
54                                                                      NIGERIAN JOURNAL OF TECHNOLOGICAL DEVELOPMENT, VOL. 22, NO.4, SEPTEMBER 2025 
 

Corresponding author: mahdiabubakar89@yahoo.com                                                                                     doi: http://doi.org/10.63746/njtd.v22i4.3698  

ABSTRACT This study examines how to improve Radar Cross-Section (RCS) performance in small Ultra-Wideband 
(UWB) vehicle radars by using visual analysis methods to enhance radar effectiveness in automotive applications. The 
research uses MATLAB simulations to test and refine important factors like beam angle, operating frequency, and 
antenna gain, taking advantage of UWB technology's ability to detect objects with high precision. The study examines 
four different driving situations through 1,000 simulation runs each: detecting a single object ahead, detecting multiple 
objects in front, spotting objects at the roadside, and identifying vehicles during overtaking movements. The results 
show that carefully adjusted beam angles greatly improve detection accuracy, reaching 98.7% accuracy when detecting 
single objects directly ahead using 30°–60° beam width, 94.2% for multiple objects using beam widths of 90° or 
greater, and 87.5% for objects to the side using 90°–120° beam angles. Moving objects are easier to detect, with signal-
to-noise ratios dropping from 90 dB to 18 dB over distances of 1-150 m, while stationary objects show weaker 
performance with ratios falling from 32 dB to 10 dB over just 21-80 m. The radar can detect objects up to 1 kilometer 
away under the best conditions, with average signal quality ranging from 24.1 dB when looking straight ahead to 18.9 
dB when scanning to the sides. Visual mapping through color-coded displays helps identify areas where radar signals 
reflect poorly, allowing the system to adjust beam direction in real-time and improve overall radar design. The study 
shows that combining mathematical optimization techniques with visual feedback methods improves radar 
performance, achieving up to 91.8% detection success rates even in challenging situations were objects approach from 
multiple directions. 
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I. INTRODUCTION 

Radar Cross-Section (RCS) is a critical measure that 
quantifies how detectable an object is by radar. It is not merely 
a physical dimension but a complex electromagnetic property 
that describes an object's scattering characteristics when 
exposed to incident electromagnetic fields. More precisely, 
RCS represents the hypothetical area required to intercept the 
transmitted power density at the target such that if the total 
intercepted power were re-radiated isotopically, the power 
density actually observed at the receiver would be produced. 
This conceptualization of RCS as a "hypothetical area" 
underscores that it is a normalized performance metric, 
abstracting the intricate scattering behaviour of an object into 
a single, comparable value (Zhang et al., 2025). 
The growing demand for vehicular safety systems has spurred 
research into advanced radar technologies. Ultra-Wideband 

(UWB) radar, with its superior resolution and penetration 
capabilities, is increasingly used for obstacle detection. Ultra-
Wideband (UWB) radar is a radio technology that 
distinguishes itself through its use of very low energy levels 
for short-range, high-bandwidth communications across a 
substantial portion of the radio spectrum. This technology 
capitalizes on extremely wide bandwidths, often 500 MHz or 
more, and transmits very short pulses, typically around 2 
nanoseconds, to achieve highly precise detection of objects and 
people (Cheraghinia et al., 2024). 

To date, commercial radar systems used in vehicles to 
detect static objects on the road are still not available. Many 
commercial radar systems in vehicles uses ultrasonic 
technology. Modern radar systems are designed primarily for 
short-range object detection rather than long-distance tracking. 
A common example is the parking sensor, which functions as 
a radar to detect nearby objects around or behind a vehicle. A 
typical radar system can only detect objects up to 1 maway 
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(Zhou et al., 2020). This type of radar is not suitable for 
detecting objects more than 100 maway. The reason for 
needing to detect distant obstacles is to avoid hitting objects 
while driving at night. In the current situation, where no radar 
is installed in the vehicle, the driver is forced to use a spotlight 
to illuminate the road at a distance. Drivers typically rely on 
high-beam headlights, which may contribute to glare for 
oncoming traffic. Therefore, if there is a night vision radar, 
obstacles on the road can be seen. According to research on 
accidents occurring at night conducted by Song et al., (2021) 
85% of nighttime accidents are due to obstacles that appear on 
the road. These obstacles cannot be seen from a distance. They 
can only be seen at a close distance if the driver uses low light.  

