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Abstract

Radar Cross Section (RCS) plays a vital role in Radio Detection and Ranging

(RADAR) systems to detect enemies’ weapons and their movements i.e. aircrafts,

missiles, ships, and ground vehicles etc. Since, it is very difficult to conduct practi-

cal measurements of RCS for modeling purposes; therefore, to serves this purpose,

several simulation platforms have been introduced in the literature to estimate and

analyze the RCS of manually designed models/objects. Being one of such plat-

forms, Physical Optics FACET (POFACETS c©) is a well-established open source

simulation software that works on the principles of Physical Optics (PO). This

software provides an opportunity to estimate and analyze RCS of any complex

object; however, the current version of POFACET (Version 4.2) has the limitation

of estimating the RCS of an object for a single incident angle only, and is not

capable of providing it for a range of incident angles simultaneously. This thesis

presents the functional enhancement of POFACETS c©4.2. These enhancement in-

clude the simultaneous estimation of RCS over the predefined ranges of incident

angles and observation angles. This provides a three dimensional space to a user

where the RCS of a design model can be taken for any particular incident and

observation angle. In this meanwhile the Graphical User Interface (GUI) has also

been modified accordingly. The enhanced version carries both the functionalities

of computing RCS at a single incident angle and for a range of incident angles.

The enhanced POFACETS c© version 4.2 is named as EPOFACETS 5.0. In order

to analyze the computational functionalities and advantages of EPOFACETS 5.0,

the model of largest commercial aircraft A380 c© is used as the target model to

compute the bistatic RCS through EPOFACETS 5.0. For this purpose, the Auto-

CAD design of aircraft A380 c© is acquired and converted to stereolithography (.stl)

format. RCS of the designed model is estimated for each incident and observation

angle in a three-dimensional space by providing predefined incident and observa-

tion angles ranges. Simulation-time efficiency of EPOFACETS 5.0 is compared

with that of POFACETS c©4.2 on a computer with the specifications of 2.50 GHz

processor, 256 GB SSD ROM, and 8 GB RAM. It is observed that EPOFACETS

5.0 saves user’s time and effort for the estimation of RCS data over a large range
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of incident and observation angles. Moreover, the BRCS of the facet-based model

of the commercial aircraft Boeing 707 c© is computed through the proposed EPO-

FACETS 5.0 and FEKO c© software tool. The BRCS simulated results through the

proposed EPOFACETS 5.0 software are then compared with the published results

of FEKO c© software for results’ verification. From the results, it is clear that the

BRCS computed through the proposed EPOFACETS 5.0 and FEKO c© software

tool are comparatively similar. This work may contribute in various research fields

in which RCS is required to be estimated for its onward use in the calculation of

reflection coefficients and radar field modeling.
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Chapter 1

Introduction

This chapter presents a brief overview of the RADAR (Radio Detection and Rang-

ing) and discusses its types, operations and applications. RADAR Cross Section

(RCS) which is the main source of target detection is also discussed in detail.

1.1 Radar and its Working Principle

During the World War II, the radar system was developed by the United States

Navy. The radar system uses radio waves to detect the position and speed of the

target i.e. Aircrafts, ships, spacecrafts, guided missiles and vehicles. This tech-

nology has also been upgraded to various advanced radar system; e.g. weather

radar system, marine radar systems, aircraft’s anti-collision systems, and ocean

surveillance systems etc.

A radar system generally consists of a transmitter, receiver, antenna, duplexer and

radar signal processor etc. A typical block diagram representing the main compo-

nents of the radar system is shown in Fig (1.1). The radar transmitter radiates

EM signals in many predefined regions to detect the intruder in its coverage region

depends on the user requirements. The radar transmitter signals, when incident on

the surface of the object/target, may get reflected/scattered in many directions.

Some part of the waves may get penetrated into the object’s body while some

1
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Figure 1.1: Typical block diagram of Radar system.

part of the backscattered waves may travel in the direction of the radar receiver.

Reflection or absorption of radar signals from the surface of a target towards the

radar receiver mainly depends on the electric conductivity of surface material of

the target. In cases, when a single antenna i.e. monostatic case, is required to

be incorporated to perform both the functions of transmitting and receiving of a

signals, then a duplexer is used as a switch between the transmitter and receiver.

During the radar signals transmit time, the duplexer acts like a transmitter, while

in receiving time it acts like a receiver. The received signals at the radar receiver

are then amplified and demodulated for the display. The received signals reflected

from the body of an object are also known as a Radar Cross Section (RCS) [1, 2].

The re-radiated power density at the radar is equal to:

Pr =

(
PtGt

4πR2

)( σ

4πR2

)(Grλ
2

4π

)
(1.1)
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Where, Pt is the signal transmitting power of radar, Gt is the antenna gain at

radar transmitter and Gr is the antenna gain at radar receiver, σ is the Radar

Cross Section (RCS) of the target measured in square of meter (m2), λ is the

radar signal wavelength at which the radar is operated measured in meter (m),

and R denotes the radar range between the target and transceiver of the radar.

In Eq (1.1), the first word in bracket indicates the power density of radar at the

target. The proceeds form of the first two brackets indicates that how much the

power density is received by the radar receiver as a result of scattering or reflection

which may occur on the surface of the target. Moreover, in Eq (1.1), the amount

of reflected power that is received at the antenna aperture indicates in the third

bracket.

In most of the cases the radar transmitter and the receiver are at the same location,

which means that Rt = Rr and the term R2
tR

2
r can be replaced by R4, where R

is the range. It shows that the received power is inversely proportional to the

one-fourth power of the range, which means that the received power from distant

targets is relatively very small.

