Radar Cross-Section Modelling of Simple Shape of Radar Target through HFSS and MATLAB Simulations
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Abstract
This study presents a comparative analysis of radar cross section (RCS) simulations using Ansys High-Frequency Simulation Software (HFSS) and MATLAB. The primary objective is to evaluate the accuracy and consistency of RCS calculations performed by these two software tools for metallic cylinders. Metallic cylinders are selected as radar targets due to their well-defined and standardized shapes, which enable easier modeling and comparative analysis. To validate the RCS simulations, actual RCS measurements were conducted on an airport runway. The measurements took place at Kuala Lumpur International Airport (KLIA) using an FOD detection system operating at 93.1 GHz. By comparing the measured RCS data with the simulations results, the agreement and reliability of the simulation techniques were assessed, considering metallic cylinders of six different sizes. The findings indicate that the RCS values obtained from measurements align with the simulation results, exhibiting a similar RCS pattern. Both simulations exhibit minimal discrepancies, ranging between 0.01 to 0.1 dBsm. Through the analysis of the simulation results and measurements, valuable insight were gained regarding the performance and effectiveness of HFSS and MATLAB in predicting RCS values. Consequently, this study contributes to the understanding and validation of RCS simulation techniques and their practical applicability in real-world scenarios.
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1.0 Introduction
A radar target refers to an intentionally designed or selected object or structure that can be detected by radar systems. These targets serve various purposes, such as calibration, testing, and training in the field of radar technology. They are specifically designed with certain radar cross section (RCS) characteristics that determine their visibility or detectability by radar systems. In the case of airport runways, radar targets are referred to as foreign object debris (FOD). In aviation, FOD includes any foreign object or debris that can potentially damage an aircraft or pose a safety risk on airport surfaces like runways, taxiways, or aprons. These foreign objects range from small items like rocks, pebbles, or loose hardware to larger objects such as luggage, tools, or aircraft parts. FOD is a significant concern in the aviation industry as it can lead to severe consequences, including damage to aircraft engines, tire punctures, or accidents during takeoff or landing. FOD incidents result in expensive repairs, flight delays, and potential risks to passenger safety.
To mitigate the risks associated with FOD, airports and aircraft operators implement FOD detection systems that utilize various technologies, including radar, to detect and identify foreign objects on airport surfaces. Radar-based FOD detection systems use electromagnetic (EM) waves to scan runways and detect any anomalies or objects that don't belong in operational areas. RCS simulations and measurements play a vital role in assessing the effectiveness of FOD detection systems. Due to the inconsistent shapes of FOD, it is crucial to calibrate the FOD radar at initial stages. Therefore, simplified shapes are used as substitutes for actual FOD items. Instead of using real FOD objects, researchers typically rely on standardized and well-characterized calibration targets for RCS simulations. These calibration targets are specifically designed to have known RCS values and consistent properties, enabling accurate calibration and validation of radar systems. Common examples of calibration targets include metallic spheres, corner reflectors, and specially designed RCS calibration panels. 
RCS modeling of radar targets is crucial for understanding how objects scatter EM waves. Predicting the RCS of a target is important for designing high-performance radars and assessing low visibility targets. The challenges in the field of RCS prediction are particularly important when evaluating radar systems through characterization. To accurately interpret radar target data, a good understanding of RCS is necessary. The RCS value doesn't simply refer to the received signal strength of a radiated signal at the target. The signal may be partially absorbed, and the reflected signal may not disperse evenly in all directions [1]. The RCS of a target is influenced by the target's physical geometry, external characteristics, radar illumination direction, transmitter frequency, and material properties. RCS represents the amount of power scattered from the target toward the radar when the target is exposed to RF radiation [2].
One of the software solutions for RCS simulation is Ansys High-Frequency Simulation Software (HFSS), which is well-known for its ability to handle complex geometries and simulate EM wave interactions with metallic surfaces [3]. Ansys HFSS employs finite elements to find solutions for the fields and ensures that Maxwell's equations are satisfied across the boundaries between elements. Song et al. [4] conducted a comprehensive simulation using Ansys HFSS to explore the behavior of backscatter and bistatic RCS on a metal surface. Furthermore, Ansys HFSS has been used by Galarregui et al. [5] to theoretically validate their novel metallic thin structure before conducting practical measurements with a manufactured prototype. Similarly, Yen et al. [6] utilized this three-dimensional finite element method simulator to compute the RCS of tag antennas for backscatter radio-frequency identification (RFID). On the other hand, MATLAB, a flexible and versatile numerical computing environment, also provides extensive mathematical functions and programming capabilities, making it a valuable tool for RCS simulations  [7], [8]. Therefore, simulations are crucial for RCS prediction as they offer numerous advantages.
In this paper, two widely used simulation tools, Ansys HFSS and MATLAB, are employed for RCS prediction. The objective is to compare the RCS results obtained from different modeling approaches. These simulations provide precise and efficient computational methods for analyzing RCS. The tools enable the modeling of EM interactions between the radar system and objects, taking into account their size, shape, material properties, and surface characteristics. Metallic cylinders are chosen as target objects due to their well-defined and standardized shapes, which facilitate accurate modeling and comparative analysis. Through simulating the RCS using Ansys HFSS and MATLAB, this study aims to gain insights into the scattering characteristics of metallic cylinders and evaluate the effectiveness of these simulation tools in predicting RCS values. Additionally, extensive measurements were conducted on an actual airport runway to obtain real-world RCS data, which is used for validation and comparison with simulation results. These measurements were performed using a high-frequency radar operating at a specific frequency. The collected data were subsequently analyzed and compared with the simulated RCS values to assess the accuracy and reliability of the simulation techniques.
2.0	Radar Cross-Section
	Generally, RCS is defined as the "measure of the radar target's reflective strength" and is represented by the symbol σ[9]. It serves as an EM measurement or a specific parameter that quantifies the reflectivity of an object detected by radar. In essence, it represents the area of the target visible to the radar. As stated in [10], RCS refers to the imaginary surface that intercepts the power scattered uniformly in all directions and produces an echo back to the radar. The amount of energy reflected back to the source by an object can vary depending on various factors, including the target's size, material, incident angle, and the angle at which the radar beam strikes the target, based on its shape. Mathematically, RCS can be expressed as shown in Equation (1).
	σ = 42 
	(1)


