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Article history:

Miniaturizing Metal Oxide Semiconductor Field Effect Transistors (MOSFETs) to the nanoscale results in specific

Received structure and performance effects known as Short Channel Effects (SCEs). Performance degradation due to SCEs

24 July 2025 occurs due to increased leakage currents (IOFF), decreased threshold voltage (Vy) stability and breakdown voltage.

Accented Various solutions for these problems have been developed through the application of structural and material
ceepte

engineering techniques. One particular engineering technique that shows promise as a potential solution is to
incorporate a Selective Buried Oxide Layer (SELBOX). In this article, we investigate how the introduction of a
. . SELBOX impacts the electrical characteristics of nano-scale n-MOSFETs through device simulation (TCAD). For the
Published in Journal purposes of this study, we developed a 20 nm n-MOSFET with a high-k HfO, gate dielectric using the TCAD Silvaco
5 December 2025 ATLAS software package. Three different types of SiO,, Al,Os, and HfO, dielectric materials were used in
conjunction with the SELBOX layer which is located at a depth of 30 nm from the drain. In addition, the location of
the SELBOX as related to the drain was also varied from its original position to the direct vicinity of the channel to
assess the overall effect of the SELBOX position. Finally, we compare the characteristics of a conventional-type
MOSFET (no SELBOX) to those of devices modified by inclusion of the SELBOX at varying positions/depths from
the drain. The findings indicate that the dielectric constant and band gap of the implanted material, as well as its
closeness to the drain and channel region, substantially influence device performance. In the instance of SiO: as
SELBOX material, the Iorr decreased by 33%, and the breakdown voltage significantly increased from 85.09 V to
491.4 V. The utilization of Al2Os resulted in a 27% reduction in Iorr and an increase in breakdown voltage from 85.09
V to 275.7 V. Notably, the application of HfO: as SELBOX material resulted in a divergent effect: Iogr rose by 21%,
but the breakdown voltage increased to 172.3 V.
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1. Introduction

Integrated circuits rely heavily on the MOSFET as a result of its scalable nature, an economical price point and compatibility with
CMOS processing technology [1]. The MOSFET is also utilised within the context of intelligent control systems [2], and during the process
of creating efficient hybrid energy systems [3]. However, as channel lengths decrease towards nanoscale dimensions, short channel effects
(SCEs), such as threshold voltage (Vrn) roll-off, drain-induced barrier lowering (DIBL) and increased leakage currents (Iorr) begin to
severely limit device performance and reliability. Therefore, these limitations require the creation of new solutions that provide electrostatic
integrity, high drive current (ID) and minimal power consumption. Silicon-on-insulator (SOI) architectures and high-k gate dielectric
materials have been proposed as some of the potential solution approaches. SOl MOSFETs utilize a buried oxide layer to diminish parasitic
capacitance and leakage [4,5], although high-k materials like ALOs (k =9, Eg = 8.8 eV) and HfO: (k = 25, Eg = 5.8 eV) are replacing
traditional SiO: to facilitate additional scaling [6]. Although these methods have demonstrated efficacy, they mainly depend on global
structural changes. Localized dielectric engineering has received insufficient attention, despite its potential to more effectively mitigate
SCEs without the disadvantages associated with continuous buried oxides. Narayanan et al. [7] examined the kink effect in partially
depleted SOI 2 um MOSFETs and showed that the implantation of a 0.4 um SELBOX structure beneath the source and drain efficiently
mitigates the floating-body-induced kink. The work demonstrated using Silvaco ATLAS simulations that optimizing the length and
thickness of the oxide gap diminishes the kink effect while maintaining the advantages of SOI, with a created device model offering more
insights into the optimization of SELBOX parameters. Thakral et al. [8] examined the scaling difficulties of 28 nm SOI MOSFETSs and
discovered planar fully depleted SOI (FD-SOI) as an appropriate low-power substitute for bulk CMOS. Their TCAD-based research shown
that the kink effect in partially depleted SOI (PD-SOI) devices may be effectively mitigated with the implementation of a 0.4 pm SELBOX
structure, hence improving device reliability while maintaining the fundamental advantages of SOI technology. Narayanan et al. [9]
introduced an enhanced 0.12 um SOI MOSFET architecture using a 100 nm SELBOX beneath the source and drain to reduce self-heating
issue. TCAD simulations validated that adjusting gap parameters significantly mitigates thermal effects while maintaining SOI performance
advantages. Mahmoud et al. [10] constructed a 90 nm CMOS employing a 10 nm SELBOX via TCAD ATLAS and assessed the dynamic
power relative to SOI CMOS and BULK CMOS. The total dissipated dynamic power across all individuals is equivalent at elevated
frequencies. The dynamic power dissipation of the SOI and SELBOX structures was similar at low frequencies, both demonstrating lower
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values than the BULK configuration. SELBOX CMOS eliminated the kink effect and self-heating, making it superior than SOI CMOS.
The SELBOX MOSFET improves device efficiency by reducing power loss. Yoo and Kim [11] introduced a 45 nm buried oxide with a
Buried Oxide Nano-sheet Field Effect Transistor (BO-NSFET) that situates the oxide exclusively beneath the gate region to mitigate
substrate band-to-band tunneling (BTBT). According to TCAD studies, the proposed design provides a substantial reduction in IOFF and
parasitic leakage versus traditional NSFETs allowing for improved performance at advanced nodes. Additionally, Murshid and Bashir [12]
proposed a GP-SELBOX Junction Less Transistor to address the limitations of conventional SOI-JLTs operating at less than 20 nm nodes.
The addition of a p-type ground plane and a 10 nm SELBOX to the device structure provides greater depletion, reduced leakage, improved
ION/IOFF ratio, better SCE management while maintaining comparable cutoff frequency and less self-heating.

This research demonstrates how newly designed layers of SELBOX layer engineering for nanoscale MOSFETs can optimize
performance through material choice and vertical positioning of the dielectric material layer. The study also demonstrates that using a high
band gap dielectrics material such as SiO; in the near channel-drain junction location, will reduce leakage current by as much as 33%, and
increase the breakdown voltage over five times compared to the conventional designs. Results indicate that Al,O3; provides a moderate
improvement in performance, while HfO, demonstrates the limitations of using lower bandgap dielectrics material in the same position.
These results point to an important new avenue of investigation: the interaction between buried dielectric materials properties and their
spatial position has the potential to create new options for optimization of device performance in advanced technology nodes with short
channels.

2. Methodology
This study employs TCAD Silvaco ATLAS to model and study an n-channel MOSFET at the nanoscale. The W/L ratio of this structure
is 100 nm/20 nm. Use of a high-k gate dielectric such as HfO, also helps to achieve low gate leakage characteristics of this device while

maintaining excellent electrostatic control of the channel, as shown in Table 1 which lists the primary parameters investigated by [8].

TABLE 1. Parameters of design 20 nm n-MOSFET.

Parameters Value
Channel 20 nm Si
Doping of Source and Drain 5%x10%0 cm™3
Doping of Channel 9 x 107 cm™3
Doping of Substrate 1 x10* ¢m™3
Gate Workfunction 4.55ev
Gate length 25 nm
Source and Drain Length 40 nm
Gate Dielectric Thickness 10 nm

Correct model selection is critical in the structure of this simulation. In this work, the Auger (three carriers) and SRH (fixed minority
carrier lifetime) models are used for the direct transitions. The Arora Model replaces the ANALYTIC model for Si, and the CVT method
applies to the overall system. The numerical solver, Newton-Gummel with trap autonr, gives consistently better starting estimates compared
to more complex situations.

ATLAS
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Fig. 1. Schematic View of insertion selective buried oxide layer (SELBOX) in 20 nm n-MOSFET.

The selective oxide layer (SELBOX) for our research is a crucial component and is located within the silicon substrate. At a thickness
of 40nm and located at 30nm, the SELBOX extends from 50nm to 100nm in the lateral dimension along the x-axis. Three distinct dielectric
materials are utilized independently for the SELBOX in different models: SiO2, Al:Os, and HfO: as shown in Figure 1. This facilitates a
comparative assessment of the impact of each dielectric material and band gap value on the device concerning SCEs. In succeeding
modeling, the SELBOX is elevated in the upward direction until it achieves direct contact with the active channel region. The use of various
materials and vertical repositioning is conducted to assess how the closeness of the SELBOX to the channel affects electric field
distributions and whole device performance.
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3. Results and Discussion
3.1. SiO2material (k=3.9 and band gap=9 eV)

This study assesses the electrical properties of 20 nm n-MOSFET devices with SiO: SELBOX depths of 30 nm, 20 nm, 10 nm, and
direct contact position with the channel, in comparison to a standard design of 20 nm n-MOSFET (without a SELBOX). The primary
parameters evaluated comprise threshold voltage (Vru), ON current (Ion), OFF current (Iorr), Ion/Iorr ratio, breakdown voltage, and Drain-
Induced Barrier Lowering (DIBL).