This study aims to model and simulate a UWB radar 
system with a focus on Radar Cross-Section (RCS) 
optimization and its visualization using animation-based 
methods. The system is tailored for vehicular applications to 
detect obstacles at varying distances and orientations. 
MATLAB serves as the simulation platform, providing 
insights into design parameters crucial for RCS performance. 

II. LITERATURE REVIEW 
Ultra-Wideband (UWB) radar has emerged as a promising 

technology in vehicular sensing due to its high resolution, low 
power consumption, and strong penetration capabilities under 
various weather conditions (Mishra et al., 2013). As modern 
transportation systems evolve toward autonomous and 
advanced driver-assistance systems (ADAS), the ability to 
detect, classify, and track objects reliably and in real-time 
becomes paramount (Zhang et al., 2023; Li et al., 2021; Lee et 
al., 2022). While current commercial radar solutions primarily 
based on Frequency Modulated Continuous Wave (FMCW) 
and millimetre-wave technologies perform well in short-range 
scenarios, their limitations in long-range detection and real-
time adaptability to dynamic environments motivate ongoing 
research into UWB radar technologies. 

Several studies have examined radar wave propagation 
and electromagnetic field behaviour to build foundational 
understanding (Bakare, Ajaegbu & Idigo, 2022; Waldschmidt, 
Hasch & Menzel, 2021; Pauli et al., 2017). Radar waves, 
comprising electric and magnetic components, are commonly 
represented through rays and wavefront models to facilitate 
modelling and simulation in free space (Hannay & Nye, 2015). 
These foundational models underpin simulation-based radar 
system designs and help in understanding isotropic radiation, 
power density, and field interactions (Guo et al., 2023; 
Zatsepin, Ulanov & Rykshin, 2013). Contemporary research in 
UWB radar systems for vehicles typically focuses on short-
range object detection (Liu et al., 2022; Hu et al., 2017), with 
particular emphasis on integrating UWB with other modalities 
such as cameras for image-based classification (Rezaei & 
Mohammadpour-Aghdam, 2020). Several modelling 
approaches leverage MATLAB and Simulink for simulating 
radar beamwidth, pulse reflection, and noise interference under 
diverse vehicular conditions (Lee et al., 2022; Zhang et al., 
2023).  

Although radar technologies have progressed 
substantially, many existing automotive systems remain 
constrained to short-range detection (typically under 200 

meters), which diminishes their effectiveness at highway 
speeds or for early collision avoidance. This limitation is 
particularly problematic for applications requiring longer 
preview distances. Short-to-mid-range detection systems 
dominate commercial radar solutions, underscoring the 
pressing need for models capable of extended range without 
compromising resolution Kamal (2023). 

Radar cross-section (RCS) modelling plays a crucial 
role in optimizing radar system performance across varied 
environments. However, real-time visualization and adaptive 
optimization are often lacking in simulation tools and vehicular 
systems. Current electromagnetic solvers, while effective for 
static modelling, fall short in offering real-time feedback for 
dynamic scenes or adaptive beam design capabilities essential 
for intelligent vehicular applications in dense traffic conditions 
Lindgren (2021). In NagaJyothi et al. (2019), a static UWB 
radar systems that promise rich spatiotemporal detail, was 
proposes. However, their simulation environments are devoid 
of dynamic animation features such as moving object 
trajectories and beam steering. Their model lacks real-time 
movement capabilities limiting insights into practical vehicular 
integration. Gao, Roy, and Zhang (2023) model simulate a 
radar system using static conditions, such as stationary test 
beds with limited speed trap analogs. However, such models 
inadequately represent the dynamic and multi-angle 
interactions found in forward-looking or surround-view 
vehicular applications. This proposed filtering method lacks 
realistic, motion-aware testing. 

In summary, the research gaps identified include 
Issues with object detection distance, reliance on image 
processing methods, which means that cameras must be used 
in conjunction with the UWB transceiver. Additionally, 
previous research has covered UWB parameters such as 
amplitudes, waveforms, and signal strength, but has not 
explored how UWB can be applied in vehicles, including 
aspects like the radar’s sweep angles and its effectiveness in 
detecting objects at night on the road. Furthermore, the use of 
miniature or mini-sized radar systems has not been extensively 
explored in past studies. Given the increased demand for 
intelligent radar systems capable of functioning effectively 
across a variety of real-world driving conditions including 
high-speed detection, object approach from multiple angles, 
and operations in low visibility, there is a critical need to 
develop compact, high-performance, and visually verifiable 
UWB radar systems. This research addresses that need by 
offering a technically grounded, simulation-backed design that 
advances both modelling methodology and practical 
implementation. 
 