where RCS, σ can be determined as the area of an object that ranges, R multiplied by the ratio of scattered energy, Es over the incident energy, Ei field strength at the radar
Theoretically, the RCS of an object can be determined by solving Maxwell's equation with appropriate conditions that focus only on the object with simple geometries. Maxwell's equations encompass a fundamental set of equations that describe the behavior of EM waves and their interaction with matter. One of these equations, Gauss's law, states that the magnetic flux passing through a closed surface is directly proportional to the total charge enclosed by that surface [11]. In the context of RCS, a closed surface simply refers to the surface of any shape that fully encompasses a charge, such as a sphere or any other three-dimensional form. The radar response is typically influenced by the characteristics of the object being detected. In the realm of RCS measurement studies, the concept of FOD can be classified into two categories: actual FOD and simplified objects that serve as FOD simulators.
Real targets often consist of diverse materials and shapes, resulting in echoes that can exhibit significant variations with changes in radiation, relative angle, and radar frequency. To account for this variability in echo strength, simplified geometric targets are employed as radar reflectors to control the radar's radiofrequency reflection. A range of radar targets has been utilized in measurement studies, particularly in the field of RCS measurement [11], [12]. Reflectors serve the same purpose as actual targets by allowing for the quantification of radar echo intensity expressed in terms of an area. The RCS of a target, whether expressed as an area or any other measure, holds great significance for both academic and industrial researchers [13]. Moreover, the RCS of a target is denoted by the Greek letter sigma, 𝜎. The units for RCS are square meters (𝑚2) or decibels per square meter (𝑑𝐵𝑠𝑚). The RCS is often represented using logarithmic power scales, such as 𝑑𝐵𝑚2 and 𝑑𝐵𝑠𝑚, due to the substantial variation in the RCS pattern, as illustrated in Equation (2).
	