1.2 Radar Cross Section (RCS)

Radar Cross Section (RCS) inherently describes reflection properties of an object

which are basically the result of reflected signals returned to the radar receiver. It

is normalized to the power density of an incident wave at the target. Therefore it

does not depend on the distance of the target/object from the illumination source.

Radar Cross Section (RCS) is evaluated from Eq (1.1), and is given as;

σ =
Power reflected toward source per unit solid angle

incident power density/4π
(1.2)

The RCS is a measurement of the reflectivity of a target expressed as 4π times the

ratio of power per unit solid angle scattered/dispersed in a particular direction to

the power per unit area in a plane wave incident on a scatterer from a particular
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direction. So the RCS of a target will become [3, 4].

σ = lim
r→∞

4πr2 |ES|2

|Ei|2
(1.3)

Where, Es is the scattered electric field intensity that is reflecting back from the

target and Ei is the electric field intensity incident to the target.

A limited amount of radar energy that is reflected from the object towards the

radar receiver depends on the following factors:

• Radar Absorbent Material (RAM) used in a target.

• Shape and size of the target.

• Medium between transmitter, target and receiver.

• Wavelength of the illuminating radar signals.

• Incident angle of radar signals, orientation and geometry of the target.

• Frequency and intensity of the incident radar signals.

• Directivity of radar antenna towards the target.

• The reflecting angle of radar signals after hitting the target toward source.

• Polarization of the radiation that are transmitted and received with respect

to the geometry of the target.

1.3 Physical Types of Radar

1.3.1 Mono-Static Radar

In monostatic radar, the radar transmitter and receiver are positioned at the same

location. Therefore, in this case the transmitter and receiver range/distance are

considered identical, i.e. R = Rt = Rr. An illustration of monostatic radar is

presented in Fig (1.2). If a transceiver is used in monostatic radar, then the
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Figure 1.2: Mono-static Radar model.

transmitter and receiver gain would be the same i.e. G = Gt = Gr. The power

received Pr at the radar receiver can be written as follows:

Pr =
PtG

2σλ2

(4π)3R4
(1.4)

1.3.2 Bi-Static Radar

In bistatic radar, the radar transmitter and receiver are positioned at two different

locations as shown in Fig (1.3). Therefore, in this case the transmitter and receiver

having different antenna gains experience different distances with respect to the

target, as compared to the in monostatic case. For the calculation of the received

power Pr at the radar receiver in this case, the Eq (1.1) can be rewritten as follows:

Pr =
PtGtGrλ

2σb
(4π)3R2

tR
2
r

(1.5)

Where σb is the bistatic radar cross section of the target, Rt and Rr are ranges

between the transmitter and receiver towards the target [5].
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Figure 1.3: Bistatic Radar model.

1.4 Electromagnetic (EM) Theory

An electromagnetic (EM) field is generated through the movement of electric

charges. The EM field propagates at the same rate as the light travels and inter-

acts with charges and currents. The current carrying wire produces both electric

and magnetic fields. This field can be considered a combined electric and magnetic

field. Stationary charges in a system result in an electrical field and moving charges

in a system result in a magnetic field. The direction has always been perpendicular

between the electric and magnetic field. The generated force through the electric

field is considerably larger than the force generated through the magnetic field.

The way in which charges and currents interact with the electromagnetic field is

described by Maxwell’s equations and the Lorentz force law [6].

Electromagnetic (EM) field can be considered in two different ways, one is contin-

uous structure and the other one is discrete structure. The electric and magnetic

fields are produced through gentle movements of the charged objects. For example,

the fluctuations in electric and magnetic fields produced due to oscillating charges

that can be seen in a smooth form and in continuous wave form. In that case, the

energy is assumed to be shifted continuously through the EM field between two
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positions. For example, the metallic atoms of a radio transmitter appears to be

transmitting energy continuously.

In a discrete structure the electromagnetic energy carried in packets form called

Quanta with a fixed frequency. Radar transmits the electromagnetic (EM) waves

in the form of pulses which are used to measure the range and velocity of the tar-

get. In this system the Amplitude Modulation (AM) is used, which can measure

the time intervals between the transmitted and received pulses for measuring the

target range. The Planck’s relationship connects the photon energy E with its

frequency f throughout the Eq (1.6).

E = hf (1.6)

Where, h represent the Planck’s constant and f denotes the frequency of the pho-

ton. Although, modern quantum optics indicates that there is a semi-conventional

explanation for the photoelectric effect. The stationary electrons generates electric

field where as the moving electrons generates magnetic field. The electrons that is

emitted from the metal surfaces exposed to the EM radiation, the photon has been

historically (but somewhere not necessarily) used to explain some considerations.

It is also observed that the incident radiation intensity increased only if increases

the number of electrons that were ejected and there was virtually no effect on the

distribution of energy on their ejection. The frequency of the radiation that is

only relates with the energy of the discharged electrons.

The charged particles may travel at relative speeds according to near-field propaga-

tion speeds, but as Einstein shows, it needs a lot more power which is not possible

with electricity, magnetism and space. Also, it is demonstrated that a variable

electric field leads to a magnetic field and a variable magnetic field leads to an

electric field. When an electromagnetic field travels through different medium,

it will change the properties of field due to different boundary condition. The

components which

• The refractive angle of an electric field between the two medium depends on

the permittivity of individual medium.
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• The refractive angle of a magnetic field between the two medium depends

on the permeability of individual medium.

1.5 Physical Optics Theory

Physical Optics (PO) are an approximation technique which is commonly used in

optics, electrical engineering and applied for physics. The physical optics is used

to be more physical than geometric or ray optics. This approximation of ray optics

estimates the field on a surface and integrate this field over the surface to calculate

the transmitted or scattered field [16].

