 | 2.16 -
ol a | -1rs | <0 - 2028 | 2177 -
1 [ GHz | 161 ; 268 | 1.69 - 2.65
O 4B | -1200 - | -1820 | 2203 - -18.63
0 GHz |- 2.06 | 264 : 205 | 2.60
| - 3019 | -1221 ; 2055 | -1050
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simulated frequency (e.g., f1 = 1.67 GHz vs 1.60 GHz for
Code 111) and show greater return losses in dB, particularly
in Code 111 where the measurement return losses at f1 and
/2 (—22.49dB, —24.54dB) are better than the simulated fre-
quency (—11.30dB, —40.48 dB). Similarly, Codes 101 and 011
exhibit slight frequency shifts; however, the measured losses
generally exceed the simulated result, especially for Code 011
at /3 (—10.50 dB measured vs —12.21 dB simulated). Overall,
while the simulation and measurement are aligned in trends,
the observed shifts in frequency and increased measured losses
suggest potential influences from material properties or exper-
imental conditions. Fig. 4 shows the picture of all fabricated
Sensors.

2.2. 4 x 4 Microwave-Based Object Localization System

After the fabrication process, the sensors for Codes 111, 110,
101, and 011 were used to develop the 4 x 4 Microwave-Based
Object Localization System. Fig. 5 shows the illustration of
setup of 4 x 4 Microwave-Based Object Localization System.
The setup consists of transmitters and receivers, arranged sym-
metrically around a circular container. The sensors are placed
such that they face each other, forming a circular pattern around
the container. The distance between each transmitter and its
corresponding receiver, across the diameter of the circle, is
20 cm. Each sensor is connected to a portable Vector Network
Analyzer (NanoRFE V2 Plus4) which measures transmission
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FIGURE 5. 4 x 4 microwave-based object localization system setup.

(S21) and reflection (S71) properties of the signals radiated be-
tween the sensors. Each pair of sensor codes defines a path cor-
responding to the transmission and reception of signals between
a specific transmitter and receiver. The paths are named accord-
ing to the codes assigned to the sensors, with each path repre-
senting the signal exchange between the corresponding code
pairs. For example, the path for Code 111 referred to the trans-
mission between the transmitter and receiver of Code 111, and
for the other codes.

The circular container is positioned at the centre of the sen-
sor array, placed on a stage elevated 20 cm above the table.
This setup provides a controlled environment in which signals
pass through the container and interact with the material in-
side. Each sensor is connected to a portable VNA to monitor
and measure changes in signal transmission across the paths.
The circular arrangement of sensors creates multiple intersect-
ing signal paths, as shown in Fig. 5. This figure shows the 4 x 4
Microwave-Based Object Localization system setup for this ex-
periment. The setup will be used for spatial detection measure-
ments in the next stage.

3. ENVELOPE CORRELATION COEFFICIENT ANALY-
SIS

The correlation of the sensor arrangement can be calculated us-
ing Envelope Correlation Coefficient (ECC). ECC is used in
Multiple-Input Multiple-Output (MIMO) systems to evaluate
how independent the signals transmission path. It ranges from
0 to 1, with values close to 0 indicating low correlation (ideal
for most communication systems) and values close to 1 indi-
cating high correlation. In this work, ECC is used to identify
the highest correlation for each proposed path. The goal for
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each proposed path is to achieve an ECC value close to 1.00,
as it would indicate that the system is consistently detecting the
change of the signal linearly. ECC can be calculated by using
scattering parameters ECC equation shown in (1) [30].

. |S11 % S12 + Soy * 522|2 )
Pe = 2 2 2 2
(1 — |[S1|” = |Sa1] ) (1 — |S22]” — [S12] )

The selected setup of the configuration is shown in Fig. 6.
The diagram represents a circular layout of transmitters and re-
ceivers, each labelled with a unique RF Code. The transmitters
sensors are represented by blue triangles, and the receiver sen-
sors are represented by black triangles. All sensors are posi-
tioned symmetrically around the circumference of a circle con-
tainer. The transmitter sensors are placed on the left side of
the circle, while the receiver sensors are positioned on the right
side. The specific path codes are represented using arrows of
different colours as shown in Fig. 6. For example, Path Code
101 is represented by a red arrow.