	(1)


In this paper, a cylinder-shaped target is employed for radar characterization performance as it serves as an effective reflector. While other shapes can be utilized as FOD reflectors, metallic cylinders are considered the optimal choice due to their symmetrical shape, reflective surface, and natural rolling tendency. Spheres exhibit similar reflective properties to cylinders but are less practical due to their tendency to roll and bounce [14]. Flat plates can reflect radar waves but are less efficient in redirecting them back to the source [15]. Irregularly shaped objects can also reflect radar waves, but their effectiveness varies, and they can be more challenging to detect on airport runways. In comparison to corner reflectors and trihedral reflectors [16], [17], cylinders generally outperform them as FOD reflectors due to their larger surface area and stability. Corner reflectors produce a strong radar wave reflection but have a smaller surface area and limited detection range, while trihedral reflectors are less stable and more prone to tipping over. Ultimately, the use of cylinder-shaped radar targets enables accurate detection and measurement of FOD on airport runways. There are two commonly employed cylinder types for radar reflectors: elliptical and circular cylinders. The geometries of elliptical and circular cylinders are depicted in Figure 1. The majority of the equations provided offer estimations based on Physical Optics (PO) for the measured backscattered RCS by a far-field radar in a specific direction (θ, φ).
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Figure 1. 	(a) Elliptical cylinder (b) Circular cylinder [12]
These cylinders scatter EM waves back to the radar antenna when illuminated by a radar signal, allowing the radar to detect and measure their location, size, and shape. An elliptical cylinder possesses an elliptical or oval-shaped cross-section, resembling a stretched circle or a compressed sphere. Due to its elongated shape, the RCS values of an elliptical cylinder vary depending on its orientation relative to the incident radar signal. On the contrary, a circular cylinder exhibits a circular or cylindrical cross-section, resembling a pipe or a cylinder-shaped can. Thanks to its symmetry, the RCS values of a circular cylinder remain consistent regardless of its orientation relative to the incident radar signal. Equation (3) provides the value of the backscattered RCS at normal incidence for a cylinder when exposed to a linearly polarized incident wave 
	
	(3)


The RCS for an incident wave other than normal is given by Equation 4.
	
	(4)


For a circular cylinder of radius, equations (3) and (4) are reduced as in Equations (5) and (6), where L and r are the length and radius of the cylinder, respectively.
	
	(5)

	
	(6)