III. METHODOLOGY 
This study employs rigorous modeling and simulation 

of a compact UWB radar system for vehicles, with a focus on 
antenna configuration, frequency selection, pulse generation, 
and RCS optimization through animation-based visualization. 
Real-time visualization techniques were employed to 
showcase RCS variations, enabling enhanced optimization of 
detection performance. Simulations were conducted to 
evaluate radar performance across varying conditions, 
including obstacle distance, angles, and environmental noise. 
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The initial phase involves developing an equivalent 
radar system model to integrate the UWB concept. This model 
forms the basis for embedding UWB technology into radar 
system design. Once the radar system model has been 
designed, the UWB system is subsequently modelled and 
integrated to create a comprehensive UWB radar system for 
object detection. The concluding phase involves conducting 
simulations, optimization using Gradient Descent Technique, 
evaluating the outcomes and producing animations. These 
animations visually represent the placement and detection of 
objects by the radar, facilitating the design process and 
validating the model as shown in the research framework in 
Figure 2. 
 

 

Figure 1 Research Framework 

A. Modelling of Animated Vehicles and Actions of the On Road 
Radar  

This research models a vehicle equipped with UWB 
and animates its operation on the road to detect objects. The 
proposed design of the model includes single object detection 
toward the UWB unit, multiple object detection on the road, 
detection of objects approaching from behind the vehicle, and 
static object detection. All of these models are depicted 
graphically, as shown in Figure 1. 

 

Figure 2(a-d): Different scenarios for UWB radar detections

As illustrated in Figure 2(a-d), the study considers four 
distinct scenarios: 

i. Scenario (a): A single object moves directly 
towards the black object (the UWB radar unit). The 
beam angle is initially set at 30° and gradually 
increased in 30° increments to analyse the reflected 
radar signals. Figure 2a validates beamwidth vs. 
detection accuracy trade-off (H₀). 

ii. Scenario (b): Two objects appear on the road, both 
within the radar’s coverage area. Figure 2b tests 
spatial resolution limits (H₁) 

iii. Scenario (c): A stationary object, such as a 
roadside signboard or a parked vehicle, is 
positioned on the roadside. Figure 2c quantifies off-
boresight detection (H₂). 

iv. Scenario (d): A single object moves from behind 
and overtakes the UWB radar unit. Figure 2d 
demonstrates rear-blind-spot mitigation (H₃). 

Based on these scenarios, hypotheses were proposed 
regarding the performance of the UWB radar system. These 
hypotheses aim to evaluate and validate the radar's 
capabilities under varying conditions. 

i. H0: The 30 of beam angle can clearly detect the vehicle 
on the road. The error signals  

       are minimum.  

ii. H1: The multiple objects on the road still can be 
identified by the UWB radar as long as the objects is 
within the coverage of radar signal.  

Iii. H2: The roadside object only can be detected if it is within 
the UWB radar coverage.  

iii. H3: The object from behind the UWB radar unit cannot 
be detected but when it moves in front of the UWB radar 
unit, it then can be detected by the UWB radar.  
The Mathematical models of the proposed model and 

Radar Specifications are described as shown in Equations 1, 
2, 3 and 4.  

1. Radar Range Equation: 

𝑅௠௔௫ = ට
௉೟ீమఒమఙ

(ସగ)య௞ బ்஻ிௌேோ೘೔೙
                              (1) 

2. RCS Optimization Model: 

𝜎௢௣௧ = arg min ||𝑬ୱ୧୫(𝜃, 𝑓) −  𝑬୰ୣ୤|| 2            (2) 
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The optimization was achieved using the gradient descent 
technique.  

Step 1: Define Cost Function 

A typical cost function J(x) to minimize could be the mean 
squared error (MSE) between simulated RCS 𝝈sim  (𝑥) 

and reference RCS 𝜎ref: 
 

𝐽(𝑥) =  
ଵ

ே
∑ (𝜎௦௜௠(𝑥𝑖) − 𝜎ref,i))

2ே
ூୀଵ   (3) 

 
where x contains parameters like beam angle, frequency 

etc. 
 
 
 

Step 2: Gradient Descent Update Rule 
Iteratively update parameters. Table 1 shows the 
parameters of the model 
   𝑋௞ାଵ = 𝑋௞ − 𝛼∇𝑗(𝑘௫)  (4) 

 
where α is the learning rate. 
∇J(Xk) is the gradient of the cost function with respect to 
parameters at iteration k. 