Table 2 shows the average of S-parameter measurements for
50 sets of data across various RF path codes at all frequencies.
For example, the lowest S11 is —17.75 dB which is at f7 for RF
path Code 111, while the lowest Sa; is —21.09 dB for /3 at RF
path Code 011. Table 3 presents the ECC values for each path
code for all three frequencies. The lowest ECC value was ob-
served at frequency f7 across all RF path codes. At f7, RF path
Code 110 recorded an ECC value of 0.87, while RF Code 111
had the lowest ECC value of 0.57. In contrast, at frequencies
/2 and /3, most sensors exhibited higher positive ECC values,
approaching 1.00.

TABLE 2. The result of average S-parameter measurement.

RF Freq Average value of S-Parameter for 50 sets
Path of measurement
Code Si1 s21 siz2 | sz
(db) (db) (db) (db)
111 f1 -17.75 -21.72 -21.71 -17.75
12 -12.66 -43.17 -43.16 -12.70
f3 -8.15 -41.71 -41.71 -8.15
110 f1 -15.75 -23.70 -23.69 -15.70
12 -14.91 -33.74 -33.72 -14.92
101 f1 -10.78 -25.73 -25.71 -10.78
f3 -7.50 -28.61 -28.60 -7.50
011 12 -11.36 -24.17 -24.18 -11.36
f3 -7.50 -21.09 -21.11 -7.50

4. SPATIAL DETECTION METHOD

The proposed sensor configuration in the previous section will
be used in the next spatial detection measurement, and the setup

WWwWw.jpier.org
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FIGURE 7. (a) Setup of spatial detection measurement. (b) Actual measurement setup.

TABLE 3. ECC value for all RF path codes.

Envelope Correlation Coefficient (ECC)
RF path Code
P f1 £2 f3
111 0.57 0.98 1.00
110 0.87 0.92
0.83

is shown in Fig. 7. It is called Spatial Detection Analysis. The
steps in this analysis involved measuring the signal transmis-
sion path at each path code by analyzing S5, values and visual-
izing the result. In this experiment, a container holds the mate-
rial used as the measurement medium, and this material refers
to “Material X”. A “hidden object” refers to any foreign mate-
rial located inside Material X that requires detection. Fig. 7 and
Fig. 5 show the setup in the Spatial Detection Analysis. In each
path of code, there are two positions that have been decided to
put the hidden object. One position is closer to the transmitter
and the other position closer to the receiver. In total, there are
eight positions for detecting the hidden object. The list of the
positions is listed in Table 4.

The process begins by measuring the signal transmission
across all path codes simultaneously, using the S2; parameter
for Material X, referred to as . The same process is then re-
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TABLE 4. Hidden object position for spatial detection at each RF path
code.

RF path Code .Position .Of
hidden object
111 p2 pé
110 p4 p8
101 pl pS
011 p3 p7
A 'YI
........... ’ YMax
-Y, .
______ y&—————— YXMin

FIGURE 8. The S2; difference in Y in dB for range of detection.

peated with a hidden object placed inside Material X at path
code pl, followed by p5. This arrangement corresponds to the
RF path Code “101”. The So; result with the hidden object in-
cluded is referred to as y. To determine the signal loss caused
by the hidden object, the difference between y and z is calcu-
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Let Yy represent the measurement of S3; of hidden object
position at specific path code. This process involves the mea-
surement of New X5t and Yeest, and three cases of Yy values
will be considered as shown in Fig. 9. The cases can be cate-
gorized as Case 1, if the value of Y is within Yyux and Yyin.
Case 2 occurs when when the value of Y is lower than both
Ymax and Yy, while Case 3 occurs when the value of Y is
higher than both Yy.x and Yin. Fig. 9 shows the situation of
each of the cases.

In Case 1, the plotted Y. falls within the range of Yy.x and
Yumin. Meanwhile, for Case 2 and Case 3, Y is lower than
YMmin and higher than Yy, respectively. The detection accu-
racy for Case 1 and Case 2 is classified as 100% and 90%, re-
spectively. Otherwise, for Case 3, the value of Y is larger
than Yjyax. Cumulative Frequency Distribution (CFD) graph
has been obtained to solve situation for Case 3. The relative
CFD graphs provide insight into the difference of y measure-
ment corresponding to 60% and 80% of the cumulative distri-
bution for each frequency.