The primary distinction between elliptical and circular cylinders concerning RCS lies in their polarization dependency. In the case of an elliptical cylinder, the RCS is influenced by the polarization of the incident EM wave, whereas a circular cylinder exhibits a polarization-independent RCS. This implies that the RCS of an elliptical cylinder changes with varying incident wave polarizations, while the RCS of a circular cylinder remains constant, regardless of the incident wave's polarization. Additionally, the shape of the backscattered wave pattern also varies between the two cylinder shapes. In this investigation, metallic cylinders of six different sizes were selected randomly in accordance with the Minimum Aviation System Performance Specification (MASPS) standard, covering a range of RCS values from 0 dBsm to -20 dBsm. It is anticipated that larger dimensions of the cylinder will yield higher peak RCS values. Figure 2 depicts the variations in radius and height observed in the metallic cylinders employed in this study. 
[image: ]
Figure 2 	Six metallic cylinders with different sizes
3.0	Simulation Tool
In order to simulate the RCS of the cylinders, two commonly used modeling tools were employed: Ansys HFSS and MATLAB. Ansys HFSS is a widely recognized EM simulation software utilized in diverse industries and research domains. It employs advanced numerical techniques like Finite Element Analysis (FEA) to accurately model and analyze EM phenomena. HFSS offers various features that make it particularly advantageous for simulating RCS of metallic cylinders. Its capability to handle complex geometries and simulate EM wave interactions with metallic surfaces enables precise characterization of scattering behavior. Additionally, HFSS incorporates a comprehensive material database, facilitating accurate modeling of the EM properties of metallic materials.
On the other hand, MATLAB is a versatile numerical computing environment renowned for its extensive mathematical functions and programming capabilities. It finds common usage in scientific and engineering applications, including RCS simulations. MATLAB provides a flexible platform for developing and implementing custom algorithms for calculating RCS of metallic cylinders. Its computational efficiency and extensive library of functions enable efficient modeling and analysis of RCS behavior. MATLAB's visualization tools assist in interpreting and visualizing simulation results, contributing to a deeper understanding of the scattering characteristics of metallic cylinders.
The utilization of these simulation tools allows for predicting the RCS of objects prior to conducting costly measurements, particularly in terms of expenses. For the FOD detection system on aircraft runways, understanding the RCS values of radar targets is of utmost importance. It is anticipated that the RCS values obtained through Ansys HFSS and MATLAB simulations will closely align with the RCS values derived from experimental measurements. Therefore, in this section, these software tools are employed to design metallic cylinder shapes and predict the radar signatures of these structures.
3.1	Ansys High-Frequency Simulation Software (HFSS)
Ansys HFSS is a state-of-the-art EM simulation program that utilizes advanced numerical techniques, such as FEA, to precisely model and analyze EM phenomena. With its comprehensive material database, HFSS enables accurate representation of the electromagnetic properties of metallic materials. The program employs tetrahedral finite elements as the basis for its mesh, which facilitates the discretization of the simulation domain. Finite Element Method (FEM) used by HFSS is a versatile and powerful approach for solving EM problems, providing high accuracy and flexibility. It proves particularly effective for evaluating and designing RF components and systems, and its capability to handle large models and a significant number of degrees of freedom makes it adept at solving complex EM simulations.
The EM simulation solver refers to computer software that employs numerical methods to solve EM wave calculations. It involves formulating a discrete solution to Maxwell's equations using computationally efficient approximations. In this research, the EM simulation method employed is the IE region solver of the HFSS software, as the IE region is commonly utilized for reflectors. The metallic cylinders used as radar targets in this study encompass six different dimensions, ranging from 0 dBsm to -20 dBsm RCS values. In the modeling process of the cylinder using Ansys HFSS, each cylinder is simulated individually. The proper modeling and solution of metallic cylinders in the HFSS simulation involve six core steps. The process flow for simulating the RCS of metallic cylinders in Ansys HFSS is illustrated in Figure 3.
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Figure 3		Process flow of metallic cylinder in HFSS simulation
Several types of the hybrid region combine two or more different simulation methods to solve EM problems. These hybrid regions include combinations such as FEM with the integral equation (IE) region, the PO region, or the Scattering, Boundary, and Radiating (SBR+) region. The choice of which region to employ depends on the specific simulation scenario and the desired level of accuracy, as each region possesses its own strengths and limitations. For the analysis of metallic cylinders in this study, the IE region is selected. The FEM/IE method is well-suited for closed surfaces and medium-sized objects within the range of approximately 1 to 10 cm on average. Therefore, the hybrid FEM/IE method is utilized to solve the internal field, while the IE method is employed to solve the surface currents and far-field radiation patterns. The electromagnetic simulator aims to find numerical solutions to Maxwell's equations in their differential form, specifically addressing the electrical and magnetic fields of the objects [18]. HFSS utilizes mathematical techniques, particularly FEM derived from Maxwell's curl equations, operating in the frequency domain to solve for the scattered fields. Mathematically, the simulation solves for the magnetic field H using Equation (7), considering excitations and boundary conditions.
	