This technique is also assumed to be suitable in estimating effects of diffraction

from surface body. Moreover, this approximation is also used in radio communi-

cation to estimate interference, diffraction and polarization effects, however, there

is no dependence of diffraction on polarization because this approximation is for

high frequency.

In physical optics the estimated optic-ray is integrated over the lens, mirror or

aperture to calculate the transmitted or scattered field. From the objects scat-

tering this means that the current is taking on a tangent plane surface at each

illuminated point of a material. The current is zero at the shadowed parts mean

that these parts are not illuminated. At the radar receiver the resulting field is

obtained by taking the integral all these approximated scattered fields. The re-

flection at the edges or shadowed boundaries are not accurate due to diffraction

and refraction.

The difference between Geometric Optics (GO) and Physical Optics (PO), Ge-

ometric Optics relates with the refraction and reflection of rays of light without

considering the wave or physical nature of light. The geometric optics use the

geometrical and graphical methods to find the different positions of images that

is formed by mirrors, lenses prism etc. The physical optics explain the objective

phenomena of light such as interference, polarization, diffraction etc. and also

defines the wave theory of light itself predicts the phenomena of interference and

diffraction that are not described through geometric optics.
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1.5.1 Physical Optics Based Designing and Modeling of

Optical System

To design and analyze the optical systems, many simplified approximations are

available. One of the approaches to represent the electric field, that light wave

is a single scalar quantity, instead of using a vector quantity such as orthogonal

electric vectors and magnetic vectors. The Huygens-Fresnel equation is one of the

models to explain the optical system, which was derived in 1815 and based on

the assumption that each point on the wavefront generates the other secondary

spherical waves that Fresnel combines by using the principle of superposition. By

using the Maxwell’s equations, the Kirchhoff diffraction equation was derived that

puts the Huygens-Fresnel equation. The Fraunhofer diffraction, superposition and

refraction phenomena can be found by using the application and the principle of

Huygens Fresnel equality [17].

Physical Optics (PO) depends on the electric and magnetic material properties

which affects the wave nature of light. In view of these properties, the interaction

of the light wave with the metal surface is entirely different from the interaction

with dielectric materials.

1.6 Laws of Reflection and Refraction

The law of reflection states that the angle of incidence must be equal to the angle

of reflection from a plane incidence surface. This law is valid for when there are

no incident losses and also there is no effect of the medium. In other word this

law is also called the law of ’Total Internal Reflection’.

In Fig (1.4) the reflecting surface is a plane shining surface, for example plate

mirror, P is the incident wave with incident angle θ1 and Q is the reflecting wave

with reflecting angle θ2, O represents the point where the incident wave hit the

plane surface with normal N. The law of refraction states that the incident rays

lies on the surface, the sine of the angle of incidence θ1 divided by the sine of the

angle of refraction θ2.
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Figure 1.4: Reflection from plane surface.

sin θ1

sin θ2

= n (1.7)

Where, n is the refractive index of second material which is constant for any two

materials.

Fig (1.5), shows the law of reflection and the law of refraction from the surface with

normal N. These two laws, can be derived from Fermat’s principle which stipulates

that the path traveled between two points by a beam of light is transversal to the

incident path as it passes from one medium to another [7].

1.7 Different Methods for the Prediction of RCS

Radar system uses electromagnetic (EM) waves to detect a target as a result of

reflection and scattering of waves from the target surface. In order to analyze the

RCS theoretically, the following methods for any 2D or 3D object model Geomet-

rical Optics (GO), Method of Moments (MOM), Finite Element Method (FEM),
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Figure 1.5: Laws of Reflection and Refraction.

Physical Theory of Diffraction (PTD), and Physical Optics (PO) are used. These

methods are discussed in detail in the coming subsections. However, among all of

these methods, the Physical Optics (PO) method is commonly used for the RCS

prediction.

1.7.1 Geometric Optics (GO)

Geometric Optics (GO) or Ray Optics (RO), are based on the principles of light

propagation in terms of rays. It works on the basis of light propagation, reflection

and refraction. The ray in a geometric optics is essentially a conception of the

approximate paths along which light travels in certain circumstances. According

to Snell’s law the ratio of the sines of the angle of incidence to the angle of refraction

is a constant depending upon the medium. In geometrical optics, it is assumed

that the light rays travel in a straight line when propagating in an homogeneous

environment and the angle of reflection is equal to the angle of incidence. Moreover,

the ray of light divides and bends in two specific circumstances at the interface of

two different medium. Geometrical optics do not take into account some optical

effects like diffraction and interference and that practice of is very useful. This
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is an approximation when the wavelength is small in relation to the size of the

structures that interacts with light. The techniques are specifically valuable to

describe geometric aspects of imaging, including optical deviations [8, 9].

1.7.2 Method Of Moment (MOM)

This method is normally preferred when target surface is broken into small number

of pieces and to solve its integral equation. In order to obtain the integral equations

for a target, MOM use boundary condition and Maxwell’s equations respectively.

The complex and difficult step is to solve and reduce these integral equations. For

the solution of integral equations, linear equations and standard matrix algebra

are commonly used. However, this method fails to predict the RCS accurately

in practice, if the target size is significant and the signal wavelength is short.

Furthermore, it requires high processing speed to solve large matrices [10, 11].

1.7.3 Finite Element Method (FEM)

The Finite Element Method (FEM) is a particular numerical method to solve

partial differential equations in two or three space variables (i.e. Some boundary

value problems). In FEM the target model is taken into account in order to

select the whole body of the target and equally divides its surface in triangular

form. This technique splits a large system into smaller and simple parts which are

referred to as finite elements depends on the target geometry. This is obtained by

a specifically discretization of space within the dimensions of space or sampling the

body surface, which is accomplished through the construction of an object mesh.