Table 2 illustrates that the Vru exhibits remarkable stability across all SELBOX positions, with minimal variations from 0.462 V in the
standard design to 0.461 V in the direct contact position, that means the substrate coupling not affected, in order to the electrostatics in the
channel stay steady. The slight fluctuation indicates that the vertical placement of the SiO> SELBOX minimally affects the Vn, which is
beneficial for preserving device switching stability.

TABLE 2. Main parameters of (standard design of n-MOSFET) and the influence of SiO, selective buried oxide layer (SELBOX) at (30 nm depth, 20
nm depth, 10 nm depth and direct contact position).

Parameters Standard 30 nm Depth 20 nm Depth 10 nm Depth Direct Contact
Vru (V) 0.462 0.454 0.456 0.458 0.461
Ton % 1073 (A/m) 2 2.12 2.11 2.10 2.07
Torr x 107 (A/m) 8.5 10 8.89 724 5.68
Ton/lorr x 107 2.37 1.98 2.37 2.90 3.65
Breakdown Voltage (V) 85.09 137.1 199.3 3125 491.4
DIBL (mV/V) 308 307 306 304 302

The Ion exhibits a little fluctuation with alterations in SELBOX depth. Raising the SELBOX depth from 30 nm to 10 nm improves
electrostatic gate control over the channel, elevating Iox from 2.00 x 10 A/m in the standard design to 2.12 x 10 A/m at 30 nm depth.
When the SELBOX is in direct contact with the channel, lon diminishes to 2.07 x 10 A/m, indicating a decline in effective gate control
caused by the modified field distribution inside the device's bulk [14].

Conversely, the Iorr has a greater degree of fluctuation. The implanting of a SELBOX at a depth of 30 nm elevates Iorr from 8.5x10!!
A/m at standard design to 1.0x10°'® A/m at 30 nm depth. The improved performance of the fringing fields around the source/drain regions
and additional junction leakage due to their physical distance from the substrate explains the increase in performance. In particular, the
decrease in the drain-source-off current (Iorr) to 5.68 x 107" A/m due to improved isolation and reduction in leakage paths from the
substrate (the SELBOX is placed in direct contact) is another example of the benefits of using this configuration [15].

The Ion/lorr ratio significantly enhances, attaining 3.65 x 107 in the direct contact position, in contrast to 2.37 % 107 in the standard
MOSFET. This illustrates exceptional switching performance and indicates that the revised SELBOX positioning improves the equilibrium
between Ion performance and lorr mitigation. A significant enhancement is noted in the breakdown voltage, rising from 85.09 V in
the standard design to 491.4 V upon direct contact of the SELBOX with the channel. This improvement results from the diminished fringing
fields at the drain side, coupled with the high bandgap (about 9 ¢V) of SiO: and its insulating barrier effect, which decreases the vertical
electric field within the substrate and enhances dielectric robustness. As a result, leakage is further reduced, and the MOSFET attains
markedly improved dependability [16] [17].

Throughout all configurations, the DIBL values are approximately 306 mV/V indicating that the placement of the SiO, SELBOX is
more important in terms of leakage and breakdown character than it is for electrostatic stability.

As illustrated in Figure 2, there is a distribution of electric fields from the placement of the SiO, SALBOX, which causes an increase in
the fringing electric field at the source side at 30 nm down from the surface of the device compared to the large amount of fringing electric
field present at the drain side. This is because the oxide layer prohibits the passage of electric fields through it, this results in perturbing
the potential distribution throughout the monolithic device, as it will bend upwards towards the area of electric field concentration.
Moreover, the density of the field lines above the buried oxide layer is substantially less than the field lines below the oxide layer. This
phenomenon can be attributed to the shielding—or partially shielding—effect of the buried oxide.

As the SELBOX is raised from a depth of 30 nm to a direct contact position beneath the drain region, the field distribution exhibits
significant enhancements. The source side fringing fields have diminished, and the SELBOX now functions as a more robust barrier against
electric field entry into the substrate, efficiently directing and reducing substrate coupling. At the drain side, the electric field intensity at
the drain-substrate interface becomes higher, while the oxide isolation considerably diminishes field entry into the bulk silicon,
therebyavoiding early breakdown of the device. The enhanced field confinement results in a significant rise in breakdown voltage, as
verified by Table 2, which shows breakdown voltage rising from 85.09 V in the standard design to 491.4 V with direct contact to the
SELBOX.
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Fig. 2. Electric field distribution at (standard design of n-MOSFET) and SiO, selective buried oxide layer (SELBOX) at (30 nm depth, 20 nm depth,
10 nm depth and direct contact position).

3.2. Al203 material (k=9 and band gap=38.8 eV)

This investigation assesses the performance of MOSFET devices utilizing Al-Os as the SELBOX at depths of 30 nm, 20 nm, 10 nm,
and in direct contact with the channel, in comparison to a conventional design.

The data presented in Table 3 displays strong stability of the VTu value in each of the different types of SELBOX designs, with the Vru

fluctuating, but only by 0.003 V, between 0.461 and 0.464 across the various designs. Therefore, it can be concluded that the use of Al,O3
for the SELBOX does not negatively impact the electrostatics of the channel or the amount of control exerted by the gate over the channel.
In addition, the high dielectric constant value (K = 9) for Al,O3 provides superior gate-to-channel modulation and also minimizes the
effects of SCE. Therefore, the stability of the VTH demonstrates that Al,O3 can provide the necessary reliable switching performance in
modern CMOS designs.
In terms of Ion performance, the values for ION are stable and robust throughout the range of designs with only minor fluctuations as
compared to the standard design. At all depths of SELBOX, including the depth of direct contact between the SELBOX and the substrate,
the value of Ion for the Al,03 SELBOX was recorded at 2x10- A/m. The data indicates that the high dielectric constant of Al,O3 provides
adequate electrostatic gate control; therefore, when the oxide layer is positioned closer to the drain, the electrostatic force produced will
keep the inverter inversion due to charge response for the Al,O3 oxide intact. In contrast to the Al,Os3 findings, the SiO, SELBOX had a
slight decrease in the value of ION when the oxide was in direct contact with the substrate, indicating that the Al,O; has a greater ability
to maintain a strong inversion charge density and ION capability.

As the SELBOX is elevated from 30 nm deep (8.52 x 10-'! A/m, the Iorr drops to 6.20 x 10-'" A) to the point of direct contact, the Iorr
decreases. This increase in performance occurs because of decreasing fringing electric fields in the space adjacent to the drain junction,
and the increased physical separation of leakage paths between the source/drain and substrate. The Ion/Iorr ratio markedly increases from
2.37 x 107 in the standard design to 3.24 x 107 upon direct contact position, indicating enhanced switching efficiency with minimal
reduction in Ion.

Compared to a standard SELBOX design of 85.09 V based on traditional dielectric materials and structures, the breakdown voltage
increases significantly from 85.09 V to 275.7 V with a device constructed using improved technology to create a direct contact position.
The increased breakdown voltage is attributed to the high-k material used, which is the Al,O3 insulation layer, allowing for a lower leakage
of vertical electric fields into the substrate and improving the insulation between junctions. While Al,O3 has an energy band gap of
approximately 8.8 eV, which is slightly lower than that of SiO, (approximately 9 eV), it can still effectively reduce high-field stress and
prevent leakage from junctions. However, while the increase in breakdown voltage compared to devices created using SiO, based
configurations is only slight, this indicates the importance of the trade-off between dielectric material band gap and dielectric permittivity
when designing dielectric structures. Although Al,O; provides a small reduction in leakage compared to SiO,, it provides a substantial
increase in breakdown voltage; however, it does not provide the same level of increase as SiO, based SELBOX designs. DIBL remains
approximately consistent at 308 mV/V across all configurations, indicating that variations in SELBOX position and oxide material selection
predominantly influence leakage and breakdown performance rather than the integrity of electrostatic gate channel control.