	(7)


where j is the electric current density and µ is the permeability of any external charges. The quantities of H and E are the magnetic and electric field intensities and are measured in units of [ampere/m] and [volt/m], respectively. 
This numerical technique  involves subdividing a structure into smaller subsections known as finite elements. Ansys HFSS employs tetrahedra as finite elements, and the entire collection of these tetrahedra is referred to as a mesh. Several parameters, outlined in Table 1, are determined to achieve the desired results. 
Table 1		Parameters setup in Ansys HFSS
	Parameter
	Description

	Solution Type
	Driven Modal

	Material
	Perfect conductor element (PEC)

	Vector Input Format
	Cartesian (X=0, Y=0, Z=0)

	Eo Vector
	X=0; Y=0: Z=1

	k Direction
	X=1; Y=0: Z=0

	Hybrid Region
	IE Region

	Frequency
	93.1 GHz



For the metallic cylinder material, a Perfect Electric Conductor (PEC) is chosen, representing an idealized material with zero resistance or infinite electrical conductivity. In the plane wave excitation setting, Cartesian coordinates are utilized in the Vector Input Format, with XYZ values set to zero to indicate no variation in the incident wave. The E0 Vector is emitted in the z-axis direction, while the k-direction is oriented towards the y-axis, defined by the setup XYZ (0,0,1) and (1,0,0), respectively. Figure 4 illustrates the direction of the electric wave denoted by the red arrow, representing the electric field direction (E0) and the incidence vector direction (k-direction).
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Figure 4		Design modeling of the metallic cylinder in Ansys HFSS
The hybrid solver employs the IE method for the object surface, as it is effective in studying radiation and scattering phenomena of medium-sized conductive structures. The radar frequency is set at 93.1 GHz, which corresponds to the radar system used in airport operations at KLIA, serving as a validation parameter for future analyses. Figure 5 demonstrates the validated modeling, depicting the scattered field view as well as the radiation of the E field.
[image: ]
Figure 5		Simulated Scattered Field
Consistent with the modeled configuration, maximum radiation is observed in the radar direction, indicated by the radiation colors. All cylinder dimensions exhibit similar radiated patterns, with strong intensity rates observed on the directly reflected surface within this region. Intense signal patterns are emphasized based on the gradient on the cylinder surface. The RCS values are influenced by the increasing surface area exposed to the radar signal. The region of strong reflection is where the radar signal interacts with the target surface, providing information regarding the target's RCS values.
The RCS scattering section in Ansys HFSS illustrates the strength or intensity of the scattered EM waves from the modeled structure. This plot demonstrates how the modeled structure disperses the incident EM waves in various directions and angles. In the cylindrical representation, colors correspond to the magnitude of the scattered waves, ranging from blue (low magnitude) to red (high magnitude), with green and yellow in between. The intensity of the green and blue regions on the cylinders indicates the strength of the scattered waves at those specific points. This color-coded representation visually depicts the scattering characteristics of the structure, identifying areas that may require design optimization. Based on the simulation of the six metallic cylinders, Table 2 presents the projected maximum RCS values. The RCS values are dependent on parameters such as the cylinder height and radius. The selection of the six sizes was randomly determined according to the MASPS standard, which encompasses an RCS range from 0 dBsm to -20 dBsm. 
Table 2		RCS simulation on Ansys HFSS
	No. of 
Cylinder
	Height, h
(mm)
	Radius, r
(mm)
	Simulated RCS
(dBsm)