The digital domain of the solution has a limited set of points. The formulation

of the FEM of a limit value problem eventually produced a system of algebraic

equations which is very difficult to solve these algebraic equations. This techniques

is close to the unknown function in the domain. These simpler equations are then

model these finite elements of the target model that combined into a bigger system

of equations which models the whole target body with limiting area.
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1.7.4 Physical Theory of Diffraction (PTD)

This method is related to the fields scattered by perfectly conducting bodies whose

surfaces have linear dimensions with sharp edges and have large curvature radii in

comparison to the wavelength. The PTD is based on the concept of Elementary

Edge Waves (EEW’s).

PTD method is used to calculate the edge-diffracted fields. The total scattered

field is obtained by adding this edge diffracted field to the PO surface integral.

Plotted numeric results supplement the theory and facilitate the visualization of

individual contributions of distinct parts of the scattering objects to the total

diffracted field [12, 13].

1.7.5 Physical Optics (PO)

The Physical Optics (PO) technique computes the surface current that are in-

duced on an arbitrary body through incident radiation depends on the intensity

of incident signals. The body portions that are illuminated directly through inci-

dent field, the current is induced which are directly proportional to the incident

intensity of the magnetic field and also depends on the absorbing material surface.

Moreover, the portions on the surface of the target which are shadowed, the value

of current at that portions are approaches to zero and only the non shadowed

area considered for scattering region. The radiation integrals for current is subse-

quently used in order to calculate the scattered field far from the target.

In this technique, the PO currents are changed by the use of a variable unit vector

over the scatters surface [14, 15]. These current elements are produced for the re-

flector, which is powered by a remote electric line source. The scattering integral

is expressed by the use of these currents and estimated in an asymptotic manner

with the steady-state method.

The current is then utilized as a part of the radiation integrals to figure the scat-

tered field a long way from the objective. PO is a high-recurrence estimation

strategy that gives best results for electrically huge bodies (L ≥ 10λ).
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1.8 Research objectives

The objective of this research work is to explore various methods for estimating

RCS and select the most commonly used method out of them, investigate its

feature and enhance its functionality if needed.

1.9 Thesis Organization

The rest of thesis is divided into five chapters. The Chapter 2 presents the litera-

ture survey for all kinds of simulators that can estimate the RCS of an object and

problem formulation. Chapter 3 presents the present version of POFACETS c©4.2

and its limitations. Chapter 4 presents the proposed version of POFACETS c©4.2

which is the Enhanced version of POFACETS, i.e EPOFACETS 5.0. Chapter

5 presents the simulation results and parametric analysis. Chapter 6 concludes

the research work and explains how its findings can be explained to facilitate the

future research in the area.



Chapter 2

Literature Survey and Problem

Formulation

This chapter briefly discusses the literature survey of Radar Cross Section (RCS)

simulation tools and presents their comparative analysis in section 2.1 and 2.2. In

section 2.3, the problem formulation is presented. Section 2.4 discusses research

methodology of the thesis and section 2.5 lists the thesis contributions.

2.1 Literature Survey

The Radar Cross Section (RCS) is a fundamental quantity in the radar system to

detect the presence of an intruder in its region. RCS is the reflection properties of

an object which is the basic requirements of the radar receiver to properly detect

the target. It is basically the result of reflection and scattering of electromagnetic

(EM) waves from the surface of an object base on the directivity of a radar trans-

mitter. As discussed in chapter 1, the RCS depends on the geometrical shape of

an object, surface material of the target and the incident electric field intensity.

In order to predict and analyze the RCS of an object according to the user re-

quirements, different types of simulators have been used which are based on PO,

MLFMM, FEM, GO, PTD, FIT etc., which are listed below.

15
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2.1.1 Physical Optics FACETS (POFACETS c©4.2)

The Physical Optics FACETS (POFACETS c©) version 4.2 is a MATLAB c© based

simulation software that was developed by David C. Jenn in 2004 at the Naval

Postgraduate School [18]. This simulation tool works on the principle of Physical

Optics (PO). It is an open source, user friendly and easy to use software to esti-

mate the RCS. This software tool facilitates the user to predict RCS by modifying

surface roughness, material properties and incident angles with respect to obser-

vation angles. The Graphical User Interface (GUI) of POFACETS c©4.2 helps a

user to load and run the simulation software more conveniently [19].

The RCS was computed based on the PO and PTD methods for the surface and

edge integral to the RCS estimation for large and complex obstructions. An adap-

tive subdivision scheme that depends on the situation of incident shadowing, re-

flection shadowing, scattering shadowing and multiple reflections, was developed

[20].

2.1.2 FEKO c©

FEKO c© is an electromagnetic simulation software tool that was developed by the

US ANSYS company based on the Computational Electromagnetic (CEM) tech-

niques used to find the RCS of a large object in a defined 3-D range. This software

is also used for the electromagnetic compatibility (EMC) analysis, scattering anal-

ysis and antenna designing etc. It is a commercial software provided by the Altair

community [21]. They can also allow a user to access the free license student ver-

sion of this software but have some limitations according to the model geometry.

Basis of the Feko solver is the Method of Moments (MoM) technique. Meanwhile,

it also combined other techniques such as the Multilevel Fast Multipole Method

(MLFMM), the Finite Element Method (FEM) Uniform Theory of Diffraction

(UTD), Geometrical Optics (GO) and Physical Optics (PO). The FEKO c© soft-

ware is further categorized in three main components: CADFEKO, POSTFEKO

and EDITFEKO. In order to create and mesh the geometry of an object, the
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CADFEKO is used and also used to specify the solution settings and calculation

requirements in a graphical environment. POSTFEKO is used to creates and dis-

played the 2D and 3D result graph and reads the results from the binary output

file (*.bof). And EDITFEKO is used to developed a large and complicated mod-

els through high level scripting language. The bistatic RCS measurements of an

object at a fixed bistatic angle in a compact range is performed. The scaled model

of Boeing 707 c© and canonical missile are used for these bistatic measurements.