TABLE 3. Main parameters of (standard design of n-MOSFET) and the influence of AL,O; selective buried oxide layer (SELBOX) at (30 nm depth, 20
nm depth, 10 nm depth and direct contact position).

Parameters Standard 30 nm Depth 20 nm Depth 10 nm Depth Direct Contact
Vu (V) 0.462 0.461 0.462 0.463 0.464
Iox X 1073 (A/m) 2 2.03 2.03 2.02 2.01
Torr X 107(A/m) 8.5 8.52 7.97 7.25 6.20
Ton/lorr x 107 2.37 2.38 2.53 2.79 3.24
Breakdown Voltage (V) 85.09 130.5 155.7 198.7 275.7
DIBL (mV/V) 308 308 307 307 306
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Figure 3 depicts the alterations in the electric field profile resulting from the relocation of the A:Os SELBOX. At a depth of 30 nm, the
SELBOX induces a minor enhancement of fringing fields on the drain side, attributable to localized field crowding near the drain junction.
As the SELBOX is elevated nearer to the drain, surrounding fields diminish consistently, exhibiting substantial suppression at the position
of direct contact. The electric field scattering over the Al.Os SELBOX is practically eliminated, illustrating the oxide's excellent insulating
capability.

By reallocating electric field lines, the overall durability of electric field devices increases since vertical electric field penetration into
the substrate is reduced. As a result, the amount of leakage path through the substrate is decreased and additional electric breakdown
voltage is created. Dual gate (also known as Al,O; relaxed dielectricy SELBOX can maintain minimal values of IOFF without
compromising electric field confining effect. Therefore, this facilitates the use of electric field devices in scaled MOSFET architectures
where oxide engineering plays a critical role in the maximization of ION, IOFF, and device reliability.
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Fig. 3. Electric field distribution at (standard design of n-MOSFET) and Al,O; selective buried oxide layer (SELBOX) at (30 nm depth, 20
nm depth, 10 nm depth and direct contact position).

3.3. HfO: material (k=25 and band gap=5.8 eV)

This section examines the influence of different HfO. SELBOX depths 30 nm, 20 nm, and 10 nm, along with a direct contact configuration,
on the performance of MOSFET devices, compared to a standard design of MOSFET device.

Table 4 depicts that the VTu exhibits a slight elevation with the implementation of the HfO. SELBOX, increasing from 0.462 V in
the standard design to a peak 0f 0.470 V when the SELBOX is situated 30 nm beneath the drain region. The increase results from improved
electrostatic confinement and less substrate coupling facilitated by the high-k HfO: layer, which reduces gate control over the channel at
intermediate depths. As the SELBOX is elevated nearer to direct contact with the drain, Vtu marginally lowers to 0.464 V. This reduction
signifies that, although HfO. improves vertical isolation, its closeness to the channel somewhat modifies the electric field distribution and
diminishes gate-to-channel electrostatics, resulting in a modest decrease in Vru [18].

The Ion values are marginally diminished in comparison to the standard MOSFET structure with 2.00 x 10 A/m. The values fluctuate
between 1.93 x 10 A/m and 1.97 x 107 A/m across all structures. The decrease is ascribed to the elevated dielectric constant and physical
thickness of the SELBOX, which marginally diminishes inversion charge density and channel mobility by altering vertical electric fields.
The little decrease in Ion suggests that the integration of HfO. SELBOX entails a compromise in Ion performance.

The lorr demonstrates a nonlinear pattern. Initially, it diminishes to 7.44 x 10! A/m at a SELBOX depth of 30 nm, due to diminished
substrate coupling and efficient obstruction of leakage pathways. As the SELBOX approaches direct contact, lorr increases to 10.3 x 107!
A/m, attributed to improved field penetration through the reduced substrate regions and leakage pathways along the SELBOX peripheries.

The Ion/Iorr ratio exhibits a trend, reaching a maximum of 2.61 x 107 at a depth of 30 nm, exceeding the standard design of 2.37 x 107,
before decreasing to 1.91 x 107 upon direct contact position. The results indicate that a 30 nm SELBOX depth optimally suppresses leakage
while sustaining acceptable Ion levels, whereas direct contact, while enhancing breakdown voltage, and increases lorr.

HfO, SELBOX creates a drastic increase in the breakdown voltage through contact with HfO,, going from the typical 85.09 V in design
mode to 172.3 V in the direct contact mode. This increase is due to the larger dielectric constant of HfO, and the physical barrier to vertical
electric field strength in the bulk substrate that results in the stability of HfO, devices. When compared with SiO, SELBOX devices, it
should also be noted that HfO, has a lower bandgap (around 5.8 eV versus 9 eV), which limits the increase in maximum breakdown
voltage, and thus, results in an increased IOFF, particularly when the oxide is positioned near the Drain region.

DIBL exhibits relative stability across all SELBOX depths at around 312 mV/V, indicating that although the selection and positioning
of SELBOX materials significantly affect leakage and breakdown properties, electrostatic channel management remains uniform.

7.44 x 107" A/m at a SELBOX depth of 30 nm, subsequently rising to 10.3 x 107'* A/m as the SELBOX's direct contact position is altered.
This increase is attributed to the SELBOX facilitating leakage pathways between the source and drain regions and the substrate. The
Ion/Iorr ratio attains its maximum at a depth of 30 nm, measuring 2.61 x 107, above the conventional design value of 2.37 x 107. However,
it progressively decreases as the SELBOX is moved to the direct contact position, ultimately reaching 1.91 x 107. In comparison to the
conventional MOSFET design, the breakdown voltage increases from 85.09 V to 172.3 V when a SELBOX is implanted at the direct
contact location. The SELBOX first increases the breakdown voltage by creating an insulating barrier that reduces the vertical electric field
in the bulk substrate. When the value of the band gap value became half of the band gap in first case, about 5.8 eV, and becoming closer
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to the drain region, leading to a slight increment in the breakdown voltage, and an increase in the leakage current. DIBL values almost
constant for all cases is approximately about 312 mV/V.

TABLE 4. Main parameters of (standard design of n-MOSFET) and the influence of HfO, selective buried oxide layer (SELBOX) at (30 nm depth, 20 nm
depth, 10 nm depth and direct contact position).

Parameters Standard 30 nm Depth 20 nm Depth 10 nm Depth Direct Contact
Vi (V) 0.462 0.470 0.468 0.466 0.464
TIon X 1073 (A/m) 2 1.94 1.95 1.93 1.97
Torr x 10711(A/m) 8.5 7.44 8.76 10 10.3
Ton/lorr x 107 2.37 2.61 222 1.95 1.91
Breakdown Voltage (V) 85.09 111.6 109.1 125.3 172.3
DIBL (mV/V) 308 311 312 314 314

Figure 4 clarifies the characteristics of the electric field. The integration of HfO. SELBOX at a depth of 30 nm markedly diminishes
fringing fields adjacent to the drain side, while the high-k shielding action of the oxide effectively obstructs field lines above the SELBOX.
As the SELBOX approaches direct contact with the drain, the confinement of the electric field enhances, resulting in less vertical field
penetration into the substrate. Nevertheless, robust localized electric fields develop within the SELBOX layer, aligning with the noted rise
in lorr. This indicates that although HfO-'s elevated dielectric constant enhances isolation, its reduced bandgap renders it more vulnerable
to field-assisted leakage mechanisms in comparison to SiO2 or Al2Os SELBOX.
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Fig. 4. Electric field distribution at (standard design of n-MOSFET) and HfO, selective buried oxide layer (SELBOX) at (30 nm depth, 20 nm depth,
10 nm depth and direct contact position).