	1
	98
	49.5
	-0.27

	2
	46
	23
	-10.15

	3
	95
	5
	-10.54

	4
	30
	20
	-14.57

	5
	42
	7.5
	-15.86

	6
	21
	10.5
	-20.54



3.2	MATLAB
To investigate the correlation between the azimuth angle and elevation angle, an analysis of the RCS will be conducted. A cylinder is a three-dimensional object consisting of two parallel circular bases connected by a curved surface. In this analysis, the RCS calculations will focus on the cylinder's position along the centerline of the runway. As the cylinder is symmetrical around the z-axis, the RCS values are unaffected by changes in the azimuth angle. Consequently, variations in RCS values are solely influenced by the elevation angle. Figure 6 provides an overview of how the RCS values of the cylinders will be determined, with the red marker indicating the region covered for the RCS analysis in both the azimuth and elevation angles.
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Figure 6		(a) Azimuth angle (b) Elevation angle of cylinders RCS
In this scenario, the elevation angle was measured from the radar sensor to the cylinders positioned on the inclined runway surface. The analysis involved six different cylinder sizes, with a radar frequency of 93.1 GHz. The obtained results from the angle analysis present an intriguing topic for discussion. The RCS pattern graph for a cylinder can be represented in both the azimuth and elevation angles. The azimuth angle signifies the angle of incidence of the radar wave in the horizontal plane, while the elevation angle represents the angle of incidence in the vertical plane. The RCS pattern graph was generated using MATLAB R2022a to calculate the cylinders. The azimuth angle is depicted in a three-dimensional (3D) polar plot, with the cylinder at the center and the radar at the origin, while the RCS pattern of the cylinder as a function of elevation is shown in a scatter plot. This graph provides insights into how the cylinder reflects radar waves in various directions, demonstrating the amount of energy reflected back to the radar as a function of the incident angle in both planes. Table 3 displays the azimuth and elevation angles for the six computed cylinders.


Table 3		RCS pattern of cylinders in Azimuth and Elevation Angle for (a) Cylinder 1 (b) Cylinder 2 (c) Cylinder 3 (d) Cylinder 4 (e) Cylinder 5 (f) Cylinder 6
	No
	Azimuth Angle
	Elevation Angle

	(a) 
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	(b) 
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	(c) 
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	(d) 
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	(e) 
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	(f) 
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The 3D graphs of the RCS pattern in the polar plot show how the cylinder reflects radar waves at different angles of incidence in the azimuth plane. The plot features the cylinder at the center and the radar source at the origin. The color-coded graphs visually represent the radar reflectivity, with yellow indicating higher values representing stronger radar returns from the target, while green to blueish colors indicate lower RCS values, suggesting a weaker return. Since the cylinder possesses symmetry around the z-axis, there is no dependency on the azimuth angle. RCS values only vary with the elevation angle. 
The scatter plot depicting the RCS pattern of the cylinder in the elevation angle is presented in a two-dimensional (2D) graph. This plot illustrates how the cylinder reflects radar waves at various angles of incidence in the vertical plane. The horizontal axis represents the elevation angle, while the vertical axis represents the RCS value. The scatter plot complements the polar plot and offers a detailed analysis of the RCS pattern and reflected values of the cylinder in the vertical plane. The elevation angle Y in the figure denotes the RCS values for the cylinder. The pattern observed in the azimuth angle is influenced by the cross-sectional shape of the cylinder, while the pattern in the elevation angle is influenced by the cylinder's length. Overall, this scatter plot of the RCS pattern provides a comprehensive visualization of the RCS pattern for multiple cylinders. Based on the simulated metallic cylinders in MATLAB, Table 4 presents the projected maximum RCS values.