These targets were illuminated with a uniform plane waves that were created by

a parabolic dish reflector. The bistatic scattering of the targets were measured

by placing a receive antenna at a fixed bistatic angle and finite distance in the

compact range. The measured analysis of a complex targets was performed in

anechoic chamber. For simulation analysis, the FEKO c© software tool used the

Multi Level Fast Multipole Method (MLFMM) for the RCS simulations and then

compared with the measured results [22, 23].

The RCS data computation and analysis for complex target are the specific re-

quirements for radar engineer. The target can be detected and obtained by 1-D

PDF and 2-D RCS intensity. The RCS data can be calculated by 2D-IFFT by

varying the incidence angles and excitation frequency. In [24], FEKO c© simulation

software tool is used to compute the RCS of a missile and presents the 1D, 2D

and Inverse Synthetic Aperture Radar (ISAR) image.

In [25], the RCS of F-35 aircraft model is analyzed at 5 GHz frequency. For

simulation purpose, the FEKO c© software tool is used to compute the monostatic

and bistatic RCS of a target model by using the Physical Optics (PO) method.

The three different configurations is performed for the transmitter and receiver

polarization i.e., Vertical-Vertical (VV), Vertical-Horizontal (VH) and Horizontal-

Horizontal polarization.

By considering a large moving object, wind turbine affects the performance of the

weather radar. So, for the identification of wind farm clutter, it is important to

analyzed the electromagnetic scattering characteristics of wind turbine. The RCS

of a large object is changed by moving or rotating the wind turbine blades which is

due to changing the incident angle properties targeted on turbine blades. In [26],



Literature Survey and Problem Formulation 18

the Radar Cross Scattering (RCS) of wind turbine is computed using FEKO c©

electromagnetic simulation software tool. The efficiency of this software tools is

compared with the existing mathematical formulas of cylinder and cone to calcu-

late the wind turbine RCS by changing their frequencies.

The development of radar technology gives significance to each country in the

field of military engagements in order to develop the possessing aircrafts’ stealth

behavior with small RCS, due to which the enemy would not be able to easily

detect these aircrafts’ but the Radar Absorbent Material (RAM) of the taget take

into account. In military aircrafts’ designing, the computational electromagnetics

(CEM) method becomes an important factor in simulating the behavior of an air-

craft geometry through its RCS when it is illuminated by EM waves.

In [27], the simulation of RCS was performed through FEKO c© electromagnetic

simulation software using Unmanned Combat Aerial Vehicles (UCAV) and carried

out the factors that were affecting the RCS values. Moreover, the impacts of these

factors were analyzed by changing the computational methods, radar frequency

and the target coating material. From the results it shows that, by increasing

frequency, the greater computational resources is required due to which a large

number of meshes is formed and required greater memory and a very high amount

of time for simulation.

The scattering characteristics of stealth aircrafts’ for monostatic and bistatic radar

system provides a great significance in an aircraft’s detection. In order to analyze

the scattering characteristics of stealth aircrafts, the FEKO c© software is used to

compute the monostatic and bistatic RCS in different polarization ways i.e., HH

and VV polarization. In [28], the EM scattering calculation method includes the

MOM, PO, MLFMM and UTD methods etc.

During the last decade, several simulation software for computing the RCS of a

target were introduced. In [29], the sphere and square flat plate models are used

to compute the RCS at 10 GHz frequency. For this purpose, the three commercial

RCS simulation software are used i.e., HFSS c©, CST c© and FEKO c©, and then their

simulation results are compared. The comparative analysis of these software was

discussed in terms of accuracy, run time calculation and memory requirements.
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2.1.3 Computer Simulation Technology (CST c©) Studio Suite

2019

Computer Simulation Technology (CST c©) studio suite is an electromagnetic (EM)

software tool that can be used to find the RCS of an object. This simulating tool

also used for designing the 3D models of any object, PCB designing, plane models,

antenna designing etc. The CST c© studio suite software is an open source simu-

lating tool that can be easily accessible and easy to use as compared to other sim-

ulating tools which are not open source. Different simulating methods, including

Finite Element Method (FEM), Finite Integration Technique (FIT), Transmission

Line Matrix (TLM), and Particle in Cell (PIC) are used in this software tool.

The detection and location of the moving target are dependent on the bistatic

RCS and the design parameters of the radar, which in our experimental study

used the LTE signal as a Passive Bistatic Radar (PBR) source. The moving tar-

get that may also be categorized into positions from different bistatic radar angles

using conventional processing approaches that we have carried out using CST c©

Microwave Studio (CST-MWS) simulation [30].

RCS is a major significant metric in the area of stealth and anti-stealth radar.

This paper introduced a variety of full-wave simulation methods, and the RCS of

the S-shaped input is computed respectively, using these methods implanted in

the commercial software CST c© Microwave Studio (CST-MWS) [31].

High-frequency methods are well known as a convenient approach for treating EM

problems regarding electrically large structures. In this paper, this method is pro-

posed as a proper tool for computing the mono-static RCS of a relatively small

complex structure. These computations have been carried out by employing the

integral equation and asymptotic solver of CST c© Microwave Studio (MWS) [32].

This paper describes the analysis and prediction of the RCS for simple target

shapes such as circular flat plate, triangular flat plate, ellipsoid and sphere etc.