4. Conclusion

Implanting a SELBOX beneath of drain region with three different materials, SiO2, Al203, and HfO2, with energy gaps of 9 eV, 8.8 eV, and
5.8 eV, respectively. The value of energy gap of materials and its closeness to drain region determines the average increasing and decreasing
value of leakage current and breakdown voltage, as the SELBOX positioning from 30 nm depth to direct contact, it was noticed when the
high value of band gap, such SiO2 with 9 eV, and become more close to the drain-substrate contact, the leakage current is exponentially
decreased by 17%, and the breakdown voltage is exponentially increased by 52%. When the band gap is slightly decreased, such as Al2O3
with 8.8 eV, the leakage current is slightly exponentially decreased by 10%, and the breakdown voltage is exponentially increased by 29%.
Finally, the significant decrease in the value of band gap, such as HfO2 with 5.8 eV, the leakage current is exponentially increased by 17%,
and the breakdown voltage is exponentially increased by 16%. It was concluded that the material with a higher value of the band gap and
closer to the drain region gives better results. Future research can extend this work in several directions, like exploring alternative high-k
and ultra-wide band gap dielectrics such as ZrO2, La20s, or Ga0s as SELBOX layers could provide further insights into material-dependent
performance. Another future approach, applying the concept of buried dielectric engineering to advanced device architectures, including
FinFETs, Gate-All-Around (GAA) FETs, and nanosheet transistors, may reveal its scalability to beyond-20 nm nodes.
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15 November 2025 program capable of increasing efficiency and improving the perceptual and analytical quality of digital images by
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1. Introduction

Digital image processing remains a significant challenge due to its profound impact on computer vision systems and multimedia appli-
cations. This research, based on Python 3.9, focuses on enhancing digital image quality by integrating adaptive filtering and advanced
interpolation algorithms. It combines established enhancement techniques, such as non-local mean filtering, Gaussian noise reduction, and
two-cube interpolation, to improve contrast, sharpness, and overall quality. The combination of two-cube interpolation and non-local mean
filtering demonstrates a significant advantage over traditional methods in terms of maximum signal-to-noise ratio (PSNR) efficiency and
noise reduction. The proposed application achieved an 8%—12% increase in PSNR and an approximately 10% decrease in root mean square
error (RMSE). It represents a practical, scalable, and cost-effective solution for improving image quality in medical, military, and security
applications, as shown in Figure 1.

Fig. 1. Digital image processing engineering.

Previous studies in digital image enhancement explored a range of methods including linear filtering, wavelet-based denoising, and
machine learning-driven super-resolution. Gonzalez and Woods established the theoretical basis of digital image enhancement [5], while
Bovid expanded perceptual modeling for quality assessment [2]. More recent work by Tyagi introduced adaptive filtering models to opti-
mize noise removal in dynamic environments as shown in Figure 2 [3]. Despite these advances, existing software often suffers from trade-
offs between performance and computational cost. This gap motivated the current research to develop a lightweight, platform-independent
Python application integrating high-performance enhancement algorithms [4].
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Fig. 2. Comparison of existing image enhancement techniques.

2. Methods and Materials

The system was designed as a modular Python application using the OpenCV library. Programming and operating environment is
Operating System Windows 11 Pro 64-bit (10.0, Build 22000) System Manufacturer: Dell c. System Model: Inspiron 5570 BIOS: 1.14.0
velour a Soft Processor: Intel(R) Core (TM) i15-8250U CPU@ 1.60GHz (8 CPUs), ~1.8GHz Memory: 16384MB RAM DirectX Version:
DirectX 12. The enhancement process consists of three stages: preprocessing, filtering, and post-processing. The preprocessing phase
includes image loading, format normalization, conversion to grayscale or color channels, and histogram analysis to detect underexposure
or overexposure. These steps ensure consistent input for the enhancement algorithms as shown in Figure 3.
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Fig. 3. Flowchart of preprocessing operations.

The enhancement module implements three major algorithms: non-local means filtering (NLM), Gaussian blur, and bicubic interpo-
lation. NLM reduces random noise based on structural similarity rather than spatial proximity [6]. Gaussian blur smooths intensity varia-
tions by applying a weighted average across neighboring pixels [7]. Bicubic interpolation reconstructs missing data and provides sharper
results than bilinear methods [8].
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3. Evaluation Metrics

Image quality was evaluated using quantitative and qualitative metrics, including PSNR (Peak Signal-to-Noise Ratio), RMSE (Root Mean
Square Error), and human visual inspection [9-13]. PSNR quantifies the difference between the enhanced and original images, while RMSE
measures distortion magnitude as shown in Figure 4.

# checks the smoothness

S0 = np.ones((30, 30, 30)) * 100

s0[10:20, 10:20, 10:20] = 50

50[20:30, 20:30, 20:30] =0

S0_noise = S0 + 20 * np.random.standard normal ((30, 30, 30))

print ("Original RMSE", np.sum(np.abs (SO - SO noise)) / np.sum(S0))

SOnl = non local means (

S0_noise,

sigma=400,

rician=False,

patch radius=1,

block radius=1)
print ("Smaller patch RMSE", np.sum(np.abs (S0 - SOnl)) / np.sum(S0))
SOn2 = non_ local means (

S0 _noise,

sigma=400,

rician=False,

patch radius=2,

block radius=2)
print ("Larger patch RMSE", np.sum(np.abs (S0 - SOn2)) / np.sum(S0))
SOn = adaptive soft matching (S0, SOnl, SOn2, 400)
print ("ASCM RMSE", np.sum(np.abs (S0 - SOn)) / np.sum(S0))

assert (np.sum(np.abs (S0 - SOn)) / np.sum(S0) <
np.sum(np.abs (S0 - SOnl)) / np.sum(S0))
assert (np.sum(np.abs (S0 - SOn)) / np.sum(S0) <
np.sum(np.abs (SO0 - SO noise)) / np.sum(S0O))
assert (90 < np.mean(SOn) < 110)

(a) Before (b) After
Fig. 5. Result of applying PSNR.

e RMSE (Root Mean Square Error) measures overall distortion. This statistical measure is primarily used to evaluate the performance
of prediction or regression models by measuring the average error between predicted and actual values. It has applications in many
fields, including medicine, security, and surveillance. In medicine, RMSE is used to assess the accuracy of models in predicting con-
tinuous variables. In medical data analysis and imaging, it evaluates the accuracy of image reconstruction algorithms in medical imag-
ing such as MRI and CT. It also assesses the accuracy of surgical measurements using robots; a lower RMSE value indicates less
deviation from the intended movement or position, thus increasing the accuracy of the surgical procedure. In the fields of security and
surveillance, RMSE is used to evaluate the accuracy of behavior or risk prediction models, or to assess the quality of sensing and
detection systems. It measures the accuracy of models that predict security risks or threat levels in a given system, such as cybersecurity

10
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systems or financial risk assessments for organizations. It also evaluates the performance of object tracking models in video surveillance
systems. In security or environmental monitoring of large areas, it is used to assess the accuracy of digital elevation maps (DEM)
collected by satellites or aerial surveys. RMSE is a crucial tool in the evaluation and monitoring phase of regression and prediction
models within these applications, providing a direct numerical value that reflects the average error magnitude. The mean squared error
(RMSE) is a powerful measure of the difference between an enhanced image and the original image. It is used because it has the same
pixel count as the original image, making it more easily interpreted than the mean squared error (MSE). RMSE is calculated directly
from MSE as follows: RMSE =+VMSE. A lower RMSE value indicates better image restoration quality and greater distortion reduction
[14].

e Subjective visual inspection: Human-perceived quality was also assessed. A proposed approach to integrating symbolic Al with deep
learning involves designing hybrid models (neuro-symbolic Al) that utilize deep networks (such as CNNs or Transformers) to process
raw data (images, text) and extract features. These features are then passed to symbolic logic algorithms to make inferences and deci-
sions. The goal is to create Al systems capable of explaining their decisions using clear logical rules, rather than simply making pre-
dictions. Thus, medical diagnostic systems would not only provide a diagnosis but also a logical explanation based on established
medical principles.

o Statistical Validation: To determine the superior performance of the non-local two-cubic average generation algorithm compared to
traditional methods, a two-tailed t-test was performed. The test was conducted on the PSNR and RMSE values for all images in the
dataset, at a significance level of o = 0.05.

Null hypothesis (HO): There is no statistically significant or exaggerated difference between the mean results of the proposed method
and competing methods.

Alternative hypothesis (Ha): There is a statistically significant difference.

The results showed a p-value (probability value) less than 0.05 (p<0.05), indicating the rejection of the null hypothesis. This demon-
strates that the performance improvement (increased PSNR and decreased RMSE) is statistically significant and reliable, enhancing
the robustness and effectiveness of the developed application [14].

4. Estimating the Quality of the Decoded Image

One of the problems of computer graphics is that adequate criterion for assessing the loss of image quality has not yet been found. Quality
is lost when digitizing, when converting to a limited palette of colors or into another color space, as well as when compressing images with
losses [11].