Table 4		RCS simulation on MATLAB
	No. of 
Cylinder
	Height, h
(mm)
	Radius, r
(mm)
	Simulated RCS
(dBsm)

	1
	98
	49.5
	-0.33

	2
	46
	23
	-10.23

	3
	95
	5
	-10.55

	4
	30
	20
	-14.55

	5
	42
	7.5
	-15.88

	6
	21
	10.5
	-20.44



4.0	Measurement at Actual Airport Runway
The simulation results for the RCS of metallic cylinders was validated through field measurements at an actual airport runway, in which this study conducted at Kuala Lumpur International Airport (KLIA) runway. The measurements were performed using the ESF-R1LC/FT remote antenna unit (RAU) model, as depicted in Figure 7. In the illustration, the pole has a fixed height of 4 meters, while the RAU itself has a height of 0.8 meters, excluding the air gap between the antenna and the radome cover. An FMCW radar was used for the measurements, specifically programmed to cover the area of runway 14L/32R. The measurements were conducted within the 93.1 GHz radar band, following the center frequency modulation at KLIA.
[image: ]
Figure 7		Three-legged FOD radar tower with its schematic design
The specifications of the FOD detection system utilized in this experiment are provided in Table 5. The measurements took place under clear sky conditions to establish a controlled environment and minimize atmospheric interference, thus improving the accuracy of radar measurements. By reducing atmospheric clutter, the radar system could effectively detect and analyze the echo signals from the targets. Minimizing environmental variables also ensured consistent and repeatable results.
Table 5		Specification of ESF-R1LC/FT
	Parameter
	Values

	Center frequency
	93.1 GHz

	Signal Type
	FMCW

	Channel bandwidth
	580 GHz

	Output Power
	100 – 200 mW

	Sweep frequency
	1.250 kHz

	Antenna type
	Cassegrain

	Tx/Rx Antenna Gain
	41.7 dB

	Antenna height
	4 – 8 m

	Antenna rotation speed
	15 rpm

	Detection distance
	200 – 500 m

	Receiver noise figure
	10 dB



A monostatic radar configuration was employed for this experiment, where both the transmitting and receiving antennas were positioned at the same location. The radar rotated 360° and collected data along the runway, with the receiving antenna detecting the reflected waves as echo signals after being emitted by the transmitter as electromagnetic waves. To optimize radar performance while minimizing system costs, high-accuracy and high-stability FMCW radar signals were generated and converted into optical signals at the Control Centre (CC1). As shown in Figure 8, the tested targets were placed directly proportional to the runway centerline.
[image: ]
Figure 8		Side view of measurement work including RAU and runway
To begin the evaluation, the cylinder was positioned perpendicular to the radar tower at a measurement angle of 0°. It was crucial to ensure that the runway was clear before the radar commenced scanning and measuring the FODs under test. Human assistants were required to move away from the FOD placement to avoid interfering with the radar signal. The FODs were left in the measurement area for two minutes to collect the backscattered RCS of the detected FODs through receiver antenna. The data files were then stored by the responsible personnel at CC1 for future processing. Subsequent measurements involved replacing the cylinder with a different size, as no rotation was necessary.
5.0	Result and Analysis
This section outlines an overview of the findings from both simulations and measurements, comparing the results for metallic cylinders of various sizes at 93.1 GHz. The goal of the measurement evaluation was to validate the simulated backscattering RCS of the cylinders. The interaction between the cylinders and the runway structure introduced a significant source of uncertainty in the obtained RCS values. The collected measurement data on backscattering were analyzed, and the results were thoroughly discussed.
Table 6		RCS comparison between HFSS and MATLAB simulations and on-site measurement
	No. of
Cylinder
	Height, h
(mm)
	Radius, r
(mm)
	Simulated RCS (dBsm)
	Measured RCS (dBsm)

	
	
	
	HFSS
	Matlab
	

	1
	98
	49.5
	-0.27
	-0.33
	-30.42

	2
	46
	23
	-10.15
	-10.23
	-38.59

	3
	95
	5
	-10.54
	-10.55
	-45.39

	4
	30
	20
	-14.57
	-14.55
	-43.94

	5
	42
	7.5
	-15.86
	-15.88
	-46.39

	6
	21
	10.5
	-20.54
	-20.44
	-52.52



A stacked line chart was plotted to compare the simulations from both Ansys HFSS and MATLAB with the measurement values, as depicted in Figure 9. This chart illustrates the RCS values of metallic cylinders in six different sizes. The equations displayed in the figure represent linear regression models fitted to the data points plotted on the graph. The line graphs for the theoretical and simulated values appeared to overlap, indicating a similarity. Conversely, the measured RCS values exhibited a wider range compared to the simulations.