Moreover, this paper explained precisely PO approximation in measuring the

monostatic RCS far field for different simple models varying in size through with

the MATLAB c© programming to compute the resultant graphs, and the computed
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results were compared with more precise data that is obtained by CST c© that uses

the stochastic solver in the RCS calculation of these objects [32].

RCS is an significant parameter that provides an indication of the spatial wave-

form of the target return signal to the radar (Echo) that may be supposed as a

signature. For any physical objects the signature measurements for the RCS like

aircraft, tanks, and vessels is more complex and costly processes. The Computer

Simulation Technology (CST c©) software is used to compute the RCS for many

target materials as well as for various angles [33–35].

2.1.4 Computer Solution (COMSOL c©) Multiphysics

COMSOL c© Multiphysics is a simulation platform that encompasses all of the

steps in the modeling workflow of defining geometries, material properties, and

the physics that describe specific phenomena to solve and post processing models

for producing accurate and trustworthy results. For designing the stealth antenna

using the COMSOL c© multi-physics application to analyze Frequency Selective

Surface (FSS) structures. The RCS of antenna is reduced because it possesses the

dual filter concept of frequency and polarization for electromagnetic waves.

In [36], the stealth aircraft F-117 nighthawk fighter is considered as a target ob-

ject and also measured the RCS for analysis. It was noted that the RCS is an

important parameter for radar and its aspect angles that are varied with respect

to target movements and also the reflected outcomes are received at radar receiver.

The CAD model of F-117 is developed and the RCS of this model is measured

in COMSOL c© Multi-physics software [36, 37]. The incident radar signals were

transmitted to the target and the RCS has been measured. Moreover, it has been

analyzed that better RCS can be obtained with the high frequency band and this

detectability can be increased.

COMSOL c© Multi-physics software is utilized to simulate the interaction between

incident electromagnetic wave and the cloaks. The material designed model are

then imported into this software to computes its RCS. This software based on

the Finite Element Method (FEM) to simulate monostatic and bistatic RCS of a
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target model. Monostatic and bistatic RCS is calculated to show the scattering

suppression effect at radar receiver. The results show that meta-materials have an

excellent performance in reduction of the scattering [38].

2.1.5 Computer Aided Design Radar Cross Section

(CADRCS c©)

Computer Aided Design Radar Cross Section (CADRCS c©) is the RCS simulation

tool which is used for designing a graphical model of an object in triangular dimen-

sions. The model is then further exported to other software for different purposes.

The CADRCS software was sold as a simulation tool for military and industrial

applications to teach the main concept of RCS. The three different types of the

target models are created and observed in CAD software and then are imported

to CADRCS software for simulation [39]. The CADRCS simulate the effects of

reflectivity of a material on the RCS of a target by using the Physical Optics

(PO) method. This software is not only able to find the RCS of an object, but it

also finds and show the high and low reflective area on the surface of that object

material.

The RCS of a CAD c© model of the stealth bomber B-2 Spirit was simulated through

the CADRCS software [40, 41]. The aim of this study was to examine that how the

shape may influence the RCS of an aircraft and how the use of Radar Absorbent

Material (RAM) can further reduce its RCS. This software, like other simulation

tools, combines physical optics with Ray Tracing (RT) techniques to calculate the

RCS of a target.

The RCS simulations of a heat searching air-to-air missile model have been car-

ried out using the CADRCS c© software [40]. The frequency of 10 GHz has been

considered in these simulations, the missile surface was referred to as a Perfect

Electric Conductor (PEC) and covered with a Radar Absorbing Material (RAM).

The simulation results comparison demonstrates how different portions of the mis-

sile can contribute with the RCS. Furthermore, it is demonstrated that how the

RCS of the missile is minimized through the use of radar absorbing materials.
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The commercially available CADRCS c© software, sold as a simulation tool for mil-

itary and industrial applications. Models of objects and targets are created in

CAD c© and then imported to CADRCS c© for simulation [42]. The commercial

software CADRCS c© was used in the simulations. It combines ray-tracing tech-

niques with physical optics to calculate the RCS of an object. Shadowing of rays is

also taken into account, resulting in accurate RCS calculations for objects greater

than the radar wavelength [43].

2.1.6 Finite Difference Time Domain (FDTD c©) 3D

Electromagnetic Simulation Software

The Finite Difference Time Domain (FDTD c©) method is used in 3D electromag-

netic simulation software for finding the RCS of hellfire missile. The accurate

calculation of the RCS of millimeter wave frequency required the geometrical rep-

resentation of the target and physical modeling techniques that capture the scat-

tering and reflecting effect of small facets of the target [44]. REMCOM is the

supplier company of providing the RCS simulators based on the Physical Optics

(PO) method, and Method of Equivalent Current (MEC). The three directions

(XY,XZ, Y Z) of hellfire target are observed and predict its RCS. The geometry

of this target consists of 11,536 facets and modeled as Perfect Electric Conductor

(PEC) material. No need of simplification is required in target geometry because

there are no spaces between each of the target facets. For the simulation the X3D

RCS model is selected by applying both the methods of Physical Optics (PO) and

Method of Equivalent Current (MEC). The simulation is performed on a sinusoidal

wave of 10 GHz frequency.

Three-Dimensional (3-D) MATLAB c©-based codes are developed for RCS Mod-

eling and Simulation (MODSIM) using Method of Moments (MOM) and Finite-

Difference Time-Domain (FDTD) approaches [45]. A novel, accelerated, and par-

allelized Finite-Difference Time-Domain (FDTD) based RCS prediction tool which

predict the RCS of complex targets [46].