Let there be two images: f(x,y)— the original, and f(x,y)- restored image of size M x N . One of the simple criteria for assessing the

loss of quality is the standard deviation of the pixel values of the compressed image from the original

3 (£ (x)- £ (x0))
d(x,y)= Tl YT, 1)

According to this criterion, the image will be severely damaged when the brightness changes by only 5%. At the same time, an image with
snow, a sharp change in the color of individual dots will be recognized as almost unchanged.
Another criterion is the maximum deviation from the original:

d(x.) = max|f (x.y)~ f (x.7) @)

This measure is extremely sensitive to the beating of individual pixels, i.e. only one pixel can change in the image, and this criterion
recognizes the image as badly corrupted. In practice, a measure of image quality that is used is the signal-to-noise ratio (PSNR) criterion.

( W

255°-M -N
d(x,y)=10~lg| — | 3)

Lxgl(f(x’y)f(x,y))zj

This measure is similar to the standard deviation, but it is more convenient to use because of the logarithmic scale of the scale.
The loss in quality is best appreciated by the human eye. Image compression can be considered excellent if it is impossible to distinguish
the original from the compressed image by eye. But in practice, with lossy compression, some distortion is always introduced into the
image, noticeable when comparing the original and the compressed image.
To other most used quality assessment criteria an image include:

e average difference

AD——ZZ[ (x.2)= f(x9)] @

xl)l

e  cross-correlation coefficient
M N
22 S (xy) f(xy)
K= 0
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e  image fidelity
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5. Results
Experiments were conducted using a dataset of 100 images with varying resolutions and noise levels. Comparative testing among the
filtering techniques produced the following outcomes:

e  Non-local means filtering achieved superior noise reduction with minimal edge blurring.
e  Bicubic interpolation offered the best sharpness and detail reconstruction during resizing.
e  Gaussian filtering improved smoothness but caused minor texture loss.

As shown in Figure 6, the visual comparison indicates that the bicubic—nonlocal combination increased PSNR by 8—12% and reduced
RMSE by approximately 10% compared to conventional methods [10].

Fig. 6. Sample visual comparison between original, noisy, and enhanced images.
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Fig. 7: Graph showing RMSE performance for different enhancement techniques.

Table 1 quantifies PSNR for filtering techniques between the enhanced and original image.

TABLE 1. PSNR for filtering techniques.

NP% CWM MMEM AFMF MBD WFM HAF
10 26.58 27.08 28.38 27.72 26.97 37.30

20 2403  25.63 27.38 26.24 23.87 36.06
30 2138  24.80 26.00 24.37 21.80 34.98
40 19.56  23.66 24.12 23.72 20.17 33.60
50 1690  22.54 24.05 21.64 18.70 31.54

While these measures are effective in determining overall distortion, they do not necessarily reflect human-perceived quality completely.
Although a subjective visual inspection was conducted, this evaluation was not documented using a standardized statistical methodology,
leaving room for subjectivity in the qualitative assessment. The experiments were conducted on a relatively limited dataset. This limitation
restricts the generalizability of the results to different data types (such as specialized medical images or high-resolution, high-speed sur-
veillance footage) and diverse real-world noise environments. Although the non-local means (NLM) algorithm is superior in reducing
noise, it is known for its high computational cost. Since the current system is based on a Python environment, achieving Real-Time Pro-
cessing may face challenges, especially in applications that require high speed (such as security monitoring), which is our future proposal
to integrate acceleration as the next step indicates.
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6. Conclusion

This study presented the design and implementation of a Python-based software system for digital image quality enhancement. The inte-
gration of bicubic interpolation and non-local means filtering proved to be an effective approach to improving visual clarity and noise
suppression. The developed tool offers a balance between processing speed and visual quality, platform independence and open-source
accessibility, and potential applicability in surveillance, medical imaging, and visual inspection. Future work may involve integrating
algorithms to improve training accuracy using deep learning methods with real-time GPU acceleration to enhance image reconstruction
performance, in order to address several methodological and operational limitations associated with the proposed system when interpreting
results and defining the scope of application. The quantitative evaluation of system performance relied primarily on two traditional
measures: the maximum signal-to-noise ratio (PSNR) and the root mean square error (RMSE).
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1. Introduction

In recent years, there has been an increasing demand for mobile handsets that deliver higher data rates with enhanced reliability. This
encompasses superior video calls, streaming high-definition content, and engaging in HD online gaming [1]. Thus, there is a critical need
for fifth generation (5G) networks to exceed the capabilities of their predecessors. In contrast, as wireless devices become smaller, there is
a need for multiband and compact antennas to reduce the number of antennas required in a limited space, thereby making room for other
device components. Consequently, the planar inverted-F antenna (PIFA) is the recommended choice for mobile handsets' radio
communications due to its small size, inexpensive manufacturing cost, compact structure, improved radiation features, high gain, and lower
specific absorption rate (SAR). This quarter-wavelength patch antenna offers several features related to a half-wavelength patch antenna
but is 50% smaller, making it optimal for mobile devices [2, 3]. However, a narrow bandwidth is a common limitation of PIFA. Numerous
studies have focused on optimizing antenna configurations, some with multi-band resonance and others capable of wideband operation,
often resulting in a trade-off between reduced gain, bandwidth, or design complexity.

A wideband antenna has been developed for LTE and WWAN applications in [4]. The antenna features a low profile and can
demonstrate dual-resonant modes. However, it contains specific limitations, including its larger size, reduced gain, and limited bandwidth.
A trapezoidal slotted PIFA with a rectangular patch has been developed in [5]. Despite its outstanding results and compact size, this antenna
has a restricted bandwidth and requires enhancement to achieve a minimum return loss. As mentioned in [6], the designed wideband
antenna includes a rectangular plate at the feeding pin with two cut slots to control high-frequency bands and a shorting pin for low-
frequency bands. Although the antenna consists of a broad bandwidth, there is potential to enhance its average efficiency. Moreover, a
multi-band antenna selectively covers the required band spectra [7], overcoming interference caused by a wideband antenna that covers
unwanted spectra [8]. As mentioned in [9-13], switching diodes have been integrated into antennas to achieve frequency-reconfigurable
responses, enhancing connectivity, adaptability to various frequency bands, and improving performance. However, this integration may
add complexity to the design, require additional components, and increase manufacturing costs. In [14], researchers designed a dual-band
frequency-tunable PIFA for handheld devices by varying the capacitance of the varactor diode. Despite this achievement's success, the
design is complex and large, with limitations in bandwidth and gain.

This paper presents a low-profile tri-band PIFA designed for 5G mobile handsets within the sub-6 GHz communications spectrum.
The radiating patch uses a G-shaped slot, mounted over two substrates to produce lower-frequency bands. Furthermore, the ground plane
is carefully designed to facilitate operation in the higher-frequency band. The optimized PIFA resonates in the 2.4 GHz band (2.25-3.02
GHz), 3.7 GHz band (3.6-4 GHz), and 5.7 GHz band (5.5-6.1 GHz) to cover 5G NR (n41, n78), LTE, and WLAN bands. The suggested
PIFA has been designed and simulated using CST simulation software. To validate the antenna results, the HFSS simulation software has
been employed in the suggested design, and the results have been compared. The results indicate that the proposed PIFA is suitable for
handheld devices in 5G due to its small size and its features of operating on three sub-6 GHz bands, which is considered an important
characteristic to minimize the number of antennas used in wireless devices.
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2. Design Method of Proposed PIFA

The proposed design, illustrated in Figure 1, consists of four distinct layers. Figure 1(a) shows the initial layer as a slotted, flipped G-
shaped rectangular patch measuring 22 x 20 mm?. The second layer comprises a low-cost FR4 substrate, characterized by a relative
permittivity of 4.3 and a thickness of 0.8 mm. Figure 1(b) illustrates the subsequent layer, a vacuum layer consisting of an air gap with a
dielectric constant of 1 and a height of 3 mm, which enhances bandwidth in the suggested design. The fourth and final layer is a ground
plane shown in Figure 1(c) with dimensions of 39 x 20 mm?. The feeding technique employed is coaxial feeding, which contributes to
bandwidth optimization. Experiments have shown that the location of feeding significantly impacts overall antenna performance.
Consequently, the feeding location has been optimized, as illustrated in Figure 1(c), to achieve the best results. Additionally, the multiple
openings in the design enhance the vibration state, greatly increasing the amplitude of the electromagnetic waves. The overall dimensions
of the proposed design are 39 x 20 x 3.8 mm?®. Table 1 shows the dimensions of the proposed design.
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Fig. 1. Geometric shape of the proposed PIFA. (a) Front View, (b) Back View, (c) 3D View.