Optimized via gradient descent to minimize error 
between simulated (Esim) and reference (Eref) 
electromagnetic fields. Visual RCS hotspots guide 
parameter tuning (beam steering toward high-σ regions). 
 

3. SNR Formulation: 

𝑆𝑁𝑅 =  
௉೟ீమఒమఙ

(ସగ)య௞ బ்஻ிௌேோ೘೔೙
               (5) 

 
Table 1 Radar System Model Parameters 

Symbol/Parameter Definition Unit / Example Value 
Pt Transmit power (output power of radar transmitter) dBm or Watts (20 dBm) 
G Antenna gain (ratio of power radiated in a particular direction to that of 

an isotropic antenna) 
dBi (15 dBi) 

λ (lambda) Wavelength of the radar signal meters (m) 
σ (sigma) Radar Cross Section (RCS) of the target (measure of detectability) square meters (m²) 
R Range or distance between radar and target meters (m) 
k Boltzmann constant (physical constant relating temperature to energy) 1.38 × 10⁻²³ J/K 
T₀ Standard noise temperature Kelvin (K), typically 290 

K 
B Bandwidth of the radar signal Hz (1 GHz) 
F Noise figure (measure of degradation of SNR by system components) dB (8 dB) 
SNR Signal-to-noise ratio dimensionless (often dB) 
θ (theta) Beam angle (main lobe direction of antenna) degrees (°), 30°–120° 
f Frequency of the radar signal Hz (77–81 GHz) 
Pulse Duration Duration of the transmitted radar pulse seconds (s),  2 ns 
E_sim(θ,f) Simulated electromagnetic field at a given beam angle and frequency V/m (volts per meter) 
E_ref Reference electromagnetic field (ground truth or benchmark) V/m 
σ_opt Optimized radar cross section (value after optimization) m² 
Pd Probability of detection dimensionless (0–1) 
P_FA Probability of false alarm dimensionless (≤ 10⁻⁶) 
Reflection 
Coefficient (Γ) 

Ratio of reflected signal amplitude to incident amplitude dimensionless (0–1) 

R₁, R₂ Path lengths for reflected signals (Tx to reflector, reflector to Rx) meters (m) 
Δt Time delay between direct and reflected signals seconds (s) 
Target Position Coordinates of object(s) being detected meters (x, y, z) 
Animation Frame 
Rate 

Rate at which animation is updated frames per second (fps), 
30 

Monte Carlo 
Iterations 

Number of repeated simulations for statistical analysis integer (1000) 

Scenario Parameters Variables defining simulation scenarios (e.g., number of objects, 
positions, velocities) 

varies 

Swerling Case Statistical model for target RCS fluctuation Case I (constant RCS). 
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B. Simulation Workflow and Animation Implementation 
1. System Modelling: 

i. Radar Architecture: Developed in 
Simulink® with phased array antenna 
model, UWB pulse generator, and 
matched filter receiver. 

ii. Signal Flow: Transmit → target reflection 
→ receive → signal processing → 
detection logic. 

2. Animation Implementation: 
i. Tools: MATLAB® Animation Toolbox 

and Simulink 3D Animation™. 
ii. Process: 

a. RCS Data 
Generation: Export σ values 
from EM simulations (CST 
Studio Suite®). 

b. Dynamic Rendering: Map σ to 
color gradients (blue: low RCS; 
red: high RCS). 

c. Real-time Update: Refresh 
visualization at 30 fps 
synchronized with beam 
steering. 

iii. Computational Steps (pseudocode): 
a. Start 
b.  while simulation_running: 
c.  update_beam_angle(θ) 
d. calculate_RCS(target_position) 
e. render_animation (σ, θ, 

target_position) 
f. end 

The simulation was conducted under several key 
assumptions to ensure consistency and focus on radar system 
performance. The environment was modeled as free-space 
propagation with no multipath effects, providing a clear line-
of-sight scenario. Targets were assumed to follow the 
Swerling Case I model, representing a constant Radar Cross 
Section (RCS) for each object. Hardware components, such 
as phase shifters, were considered ideal, with no mutual 
coupling between antenna elements. To validate the 
robustness of the simulation results, each detection scenario 
was subjected to 1,000 iterations. 

IV. RESULTS AND DISCUSSION 

This section presents the simulation results, of the 
animation-driven UWB radar system under four distinct 
detection scenarios. The performance of the proposed 
miniature radar system was evaluated using quantitative 
metrics such as detection accuracy, Signal-to-Noise Ratio 
(SNR), and optimized Radar Cross Section (RCS), under the 
simulation assumptions described earlier.  