In [47], the rapid and precise calculation of the RCS has an important meaning
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for the search for the complex military target. FEKO c© is a software for electro-

magnetic simulation that can rapidly and accurately compute the radar scatter-

ing character of a complex military target particularly for large multi-conductor

3D electric bodies. The arithmetic analysis is based on the MOM, FDTD and

PO methods, and the RCS is computing for the complex military target through

FEKO c© software.

2.1.7 Computer Aided Software Testing (CAST c©)

CAST c© is a simulation software tool used for prediction and analysis of RCS

simulation. This simulation tool is capable to find the monostatic and bistatic

RCS of a model, it also finds the amplitude, phase and distance figure for complex

3D objects over a user specified frequency and angle ranges [48]. In this paper, they

introduce CAST c© application and its techniques to compute RCS of different sized

objects and their surroundings CAST c© provide the estimation that how the radar

signature would be strong to detect the different direction at different frequencies.

It is introduced to the design process of different military vessels to analyze and

improve their stealth capabilities and also be used for analyzing the various radar

reflectors in order to develop the optimal radar reflectors to improve the maritime

safety. During the planning process the CAST c© can estimate the RCS of a vessel.

Using the Applied Physical Optics (APO) in combination with Physical Theory

of Diffraction (PTD) to predict the RCS.

2.1.8 EPSILONTM c©

An EPSILONTM c© software tool developed by ROKE in the UK in 2008 which

is designed to predict the Radar Cross Section (RCS) directly from the target

geometrical parameters. Moreover, it is the analysis tool that gives support for

the radar system modelling that allows a designer to assess the radar signature

of a design and also study the relationship between the signature and the shape

and direction of the design [49]. The radar signature management is required
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for the clients who design the platforms like ships, flat plane, aircraft or radar

system. In the military platforms the designer needs to minimize the RCS to re-

duce the probability of detection of targets based on radar sensors. This paper

describes a Network Application Interface, Network (API) that has been added

to the EPSILONTM c© RCS prediction code. EPSILONTM c© is a well established

Physical Optics (PO) based prediction code with Shooting Bouncing Ray (SBR)

multiple scattering and Physical Theory of Diffraction (PTD) edge scattering fa-

cilities [50, 51].

EPSILONTM c© is a multi-purpose tool, that approaches actual scenario models,

allowing customers to rapidly assess target signatures and to study these signa-

tures vary depending on the shape, geometry and direction of its conception. It

estimates the RCS electrically of large targets based on computational model of

the target [52].

2.1.9 PUMA-EM c©

PUMA-EM c© is an open-source simulating tool that can be used for designing of a

model and then find its RCS using desire angles and frequencies. PUMA-EM c© is a

LINUX operating system software tool which is much harder to use for simulating

the object RCS. It is used to compute the RCS of a target model for only single

incident angle. This software is based on coding that allows the computation of

different EM quantities when an object (target) is incident by an electromagnetic

source. These quantities are actually the scattered fields and the target surface

current, which can compute the monostatic and bistatic RCS for different required

angles [53].

The method used for the RCS calculation is the boundary element method also

known as Method of Moments (MOM). The main limitation of this software is

that, it can only compute the RCS of a simple model. This software is not used

for complex model As discussed that the RCS depends on the surface material of

a target, so, for this purpose the Perfect Electric Conductor (PEC) material of a

target was assumed for better RCS estimation [54].
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2.2 Comparative Analysis of Various Simulators

This section provides comparative analysis of well-known Radar Cross Section

(RCS) estimation software that can be used to predict the RCS according to the

requirements of the user. Among them, some software is open-source whereas

most of them are commercial software which require high subscriptions.

Although, open-source software is easily accessible; however, their ease of oper-

ability varies from software to software. Therefore, in this work, a user friendly

programming language based open-source software POFACETS c©4.2 is preferred

to estimate RCS. The POFACETS c©4.2 provides an open-source copyright to users

and allow them to modify the MATLAB c© codes according to their requirements.

The comparison of currently available RCS software is presented in Table (2.1):

The comparative analysis is based on the user facility to interact with these RCS

software tools. Among these software, the POFACETS c©4.2, FEKO c©, and CST c©,

are the tools which are easily accessible and open source software. All the other

software are commercial and need resources to interact with these software which

are much difficult for the users.

In order to use the POFACETS c©4.2 software tool, the RCS of a target model is

computed for only a single incident angle and takes much more time to computes

the RCS for a range of incident angle.

In order to use the student crack version of FEKO c© software tool, the RCS of a

target is computed for a range of incident angles with respect to observation angle.

By considering the limitations of student crack version, the RCS is computed for

the less number of model facets, due to which the RCS is not much accurately

as compared to other software related to the model parameters. Also, it required

more memory to stored RCS data and facet model.

In order to use the CST c© software tool, the problem of facets limitation is ap-

peared wile using for the computation of RCS of a complex target. This software

tool is used for a simple model. This simulating tool is also used for designing the

3D models of any object etc. The simulation run time for the RCS computation

for a range of incident angle is much more as compared to POFACETS c©4.2.
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Table 2.1: Comparative analysis of RCS simulators

Name of Simulator
Principle/Technique
Used

Source
File

Single/Range
of Angles

Facets Lim-
itations

Simulation
Time/Memory
Requirements

GUI Win-
dow/Codes

POFACETS c©4.2 Physical Optics (PO)
Open
Source

Single Incident No
Low Time/Lesser
Memory

GUI Window

FEKO c©

Multi Level Fast
Multipole Method
(MLFMM), (PO),
(FEM), (MOM)

Open
Source and
Commer-
cial

Range of Inci-
dent

Yes
High Time/Higher
Memory

GUI Window

CST c© Studio
Suite

Finite Element
Method (FEM),
Finite Integration
Technique (FIT),
Transmission Line
Matrix (TLM)