TABLE 1. Dimensions of the proposed PIFA design.

Parameters Value (mm)
w 22
WG 39
L1 20
L2 20
X 22
Y 4
S1 17
S2 5
S3 6
Si 2
Sj 5
h 3.8

The following formula is applied in the suggested PIFA design, with resonating frequencies improved through the use of a slotted
radiating patch and defected ground structure (DGS). Figure 1 exhibits the dimensions used in the formula [16]:

fo= s (M

= dGrW-L1-h)vE,
Where c is the free-space speed of light, and er is the dielectric constant of the substrate.
The shorting pin or plate plays a crucial role in reducing the size of the PIFA and can be calculated using the following formulas [2, 17]:
Case 1
IfL1=L2; W=1/4
Case 2
IfL1~0; W+L2=1/4

The proposed antenna design is specifically intended for a frequency of 3.7 GHz. Considering this antenna is designed for mobile
handsets, reducing the number of antennas is crucial to make room for other electronic components. Therefore, the design has been modified
to enable tri-band resonance. To allow the antenna to resonate in dual-band mode, the radiating patch has been slotted with a flipped G-
shape. This causes the antenna to resonate at 2.4 and 3.7 GHz, as shown in Figure 2. The ground structure has been divided into six small
symmetrical rectangles, enabling the antenna to resonate in a tri-band mode and providing an omnidirectional radiation pattern. In addition,
using a rectangular DGS optimizes the antenna bandwidth [18]. The shorting plate has been incorporated instead of the shorting pin between
the radiating patch and ground plane to achieve maximum radiation efficiency while maintaining the desired resonant frequency.
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Fig. 2. Dual-band mode with slotted radiator.

3. Simulation Results and Analysis

This section presents and discusses the results of the suggested design, including return loss, VSWR, radiation pattern, SAR, and
efficiency. The antenna under consideration exhibits resonance at frequencies of 2.4 GHz, 3.7 GHz, and 5.7 GHz, with corresponding
impedance bandwidths of 779 MHz, 400 MHz, and 600 MHz. This configuration effectively covers the 5G NR bands n41 (2496-2690

MHz), n78 (3300-3800 MHz), and WLAN applications. Figure 3 compares the simulated antenna in CST and HFSS. The impedance
bandwidth threshold is lower than -10 dB.

Return Loss (dB)

-30

Frequency (GHz)

Fig. 3. The proposed tri-band PIFA return loss behavior versus frequency.

Figure 4 illustrates the impedance matching of the suggested antenna, as indicated by the VSWR at the resonance frequencies. In general,
the antenna VSWR is 2:1, indicating that the transmitter directs the energy towards the antenna. The comparison ratio reveals an optimal
match of less than two, while the frequency of 5.7 GHz yields approximate results.

VSWR
[
2

Frequency (GHz)

Fig. 4. VSWR as a function of frequency.

The proposed antenna radiates omnidirectionally at its resonant frequencies. Figure 5 presents a 3D radiation pattern exhibiting realized
gains of 2.7 dB, 3.5 dB, and 4.4 dB, respectively. The gain increases with frequency. The reduced antenna size and the use of FR4 material
decrease the antenna's gain. However, using different semiconductor materials can further affect the outputs [19].
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Fig. 5. Realized gain in the 3D radiation pattern of the suggested tri-band PIFA.

As illustrated in Figure 6, the proposed antenna highlights the key parameters and their relationship, with the antenna efficiency
measured by the following formula:

n==2 @

The suggested PIFA demonstrates a high efficiency of 98% at frequencies 2.4 GHz and 3.7 GHz, while at 5.7 GHz, the efficiency reaches
96%.

Parameters vs Frequency
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Fig. 6. Antenna parameters at operating frequencies.

This type of antenna is known for its low SAR on human tissues, lower head loss [20], and compact size. In Europe, the SAR limit for the
head is 2 W/kg, averaged over a volume of 10 grams of tissues [21]. Figure 7 shows that the SAR calculations indicate that the proposed
antenna has an acceptable and low effect on human head tissues. The simulated results are 0.77, 0.99, and 0.84 W/kg at resonance
frequencies, when a distance of 2 mm from the head is considered.

W/kg
0.848

SAR (f=2.4) [1] (100) @
Frequency 24GHz
Maximum (Solver] 0725509 W/kg
Minimum (Solver) 0 W/kg

SAR (f=3.7) [1] (10g) o
Frequency 37GHz
Maximum (Selver] 0995528 W/kg
Minimum (Solver) 0 Wkg

SAR (f=5.7) [1] (10g) @
Frequency 576Hz
Maximum (Solver) 0848443 Wkg
Minimum (Solver) 0 W/kg

(a) (b) (©
Fig. 7. Proposed PIFA SAR on human head tissues.

The CST simulation software has been utilized to design and showcase the proposed antenna's results, while the HFSS simulation software
has been employed to validate these outcomes. The proposed antenna is promising in 5G networks for mobile handsets due to its compact
design and the results obtained in comparison to earlier research. Table 2 presents a comparison of the proposed design's results with results
from prior studies. The proposed antenna demonstrates high efficiency, functions at three resonance frequencies, offers a broad bandwidth,
and maintains a compact design.
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TABLE 2. Proposed PIFA evaluation with earlier investigations.

Ref. Dimensions Operating Bands Bandwidth Gain Efficiency
(mm) (GHz) (GHz) (dBi) (%)
[7] 20x16 % 1.6 245 2.38-2.51 2 86
3.5 3.44-3.84 2.1 86
5.8 5.53-7.23 25 86
[22] 110 x 110 x 23 2.59 2.51-2.68 7.6 82
3.5 2.51-2.68 8.5 81
49 4.73-5 12.1 89
[23] 38 x40 x 1.9 1.32 1.28-1.38 2.5 96
3.12 3.05-3.17 4.5 90
5.2 4.93-5.44 6 95
[24] 15 %20 245 235-2.5 1.84 75
3.5 3.3-3.55 2.13 75
5.8 5.18-7.63 2.72 75
[25] 60 x50 x 1.6 1.8 1.4-2 2.34 73
3.5 3438 5.2 68
5.4 5.2-5.6 1.42 59
This 39 x20 % 3.8 24 225-3.02 2.7 98
Work 3.7 3.6-4 3.56 98
5.7 55-6.1 4.44 96

4. Conclusion

This study presents a compact tri-band PIFA suitable for sub-6 GHz 5G mobile handsets. The proposed design achieves a small form
factor through the use of a shorting plate while maintaining high radiation efficiency. Furthermore, the incorporation of a DGS enables an
omnidirectional radiation pattern and tri-resonant operation. The antenna effectively covers the essential 5G NR, LTE, and WLAN bands.
When measured by the bandwidth of the impedance, it operates at different frequencies for the given ranges, with different gains as well.
Simulations performed with both CST and HFSS show good agreement in performance, with only minor discrepancies in the VSWR at
the 5.7 GHz band. The antenna also demonstrates compliance with safety standards for portable devices through its low SAR values. In
comparison to existing designs, this antenna offers a compelling combination of enhanced bandwidth, high efficiency, and a compact
footprint. These attributes position it as a highly suitable candidate for integration into future SG mobile handsets. The future work will
address the use of FR-4 and Rogers materials for their cost and efficiency benefits in the proposed antenna, including model fabrication
and comparison of measurement results with simulations.
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Article history: This paper presents a structured hybrid control framework for mobile robot navigation and path tracking in uncertain
and dynamic environments. The proposed architecture integrates a fuzzy logic controller as the primary decision-
Received making layer with a multilayer perception (MLP) neural network used for nonlinear compensation. The fuzzy module
02 January 2026 processes real-time sensory inputs from front, left, and right distance measurements and generates the initial steering
command using a Mamdani inference system. To enhance tracking accuracy and robustness, the neural network is
Accepted trained in a supervised manner using the mean squared error (MSE) loss function to learn adaptive correction signals.
26 January 2026 The final steering command is obtained by combining the fuzzy output with the neural compensation term, forming a
hybrid control strategy that preserves interpretability while improving adaptability. The system is implemented in a
Published in Journal simulation environment and evaluated under obstacle-rich scenarios. Quantitative performance metrics, including
31 January 2026 MSE and root mean square error (RMSE), are used to assess tracking accuracy. Experimental results demonstrate

improved trajectory precision, reduced tracking error, and enhanced stability compared to standalone fuzzy and neural
approaches. The proposed framework maintains clear functional separation between decision-making and compensa-
tion layers, improving modularity, transparency, and reproducibility. The results confirm that the integration of fuzzy
reasoning with neural compensation provides an effective and computationally efficient solution for autonomous mo-
bile robot navigation in nonlinear and uncertain environments.
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1. Introduction

Intelligent robots are designed to perform autonomous tasks without direct human intervention. Remote control systems enable human—
robot interaction without physical presence, offering flexibility in hazardous or inaccessible environments. Efficient navigation algorithms
that allow coordinated movement and collision avoidance are key challenges in autonomous robotics [1, 2].