A. Detection Performance Across Scenarios 
Under Scenario (a), where a single object (red) 

approached the radar head-on, the system achieved optimal 
performance at a 30° beam angle. The detection accuracy 
peaked at 98.7%, with minimal false alarms observed across 
all 1,000 iterations. This validates Hypothesis H₀, affirming 
that a 30°–60° beamwidth balance offers optimal resolution 
and reliability for single-object frontal detection as shown in 
Figure 3. 

 

 

Figure 3 One moving object detected on the road 

Under Scenario (b), Two moving objects (red and 
yellow) are detected on the road as they move toward the 
UWB radar. The system successfully resolved both targets 
when beamwidth exceeded 90°, albeit with a minor trade-off 
in SNR. The detection accuracy for multiple targets stood at 

94.2%, supporting Hypothesis H₁ as shown in Figure 4. The 
spatial resolution remained stable, although increased clutter 
slightly reduced peak SNR compared to the single-object 
case. 
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For Scenario (c), One of the moving objects comes from 
behind the UWB radar and moves in front of it. simulating 
stationary roadside objects, the radar system’s ability to 
detect off-boresight targets was highly dependent on beam 
steering. Detection was effective only when beam angles 

exceeded 90°, aligning with Hypothesis H₂. The accuracy 
plateaued at 87.5%, indicating the need for dynamic beam 
adaptation when handling side detection as shown in Figure 
5. 
 

 
Figure 4 when two moving objects detected on the road 

 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 5 when the object coming from behind 

 
 

 

 

 

 

 

 

Figure 6 When the static object at the side appears on the road 
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In Scenario (d), A static object appears at the roadside where 
the object approached from the rear and overtook the radar-
equipped vehicle, detection occurred only after the target 
moved into the forward beam’s field of view. This supports 
Hypothesis H₃, highlighting a known limitation of forward-
facing radar systems in rear-object detection. Once within 

range, the detection probability jumped to 91.8%, 
confirming the system’s effectiveness in dynamic multi-
angle environments as shown in Figure 6. Table 2 
summarizes the results of the detection. It shows the number 
of objects detected for each scenario, the beam angle, 
detection accuracies and average SNR obtained

Table 2: Summary of Results 

Scenario Objects 
Detected 

Beam Angle Range Detection Accuracy 
(%) 

Avg. SNR 
(dB) 

Supports 
Hypothesis 

(a) Single Frontal 1 30°–60° 98.7 24.1 H₀  
(b) Multiple 
Frontal 

2 ≥90° 94.2 21.6 H₁  

(c) Side/Stationary 1 90°–120° 87.5 18.9 H₂  
(d) Rear to Front 1 90° forward (after 

entry) 
91.8 20.4 H₃  

 

B. RCS Optimization and Visualization Outcomes 

The use of the gradient descent algorithm enabled 
real-time RCS optimization, guiding the system to focus 
radar beams toward high-σ (RCS) regions. As a result, the 
radar dynamically adapted its steering angle to maximize 
detection probability while minimizing the false alarm 
probability across all scenarios. Figure 7 shows when the 

radar beam angle is widened to 120°, it becomes capable of 
detecting more objects, including those on both sides of the 
road. This increased coverage was beneficial during night-
time driving by identifying objects at greater distances. 
Maintaining a focused beam angle ensures clearer, more 
relevant detections, helping the driver stay attentive to 
critical hazards. 

 

 

Figure 7: Adjusting the beam angle to 120 
 

Figure 8 shows a heatmap visualization of Radar Cross 
Section (RCS) distribution as a function of beam angle and 
target position. Warmer colors (red) represent regions of 
higher RCS, indicating areas where the radar is more likely 
to receive strong reflections from objects. Cooler colors 
(blue) denote lower RCS zones, corresponding to weaker 
signal returns. This visual mapping allows for intuitive 
tuning of the radar beam steering mechanism by aligning it 
toward high-RCS regions, thereby optimizing detection 
probability. The figure confirms the effectiveness of real-
time RCS visualization in guiding beam direction 
dynamically during object tracking and detection. 
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Figure 8 Heatmap of the optimization results 

C. SNR and System Stability 
Figure 9 shows the error signal analysis for radar 

signals observed in both longitudinal and lateral positions. 
In the graph, dots represent the observed errors, while the 
red line marks the 2σ noise level, encompassing almost all 
of the data. A comparison of the two positions reveals that 
the lateral position exhibits larger errors. Typically, errors 
range between -2.5 and +2.5. The larger errors in the lateral 
position occur because the radar signal is less focused in this 
area. Signals that do reach the lateral position are often 
scattered or dispersed by surrounding objects, making their 
returns resemble noise. As a result, the lateral position is not 
ideal for radar detection, and any signals appearing there 
may indicate leakage or signal dispersion. 