The graph CFD in Fig. 10 is formed by all y measurements
values for frequency f. Let Y represent the value of Y-
YMmax. If Y is less than a, the classification detection accuracy
is 80%, while the classification detection accuracy is 60%, for
b < Y; < a. The “Not detected” classification referred Y
greater than b. The summarization of classification for Case 3
is shown Table 6.

The average detection accuracy for position p2 is referred to
average detection accuracy for all frequencies. When the de-
tection accuracy is greater than 60%, the initial code will be
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FIGURE 9. Graph of plotted Yiest with Yaax and Yuin with three cases, (a) Case 1, (b) Case 2 and (c) Case 3.
lated, denoted as Y (Y = y — ). This procedure is performed Relative CFD
three times and repeated for all RF path codes.
After identifying the Y, it is assumed that —Y7 is the max-
imum (Yyax) and —Y5 the minimum (Yy,) difference among &
the three measurements. The plotted result of the difference is 3
called Range of Detection, shown in Fig. 8 and Table 5. Fig. 8 :
will be used in identifying the classification at the next stage. g
This process measurement was done for all frequency codes (f7, N
12, /3).
P U SUURTUPURROH VRPN
TABLE 5. Example of the difference between y and x.
) (z) (y—x) . . : ;
Measurement Value of Value of Difference 0% 20% 40% 60% 80% 100%
Relative CFD
number y T YY)
1 Y1 Z1 ! FIGURE 10. Example of CFD graph for frequency, f.
2 Y2 z2 -Y
3 Y3 x3 —Y; TABLE 6. Threshold value from CFD graph analysis.

Percentage of Range threshold
Detection dB
80% Yji<a
60% b<Yj<a
Not Detected Yj>b

changed from 1 bit to 0 bit. The bit ‘1’ will remain unchanged
for the “Not Detected” detection accuracy. The changes of bits
from initial code can be seen at output code. The detection effi-
ciency is referred as the percentage of bits change in RF Codes.
If all bits of output code are changed, the detection efficiency
is 100%, while the detection efficiency is 0% if the bits of out-
put code remain similar to initial code. For example, let say
the table of conclusions is for RF Code 111, with positions p2
and p6. The results of p2 for first bit, second bit, and third bit
are 100%, 90%, and 80% Detection, and results of p6 for first
bit, second bit, and third bit are 100%, 90%, and Not Detected,
shown in Table 7.

The RF bit code is represented on a detection accuracy per-
centage scale, with each bit code visualized using circular dots
corresponding to different frequencies at specific hidden ob-
ject positions. A colour scheme is employed to classify detec-
tion accuracy, where green and yellow represent Case 1 (100%
detection accuracy) and Case 2 (90% detection accuracy), re-
spectively. Blue indicates Case 3 with 80% detection accuracy;
brown represents 60% detection accuracy; and red signifies the
“Not Detected” case. Fig. 11(a) demonstrates an example of the
output Code 111 without any hidden objects, while Fig. 11(b)
illustrates the output code from Table 7, where hidden objects

WWwWw.jpier.org



rPIER B

Azami et al.

TABLE 7. Threshold value from CFD graph analysis.

. . Percentage of Detection Accuracy (f1, /2, % Average
Initial Position of ‘g - yv ﬂ. S3) Output % Detection g
. . Detection Detection Detection A Accuracy
Code hidden object Code Efficiency .
at f1 at f2 atf3 Detection
11 p2 100 90 80 000 100% 90.0
po 100 90 Not detected 001 67% 63.3
RF Code Detection Performance Chart . RF Code Detection Performance Chart 100
(a) 100% (b) N L o h 100%
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: - - - 0% : . - 0%
f1 f2 i3 f1 f2 3
Frequency Frequency

FIGURE 11. Example of RF Code detection performance chart for RF Code 111.

are present. In this example, the green dot at frequency f7 in-
dicates 100% detection at positions p2 and p6. The yellow dot
at frequency /2, corresponding to the second bit, reflects 90%
detection accuracy. At frequency /3, a blue dot signifies 80%
detection at position p2, while at p6, the red dot shows “Not
Detected” case.