Artificial neural networks (ANNS) replicate human brain learning and decision-making processes. Composed of interconnected neu-
rons, neural networks can retain sensory information and learn via repetition [3, 4]. Neural networks also foster interdisciplinary collabo-
ration across computer science, engineering, and neuroscience, accelerating advancements in practical applications [2, 5].

Robotic systems face challenges in dynamics and inverse dynamics, requiring advanced software to handle complex nonlinear equations
[6]. Increased paths and obstacles heighten complexity, leading to trajectory deviations due to environmental uncertainties. Adaptive con-
trol techniques, particularly computed torque methods, help mitigate these effects but face limitations in nonlinear and rapidly changing
conditions [7, 8]. Linking Python and MATLAB applications is essential to optimize simulation outcomes. Ordered neural network models
support efficient, collision-free path planning while accommodating variable obstacle shapes [9, 10].

There is no meaningful correlation between the Vector Field Histogram (VFH) method and ultrasonic sensor-based path detection in mobile
robots [11, 12]. This lack of relationship poses challenges for autonomous navigation, particularly in hazardous industrial or military
applications. The primary objective of this research is to develop a robotic simulator leveraging neural networks to improve tracking
performance of manipulators with unknown dynamics [5, 7]. The system integrates VFH and complementary algorithms to generate ap-
propriate torque signals for precise trajectory following [2, 6].

The study is structured to progress logically from introduction to methodology, simulation, results, discussion, and conclusion, ensur-
ing clarity and coherence in presenting contributions to autonomous robotics [9, 13].

2. Literature Review

Neural networks are widely used to model nonlinear robotic systems by processing inputs through weighted connections, biases, and
activation functions [3, 4], with applications including inverse kinematics, dynamic control, and trajectory optimization [6, 7]. Hybrid
neuro-fuzzy approaches further improve system adaptability under uncertainty and environmental variation [14, 15], while robots also
employ computer vision and neural networks to construct internal representations of their environments for obstacle avoidance and path
planning [9, 10]. In social and collaborative contexts, Al systems recognize human behaviors and intentions, enhancing operational safety
and compliance [2, 5]. Motion planning defines sequences of movements that allow robots to reach target positions while avoiding obstacles
[2, 13], utilizing common algorithmic categories such as path-based algorithms like A* and Dijkstra [1] and behavior-based models that
predict motion using dynamic constraints [6]. Key challenges include large data volume, dynamic environments, and real-time execution
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requirements [9, 10], though these algorithms are applied extensively in industrial robotics, autonomous vehicles, and gaming systems [11,
12].

The Vector Field Histogram (VFH) method enables real-time obstacle avoidance by representing obstacle density in polar histograms
[11, 12], while Radial Basis Function Networks (RBFNs) enhance prediction and classification tasks due to their fast learning and approx-
imation capabilities [3, 5]. Embedded robotic systems rely on neural networks to process internal sensors (e.g., encoders) and external
sensors (ultrasonic, infrared, laser) for localization and navigation [7, 9], often using multilayer neural networks to compensate for sensor
noise and cumulative errors to improve environmental map accuracy [3, 5]. Recent studies demonstrate that hybrid approaches combining
neural networks, fuzzy logic, and visual servoing (IBVS/PBVS) significantly improve real-time path tracking and collision avoidance [14,
15]. Finally, experimental evaluations confirm enhanced trajectory accuracy and robustness in dynamic environments [16].

3. Practical Application

In this section, the simulation process was applied practically by connecting the neural network to the artificial intelligence camera to
recognize the movement of the robot along the specified paths, as shown in Figure 1.
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Fig. 1. Determining the path and direction of the robot using the camera.

Figure 1 shows the process of determining the direction and touch of the robot through a camera connected via a Wi-Fi network to the
robot, where the data is sent through the pre-implemented simulation system, which determines the correct path to reach the goal [19]. In
this study, various methods of route planning and obstacle avoidance of mobile robots are studied. Using these algorithms, a possible path
is determined between the starting points and the target in such a way that no collision occurs between the robot and the obstacles, as shown
in Figure 2.
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Fig. 2. The mechanism of the robot's movement and how it collides with obstacles during training.

Also, the study that was conducted in the proposed message is considered the best and most important in terms of simulation and design,
through which the movement process is carried out in a simulated manner of a real robot movement in terms of design and the proposed
environment, as shown in the following figure of the proposed results. Figure 3 demonstrates the mechanism followed by the distance
sensor placed in the robot, which can determine whether there is an obstacle or not.
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Fig. 3. Operational mechanism of the robot's distance sensor for obstacle detection and environment mapping.

The robot's movement from the starting point to the target point, comparing the time it takes to reach the target, is shown in Table 1.

The first column shows the time it takes for the system to move without activating the neural network training, while the second column
indicates the time the robot takes to reach the target. Here, it demonstrates the use of the neural network with the system for training the
robot to reach the target in the shortest possible time.

TABLE 1. Comparative analysis of execution times required to reach the target position.

cases Time with Training ms Time Outside of Training ms
case01 5.12 3.70
case(2 10.45 7.33
case03 11.87 12.17
case(4 47.33 60.77
case05 31.44 20.34
case06 17.85 8.96
case(7 16.74 12.57
case08 6.22 6.82
case09 5.80 3.69

The kinematic model of the mobile robot is described using discrete-time equations that define the evolution of the robot’s position
and orientation as follows:

x(t+ 1) = x(t) + cos[@(t) + 8(t)] + sin[0(t)] sin[D(t)] (1)

y(t+1) =y(@) + sin[0(t) + 0(t)] — sin[6(t)] cos[D(t)] )

ot +1) =0(t) —arc sin[@] 3)

where x(t) and y(t) represent the Cartesian position of the robot, ¢(t) denotes its orientation, 8(t) is the steering control input, and b
represents the distance between the robot wheels. These equations capture the nonlinear behavior of the mobile robot system. As a result,
conventional control techniques exhibit limited performance in dynamic and uncertain environments, motivating the use of intelligent
control strategies such as neural networks and fuzzy logic controllers [20- 22].

4. Implementation and Results
4.1. Role of the Neural Network Controller

The neural network controller is employed to approximate system nonlinearities and uncertainties present in the kinematic and dynamic
models. The neural network estimates:

e  External disturbances acting on the system

e Unmodeled dynamics

e Unknown or time-varying system parameters
The output of the neural network is then used to compensate for these nonlinearities within the control law, thereby improving trajectory
tracking accuracy and system robustness [23].
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4.2. Role of the Fuzzy Logic Controller
The fuzzy logic controller (FLC) relies on linguistic rules to handle uncertainty in sensor measurements, particularly in environments
with dynamic obstacles. Typical fuzzy rules are defined as:
IF distance is Near AND angle is Large
THEN steering angle is High

This rule-based approach enables flexible decision-making without requiring an exact mathematical model of the environment. The
fuzzy controller generates the steering angle 0 (t)\theta(t)d(t) required for obstacle avoidance while maintaining motion stability [22].

4.3. Hybrid Neural-Fuzzy Controller

The neural network and fuzzy logic controller are integrated within a hybrid control framework defined as:

O(Of (x) = E e 4 3L 0j0j(X) + ¢ @

e The fuzzy logic controller generates the primary steering decision based on environmental perception.
e The neural network compensates for nonlinearities and enhances dynamic performance.

The resulting steering command 0(t)\theta(t)0(t) is directly applied to the robot’s kinematic model to update its position and orientation,
achieving:

e Accurate trajectory tracking

e  Effective obstacle avoidance

e  Real-time adaptive response

This hybrid neural-fuzzy approach significantly improves navigation performance in complex and uncertain environments [20- 22].