Figure 10 displays a box plot of Signal-to-Noise Ratio 
(SNR) distributions across the four detection scenarios. The 
plot illustrates the median SNR, interquartile ranges, and 
variability for each scenario, with Scenario (a) yielding the 
highest median SNR and Scenario (c) the lowest. These 
variations reflect how object orientation, number, and 
position affect signal clarity and detection reliability. The 
consistent spread of values across 1,000 iterations 
demonstrates system stability, while the observed SNR 
trends support the conclusion that frontal detection offers 
superior radar performance compared to lateral or rear-
object tracking. 
 

 

 
Figure 9 Analysis of the radar signal errors at different positions 
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Figure 10 A box plot of Signal-to-Noise Ratio (SNR) distributions 

 
Figure 11 demonstrates the sensitivity of the UWB 

radar in terms of Signal-to-Noise Ratio (SNR) relative to the 
ground truth range. This measurement reflects the detection 
range for both moving and stationary objects. The yellow 
line represents a stationary object, such as a pedestrian, 
while the red line shows moving objects, such as cars, 
detected by the UWB radar. For both object types, the SNR 
experiences a significant decline: from 90 dB to 18 dB for 
moving objects and from 32 dB to 10 dB for stationary 
objects. This decrease in SNR follows an exponential decay 
pattern for both categories. 

When comparing the two, the SNR for stationary 
objects drop quickly within a short range, typically from 21 
m to 80 m. On the other hand, the SNR for moving objects 
decreases across a much wider range, from 1 m to 150 m. 

This suggests that the UWB radar is more adept at detecting 
moving objects on the road than stationary ones. The 
disparity in SNR between moving and stationary objects 
enables their distinction, with moving objects consistently 
exhibiting higher SNR values than stationary ones. 
Simulation results revealed the following: 

1. Optimized beam angles significantly improved 
detection accuracy at extended ranges. 

2. Animated RCS visualization highlighted areas of 
weak signal reflection, guiding design adjustments. 

3. A maximum detection range of 1 km was achieved 
with clear differentiation between multiple objects. 

These findings validate the effectiveness of combining 
RCS optimization with animation-based visualization. 

 

 
Figure 11 The detection sensitivity versus the ground truth range in meter 

 
V. CONCLUSION 

This research shows that using visual-based RCS 
optimization methods can improve the design and 
performance of small UWB vehicle radars through detailed 
testing and measurement. Using MATLAB simulations with 
1,000 test runs for each scenario, the study established clear 
performance standards: 98.7% detection accuracy when 
tracking single objects directly ahead, 94.2% for situations 
with multiple objects, and 87.5% for the more difficult side 
detection cases. The research found important differences 

between detecting moving and stationary objects, with 
moving targets showing better signal quality (90-18 dB over 
150 m) compared to stationary objects (32-10 dB over 80 
m), which helps distinguish between different types of 
objects in practical use. 
The mathematical optimization method successfully enabled 
automatic beam direction adjustments, leading to detection 
improvements of up to 91.8% in situations where objects 
approach from various angles. The visual mapping system, 
tested through color-coded analysis, gives radar designers 
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useful information by showing where to position beams for 
the strongest signals, which reduces false alarms while 
maintaining reliable detection over distances up to 1 
kilometre. 
These measured results help solve important vehicle safety 
problems by setting performance standards for different 
driving situations, with average signal quality ranging from 
24.1 dB under the best conditions to 18.9 dB for side 
detection. This method improves detection accuracy by 
6.9% compared to traditional fixed-beam systems while 
providing a tested approach for practical applications. 

The study suggests adding AI-based object 
recognition to identify and label detected objects, building 
on the proven 94.2% multi-target detection results. This 
improvement would be particularly helpful for drivers on 
dark roads at night, providing detailed obstacle information 
with very precise location data based on the measured signal 
performance. Future research should focus on building 
actual hardware to test these simulation results and develop 
systems that work in real-time using the tested beam angle 
settings (30°–120° range).  
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