5. SPATIAL DETECTION ANALYSIS

In this work, Stone has been chosen as Material X and Steel
as hidden object for the Spatial Detection measurement. These
materials were chosen due to their contrasting electromagnetic
properties, particularly in terms of relative permittivity and
magnetic permeability. Stone, being a non-metallic material,
typically exhibits low permittivity and negligible magnetic per-
meability, whereas Steel, a conductive and ferromagnetic mate-
rial, possesses significantly higher values for both parameters.
This distinct contrast enhances the interaction with microwave
signals, thereby making it suitable for evaluating the effective-
ness of the proposed RF Code-based detection system. The
measurement process was the same procedure as described in
previous section. The measurement result for Yies, Ymax, and
YMmin Was shown in Table 8 for all positions of hidden object
at each frequency. In most positions (p/, p2, p5, p6, p7, and
P8), Ymax and Yy, are close to each other, resulting in the nar-
rower Range of Detection. Meanwhile, for positions p3 and p4,
Ymax and Yy, have shown a wider gap for each other indicating
less reliability. As shown in this figure, for most frequencies,
as the frequency increases, there is a significant difference be-
tween Yyax and Yy, indicating that the detection range also
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increases. The highest difference between Yyax and Yy, can
be seen on /2 for position p3 which is the value of 5.98 dB. This
effect occurs because, at higher frequencies, the wavelength be-
comes shorter, allowing the signal to interact more effectively
with the hidden object. There is only one Y result in Case 1
that has been found at position p4 at 1. Next, there are four Yie
results classified in Case 2, found at frequency f2 at positions
p2, p6, and p4, as well as frequency f7 at position p/. The rest
of Yy result is classify as Case 3, indicating lower detection
accuracy.

The t-test results for all measured S5; data across the tested
frequencies and spatial positions showed p-values below 0.05,
indicating statistically significant differences between the pres-
ence and absence of the hidden object. The CFD graph as
shown in Fig. 12 will be used to further classification for Case 3
atf1, 2, and /3. At first, fI exhibits the smallest threshold value
of 1.25 dB at 80% (a) and 1.89 dB at 60% (b), while the thresh-
old value for /2 is recorded as 3.45 dB at 80% (a) and 4.40 dB
at 60% (b). The highest threshold values of 7.00 dB at 80% (a)
and a substantial 12.00 dB at 60% (b) are found at /3, which will
be used to determine the detection accuracy for the next stage.

Table 9 shows the percentage of detection accuracy across
different positions at three frequencies for all path codes. The
percentage detection accuracies of 80%, 90%, and 80% are
recorded for f7, f2, and f3, respectively for p2. The average
detection accuracy for path code 111 at position p2 is 83.3%.
The percentage of detection accuracy for position p6 at f1 and
/3 has been classified as “Not Detected”. While the percentage
of detection accuracy of 90% at position p6 was recorded at /2.
Thus, the average detection accuracy for position p6 is 30%.

WWwWw.jpier.org



Progress In Electromagnetics Research B, Vol. 115, 38-50, 2025

rPIER B

TABLE 8. Figure of Yiest with Yaax and Yin for all positions of hidden object.

Reference: s YMax, ======»< YMin, . YTest
Code 111
po
1.0 3.0
0.0
-1.0 -2.0
2.0
-7.0
™ -3.0 .
= 40 =
b -12.0
-5.0 ~ .
Ne0.858-6.810 17320
60T ‘sﬁ 17.0 4 s
70 4+ -16.820
-8.0 2220
Code 110

Code 101
2.0
00 1+
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2
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: 234 10 4+ 126
S & sl
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Across all positions, most detection accuracies at f7 are clas-
sified above 80%. However, only position p6 is classified as
Not Detected at f1. At f2, the detection accuracy exceeds 80%,
while at /3, it is above 60%. Notably, only position p6 at f3 is
recorded as Not Detected classification. Moreover, the average
detection accuracy for all hidden object positions is recorded
more than 70% except position for p6. Higher average detec-
tion accuracy is recorded for hidden object positions closer to
the transmitter sensor. This is maybe due to the higher signal
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strength that radiates from the transmitter sensor into the hidden
object than the position close to the receiver sensor.