4.4. Robot Movement Path

The robot movement path is defined using a map file stored in .txt format, which must be placed in the designated Data folder associated
with the project files. This file-based structure enables the system to interpret various spatial dimensions and environmental constraints, as
illustrated in the plotted robot trajectory diagram. The path is generated after completing the design and programming phases and is exe-
cuted while the system is running in simulation mode. Once the input path file is selected, the simulation environment is updated immedi-
ately to reflect the new trajectory. All readable .txt files are stored in the Data directory located within the same folder as the executable
program, ensuring efficient file access and consistency during runtime. This approach is widely adopted in robotic simulation frameworks
due to its simplicity, flexibility, and compatibility with offline path planning methods [23, 24].

To handle uncertainty and imprecision in environmental representation, fuzzy set—based methods are applied. Specifically, techniques
for computing fuzzy inclusion, fuzzy intersection, and fuzzy combination are employed to evaluate the robot’s position relative to obstacles
and path boundaries. These fuzzy operations enable robust decision-making under sensor noise and incomplete environmental information,
improving navigation reliability in complex and dynamic environments [25, 26]. Figure 4 demonstrates the system structure when design-
ing.

(18, 40) 0,0,90 #x, v, degree (the initial position coordinate and direction angle of the robot
(30, 37) 18,40 #x, y (the top-left coordinate of the ending area)
30,37 #x, vy (the bottom-right coordinate of the ending area)
(-6,22) (18,22) -6,0  # the first point of the wall in map
-6,22
18,22
(6,10) (30,10) 18,50
30,50
€6,00 | s 30,10
WV (6,0) 6,10
(0,0) 60

-6,0 # thelast point of the wall in map

Fig. 4. System structure when designing.

Figures 5, 6, 7, 8, and 9 illustrate the robot’s environment, showing its initial path setup and navigation failures prior to implementing
the proposed algorithm.
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Fig. 5. The structure of the robot's path before moving and training appeared..
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Fig. 6. The result of failure before implementing the desired algorithm result.

-10 0 10 20 30 a0

Fig. 7. The result of failure before executing the result of the desired algorithm 2.
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Fig. 8. The result of failure before executing the result of the desired algorithm 3.
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Fig. 9. The result of failure before executing the result of the desired algorithm 4.
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4.5. Fuzzy Value

Fuzzy values originate from fuzzy set theory introduced by L. A. Zadeh and are used to represent uncertainty and ambiguity in data

[27, 28]. Unlike classical binary logic, fuzzy logic allows elements to belong to a set with varying degrees of membership between 0 and
1. For example, a person with a height of 170 cm may belong to the set fall with a membership value of 0.7 and to the set short with a
value of 0.3.
Fuzzy values are widely applied in artificial intelligence, control systems, and decision-making, where they enable flexible reasoning and
human-like interpretation of imprecise information. This approach enhances model accuracy and decision robustness in environments
characterized by uncertainty [26, 27]. Figure 10 illustrates a robot navigation system that uses fuzzy logic controller to calculate a steering
angle a by processing the angle 0 toward a target and the repulsive force generated by a nearby obstacle.

YJ\

Obstacle Target

le’ -7 Frep —

ol 4
|19][011uoo o1301 Azzny |

Fig. 10. Schematic of a fuzzy logic controller calculating steering angle o from target-tracking and obstacle-avoidance forces.

The following output is generated by a Python-based machine learning algorithm that is designed to optimize the robot navigation con-
troller shown in your diagram.

Training start

Training complete

Best parameters:

theta: [-0.01315845]

means: [30.610657 21.09245913 17.21238213 10.75470524 33.73703398 32.44443506
10.58453168 23.18600461 10.7037302 36.14803276 25.84163583 23.14960372]
weight: [-0.50514279 -0.15295307 1.06938944 -1.4688426 ]

SD: [4.71516805 4.95161578 4.66159846 4.37114028]

Error rate: 11.544226545111352

Training start

Training complete

Best parameters:

theta: [-0.03600505]

means: [18.49620182 37.55144581 31.71226107 10.97749001 21.78374002 28.20498068
17.32776633 31.40822308 8.86415586 17.17385645 5.85711146 33.42838887]
weight: [-0.59521957 -0.32420868 0.8486033 0.41544254]

SD: [1.53505651 1.5643313 2.79424867 2.86379059]

Error rate: 12.398679297418267

4.6. Calculation Methods and Goal Variables

The calculation methods related to the fuzzy system are only convenient and easy to implement, so the minimum value for the fuzzy
intersection, the maximum value for the fuzzy union, and the field implication for the ambiguous inclusion are determined, so that the
process can be reduced as in the textbook, and the method for removing the puzzle is not difficult and easy in terms of difference, The
effect is good or bad before you know it, so I chose to use the separate center of gravity method to implement it. The goal variables are:

If the distance in front of the car is small, and the difference between the distance to the left and the right is small, this means that the
car is about to collide with the wall. In this case, the steering wheel should be turned to the right to avoid the collision, so it is
preferable to set it to a large angle first.

If the front distance is small, and the difference between the left and the right side is close to the average, the car may approach the
wall. Here, the steering wheel can be turned either to the right or to the left, so it is preferable to start adjusting it to a large angle.

If the distance in front of you is small, and the difference between the left and the right is large, this indicates that the car is about to
collide with the wall, with a larger space on the left side compared to the right side. Therefore, the steering wheel should be turned
to the left to avoid the collision as much as possible, so it is preferable to set the angle to small first.

If the distance in front of you is medium, and the distance to the left is less than the right, this means that the front distance is medium
and the left side is closer than the right side. Therefore, the steering wheel should be turned to the right to avoid colliding with the
wall, so it is preferable to set the angle to large first.
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4.7. Parameter part

Figure 11 shows the final results of the proposed system, through which the optimal solution for the input data was reached through
several theories and hypotheses that were solved when improving the optimal solution for the input.

mean of small 8D of small mean of medi.. SDofmedium meanoflarge  SDoflarge
Front dist. 300 S110000 71200 < {5000 2] 2000 515000 -~
L-R dist. -8.00 E 5000 g 0.00 E 5.000 g 6.00 E 3.000 E
Result -10.00 E 20.000 ﬂ 0.00 E 21.000 __:,—l 13.00 E 18000 E:-
[Fontdit smal sl e PRSI RS -, e mlagc orge ]
LRdist small medm  large srall mediur lorge small madium large
[Resul g '||uge - ‘mnll 'ghrge ;mecﬂln -‘mll '||uge * e '|m|n1| ]

Fig. 11. Parameter configuration for fuzzy membership functions and decision rules.

The robot uses a fuzzy logic controller to navigate different paths based on sensor data. In case01, the robot follows a simple L-shaped
corridor by staying centered between walls. Case02 shows it making a tight U-turn in a narrow space without hitting obstacles. Case 6
demonstrates decision-making where the robot chooses to turn either left or right at a junction depending on the specific fuzzy rules and
parameters set in the system, as shown in Figure 12.
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Fig. 12. Robot navigation performance across different scenarios.

The distances to the left and right are equal as you approach the wall. At this point, regardless of whether you choose to turn left or
right, the decision correlates with adjusting the opposite direction when the left-right (LR) blur variable is averaged, indicating that the left
and right distances are equidistant. Figure 13 shows two examples illustrating the turning behavior.

Fig. 13. The robot moves according to the specified path as it is in the simulation-1.
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5. Conclusion

This study introduced a structured hybrid fuzzy—neural control framework for mobile robot navigation in uncertain environments. The
proposed architecture separates decision-making and nonlinear compensation into distinct layers, enhancing interpretability, modularity,
and system transparency. The fuzzy controller provides the primary steering decision, while the neural network compensates for nonlinear
dynamics and modeling uncertainties. The system was implemented and evaluated in a simulation environment using quantitative perfor-
mance metrics. Experimental results demonstrate improved trajectory tracking accuracy, reduced error, and enhanced stability compared
to standalone fuzzy and neural approaches. The proposed framework maintains computational efficiency and is suitable for real-time
robotic applications. Overall, the results confirm that integrating fuzzy reasoning with neural compensation significantly enhances naviga-
tion performance without increasing system complexity. The approach is scalable and applicable to autonomous mobile robots operating
in dynamic and uncertain environments.
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