Figure 9 	RCS comparison of multiple size of metallic cylinders for Ansys HFSS simulations, MATLAB simulations, and on-site measurements
The slope of each line in the figures indicates how the RCS values change with variations in the dimensions of the metallic cylinders. The slopes for both simulations were 3.5003 and 3.4714, with a slight difference of 0.0289 in the coefficient. In contrast, the measured slope was 3.7843, which is approximately 0.3 coefficient higher. Although there was a significant difference between the intercepts of the simulations and measurements, the pattern could still be used to make predictions about the cylinder sizes. The results indicated that the simulated RCS values closely agreed with a maximum variation of 0.165 dBsm, demonstrating the reliability of the simulation model. However, the measured RCS values showed significant differences with variations ranging from 6.39 dBsm to 46.48 dBsm. This suggests that the evaluation of the radar system's performance in producing RCS values is influenced by other factors such as clutter, shadowing from the slope, obstructions, or interference from the placement of the metallic cylinder itself.
The utilization of HFSS and MATLAB for RCS simulations of metallic cylinders offers several advantages. These simulation tools provide highly accurate and efficient computational methods for evaluating the RCS of metallic objects. They effectively capture the complex electromagnetic interactions between metallic cylinders and incident waves. Additionally, the flexibility of MATLAB allows for customized simulations tailored to specific requirements, enabling exploration of various RCS models for metallic cylinders. The combined use of HFSS and MATLAB provides comprehensive tools for accurate modeling, thorough analysis, and insightful visualization of the RCS behavior exhibited by metallic cylinders.
In summary, HFSS and MATLAB offer significant benefits for RCS simulations of metallic cylinders, including precise modeling, efficient computation, and comprehensive analysis capabilities. These simulation tools greatly contribute to a deep understanding of the electromagnetic scattering phenomena associated with metallic objects, facilitating the development of effective RCS analysis techniques specifically designed for metallic cylinder targets. The discrepancies observed between the measured and simulated RCS values highlight the need for caution in evaluating the radar system's performance and considering other factors that can affect measurement accuracy.
6.0	Conclusion
	This paper compares the measurement and simulation of backscattering properties of a radar target, specifically metallic cylinders. Metallic cylinders were chosen as the target due to their well-defined and standardized shapes, making them suitable for modeling and comparative analysis. Two simulation tools, Ansys HFSS and MATLAB, were employed to comprehensively understand the scattering behavior of the target object. By using different numerical methods and algorithms, these tools allowed for cross-validation and verification of the simulation results. This comparison aimed to assess the accuracy and consistency of the simulations while identifying any discrepancies or limitations in the methodologies. The simulation results demonstrated a close agreement between the obtained RCS values, with a maximum difference between 0.01 to 0.1 dBsm between two simulations. This indicated the reliability of the simulation model in predicting RCS values for the metallic cylinders. However, significant differences were observed in the measured RCS values, ranging from 6.39 dBsm to 46.48 dBsm. This suggests that the evaluation of the radar system's performance in producing RCS values during the measurement process is influenced by various factors, such as clutter, shadowing from the slope, obstructions, or interference caused by the placement of the metallic cylinders. Despite these differences, the patterns observed in the measurements can still be utilized to predict the sizes of the cylinders. In conclusion, the simulations provided reliable RCS values for metallic cylinders, while the measured RCS values exhibited significant variations. This underscores the importance of considering other factors and potential sources of error in the measurement process. The findings from this study contribute to the understanding and evaluation of the radar system's performance in generating RCS values, emphasizing the need for careful interpretation and analysis when comparing simulation and measurement results.
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