Table 10 shows the performance of spatial detection mea-
surement for all RF path codes in terms of detection efficiency
and accuracy. The position p2 for RF path Code 111 recorded
detection classification for all three frequencies. Therefore, the
initial code of 111 for this position was changed to the output
code of bit 000. The changes of all three bits code represent
100% detection efficiency. Conversely, at position p6, detec-
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FIGURE 12. Illustrate threshold values for CFD for classification analysis for hidden object (a) f1, (b) /2 and (c) /3.

TABLE 9. Percentage of detection accuracy for all RF Codes.

% Percentage of Detection Accuracy % Average
Initial Code Position of Detection Detection Detection Accuracy
hidden object at f1 atf2 atf3 Detection
1 p2 80 90 80 83.3
pé Not Detected 90 Not detected 30.0
1 .
110 p4 00 90 95.0
P8 80 80 80.0
pl 90 80 85.0
101
pS 80 80 80.0
p3 80 60 70.0
011
p7 80 80 80.0

TABLE 10. Performance of spatial detection measurement for all RF path codes.

. % Percentage of Detection Accuracy . % Average
Initial — - - - Output % Detection
Position of Detection Detection Detection . Accuracy
Code . . Code Efficiency .
hidden object at f1 at f2 atf3 Detection
11 p2 80 90 80 00 100 83.3
poé Not detected 90 Not detected 101 33 30.0
110 §Zi 100 90 00 100 95.0
P8 80 80 00 100 80.0
101 pl 90 80 00 100 85.0
ps 80 80 00 100 80.0
011 p3 80 60 00 100 70.0
p7 80 80 00 100 80.0

tion was only registered at 2. Therefore, the initial code 111
was changed to output code of 101, while the detection effi-
ciency for p6 is only 33%. This lower performance at position
p6 is likely due to its proximity to the receiver sensor, where the
transmitted signal has already passed through the material and
experienced attenuation. As a result, the interaction between
the signal and hidden object becomes weaker, making detection
less effective than positions near the transmitter, where signal
strength is at its peak. For the other positions, the measure-
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ment results indicate that the detection classification is recorded
across all frequencies. As a result, the initial code was changed
to the output code bit 000 for all positions. Thus, the detec-
tion efficiency of 100% is registered across all positions. The
measurement result analysis shows that the proposed system is
able to detect hidden object in all spatial segments except for
position pé.

Table 11 shows the figures of RF Code detection perfor-
mance chart that represents the output code at the position of
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TABLE 11. RF Code detection performance chart at position (a) p2, (b) p6 and (c) p4.

Initial Code Output Code
0 RF Code Detection Performance Chart
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e
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hidden object at p2, p6, and p4. Figures (a), (b), and (¢) in Ta- at f1 and /3 for position p2 as shown in figure (a), while the yel-
ble 11 were constructed based on the percentage of detection ac- low circular dot (detection accuracy of 90%) was formed for /2.
curacy at positions p2, p6, and p4 subsequently from Table 10. Next, the yellow circular dots was formed at /2 and red circular
The blue circular dots (detection accuracy of 80%) were formed dots (detection accuracy of 0%; “Not Detected”) appeared at
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FIGURE 13. Image of RF Code detection performance chart of detection for all codes labelled as: (a) Initial code, (b) output code.

TABLE 12. Comparison of the proposed method with others researcher.

Image Processing

Authors ||Detection Focus |Method Used . Limitations
Complexity
. Internal cavity GPR (ground-penetrating || High: Requires full Spemahzgd setup (enc1'rcln.1g trul?k);
Tosti et .. . . . computationally intensive inversion;
detection in tree radar) with microwave |[2D/3D tomographic . 2
al., [16] o . . . effectiveness limited to trunk
trunks (NDT) tomographic inversion |[image reconstruction
geometry
Medical tumor 1\1/1[::‘1:‘:1(1)(‘))‘;?:\:)?13 tic High: Dual-modality Complex hardware integration (RF
Lin, [12] imaging (early tomography (microwave- imaging (microwave + ||source + acoustic sensors); requires
’ breast cancer grapiy ultrasound) with coupling medium,; still experimental

induced ultrasound

detection) complex reconstruction ||for clinical use

imaging)
Obicct Only detects tagged objects (no true
. A . . Chipless RFID tag Low: No image localization); requires prior ML
Tahmid ez |[identification via . . . LS o
reading with machine reconstruction (identifies ||training for each tag pattern; not
al., [ 28] RFID tags (no . . . . . . . .
learning classification tag code from signal) designed for imaging spatial

spatial info) features.

Industrial flow
Samsun |[imaging

“Sofi-field” problem — low image

Electrical i . . . .
ectrical Capacitance High: Tomographic resolution and accuracy; requires

Zaini et  ||(conductive geo?ncéiae%hgle(ftrco ’1;1)6 :Vlth image reconstruction of ||extensive calibration; study
al., [17]  ||material (si%n ulation) permittivity distribution ([performed in simulation (needs
distribution) physical validation).
RF Code based Low: No complex image

Spatial detection of Tested on limited scenario (one

(This hidden objects MICTowave sensor array | reconstruction — object type and host material);
work) . (coded multi-frequency ||interprets coded sensor L
(non-destructive) ~70% accuracy in trials
resonators) responses
both f7 and /3 at position p6. The green circular dot (detection parison. It is noted that the different colours of circular dots can
accuracy of 100%) was formed at f7 and yellow circular dots be found for all positions. It shows that the system is able to
formed at /2 at position p4. perform spatial detection with the minimum efficiency of 33%.
A combined detection accuracy chart for all path codes is One green circular dot (detection accuracy of 100%) and one
presented in Fig. 13 to provide a comprehensive overview of brown circular dot (detection accuracy of 60%) are found at po-
spatial detection performance for the proposed system. It is sitions p4 and p3, respectively. There are only two red circular
important to note that the combined image does not represent dots (Not Detected) found at p6 at frequencies f1 and f3. The
simultaneous path code measurements. Rather, it is a compila- system successfully detected the hidden object at frequency f2
tion of separately conducted experiments, with each path code across all positions. As a result, no red circular dots were ob-
measured independently to ensure accurate analysis and com- served at /2, indicating consistent detection. Table 12 presents
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related research works that have been conducted in the field of
object detection, focusing on aspects such as detection focus,
method used, image processing complexity, and limitations.

6. CONCLUSION

The proposed Microwave-Based Object Localization System
for spatial detection using RF Code technique was successfully
presented. The performance analysis has been done to evalu-
ate the percentage detection accuracy throughout the positions
of hidden objects and frequencies of the RF Code. The detec-
tion performance of this system with 70% average detection
accuracy was registered for most of the positions. The detec-
tion efficiency recorded 100% detection efficiency for most of
the RF path codes. The proposed RF Code performance chart
shows the effectiveness of the proposed system in spatial de-
tection measurements without using any complex algorithms.
These findings indicate that RF Code technique has significant
potential for applications in nondestructive testing and material
analysis, offering enhanced detection capabilities for various
industrial and research scenarios. In future developments, the
system may be further improved by integrating machine learn-
ing algorithms to automatically classify patterns in the S sig-
nal loss data and enhance detection precision. Moreover, the
application of this technique could be broadened by testing it
on a wider range of materials with different dielectric prop-
erties — such as wood, plastic, or composites — to explore
its adaptability across various industrial conditions. Such im-
provements could increase the robustness and scalability of the
RF Code-based spatial detection system, making it suitable for
more complex or dynamic sensing environments. Furthermore,
the study offers theoretical implications by demonstrating that
frequency-coded resonance can be used to infer the spatial pres-
ence of hidden objects, eliminating the need for complex im-
age reconstruction. The system also provides practical benefits
through its low-complexity implementation, which is suitable
for real-time or embedded applications. Nonetheless, this study
acknowledges limitations, particularly in the diversity of tested
materials and controlled experimental setup. Future work will
aim to address these limitations by incorporating real-time em-
bedded system integration, extending the detection framework
for multiple hidden objects, and employing machine learning
models to improve pattern analysis and detection accuracy.
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