Open
Source

Range of Inci-
dent

Yes
High Time/Higher
Memory

GUI Window

COMSOL c© Physical Theory of
Diffraction (PTD)

Commercial Single Incident Yes
Low Time/Higher
Memory

GUI Window

CADRCS c© Method of Moment
(MOM)

Commercial Single Incident Yes
High Time/Lower
Memory

GUI Window

FDTD 3D c© Method of Equivalent
Current (MEC), (PO)

Commercial
Range of Inci-
dent

Yes
High Time/Higher
Memory

GUI Window
and Codes

CAST c© (PO), (MOM), (PTD) Commercial Single Incident Yes
Low Time/Lesser
Memory

GUI Window

EPSILONTM c© Physical Optics (PO) Commercial
Range of Inci-
dent

Yes
High Time/High
Memory

GUI Window

PUMA-EM c© Method of Moment
(MOM)

Open
Source

Single Incident No
Low Time/Lesser
Memory

Coding Base
Simulation
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2.3 Problem Formulation

Although, the existing simulation software POFACETS c©4.2 provides sufficient

RCS results to analyze the reflective properties of the targeting object. However,

the existing version estimates RCS with respect to a single incident angle. In

order to estimate RCS over a range of incident angles, the same procedure of

POFACETS c©4.2 is repeated for each incident angle one-by-one. In such scenario,

estimation of RCS through POFACETS c©4.2 become cumbersome and time con-

suming for a user. Therefore, an enhanced version of POFACETS c©4.2 is required

to be establish to reduce the working and time consumption of a user.

2.4 Research Methodology

In order to enhance the functionalities of the existing version of POFACETS c©4.2,

the Graphical User Interface (GUI) and POFACETS c©4.2 codes are upgraded to

accommodate the range of incident angles. A self-guiding GUI is established sep-

arately to input the range of incident angles to guide the user and avoid any mis-

take. The related MATLAB c© codes are developed for RCS estimation and linked

with the GUI. The GUI automatically adjusts its related scenario and provides

estimated RCS of any input model.

2.5 Thesis Contribution

The major contributions of this thesis are given as under:

• The present version of POFACETS c©4.2 is upgraded, so that it can compute

the bistatic RCS of an object with a range of incident angles.

• Designing the GUI in MATLAB c© which contains the range of incident an-

gles, the range of incident angles and parameters similar like POFACETS c©4.2

named as EPOFACETS 5.0.
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• EPOFACETS 5.0 compute the range of incident angles in a single step which

are reducing simulation run time to 39.251% compare with POFACETS c©4.2.

• The computing RCS data are then stored in cells arrays in MATLAB c© file

which contains RCS estimating plots with respect to observation angles,

incident and observation angles, frequency. The simulation data are then

used in approximating the shape of an object and also used to find the

reflection co-efficient of that object.



Chapter 3

POFACETS c©4.2 and its

Limitations

This chapter gives a detailed overview of the existing POFACETS c© version 4.2

and explains a step-by-step procedure to design an object and to find its Radar

Cross Section (RCS). Moreover, the limitations of the POFACETS c©4.2 are listed

at the end of this chapter.

3.1 Physical Optics FACETS (POFACETS c©)

3.1.1 Background

Physical Optics (PO) based MATLAB c© simulation software POFACETS c©4.2 is

a well-known RCS estimation tool that has been developed by David C. Jenn

in 2004 [19]. This software facilitates users through its Graphical User Interface

(GUI) and allows them to input all the required informations at one place [55].

This software facilitates users to design a facet-based model following the specific

requirements to the designed model. Additionally, this software also allows users to

design models through other software tools such as CAD c©, AutoCAD c©, Epsilon c©,

COMSOL c© etc. and to import the designed model into POFACETS c©4.2 for RCS

29
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estimation. Moreover, this tool allows users to adjust surface materials properties

such as surface roughness, surface resistivity and type of material. Once a model

is designed, the user is able to estimate the RCS of the model at specific range of

observation angles at fixed single incident angle.

3.1.2 Physical Optics (PO) Method

This section describes the theoretical working of the Physical Optics (PO) approx-

imation technique that are used in POFACETS c©4.2 software tool. The following

sets of calculations are involved in this method.

3.1.2.1 Scattered Field Calculation of an Arbitrary Body

In order to understand the Physical Optics (PO) method, consider an arbitrary

object whose scattered field formula is derived using triangular facets. In PO

method, the surface currents on the facets are incident due to which the surface

of the material will excite to produce the scattered field which can be calculated

through Taylor series. The model for which the calculation is expanded to perform

the computation of the scattered field using various facets combinations of the

target model.

3.1.2.2 Radiation Integral of the Scattered Field from the Arbitrary

Body

The scattering field from an arbitrary body is the specific case of a scattering

field from a triangular surface. A mathematical formula can be derived for the

scattered field from a triangular facet through the given arbitrary body. Let the

arbitrary scattering body is placed in (x, y, z) plane centered at the origin having

the coordinates (u, v, w) as shown in Fig (3.1). In order to calculate the RCS of

the body, take into account that the observation point at an area far from the

target [56], where, R and r vectors can be considered nearly parallel. The whole
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Figure 3.1: Scattering field from an arbitrary body.

arbitrary body is subdivided into extremely small volume points v′, out of which

one source point is lying at the (x′, y′, z′) coordinates. The source point position

vector is indicated as:

~r′ = x̂x′ + ŷy′ + ẑz′ (3.1)

Where, (x̂,ŷ,ẑ) be the unit vectors of the co-ordinate axes. These unit vectors are

in the direction of observation point whose position vector can be written as:

r̂ = x̂u+ ŷv + ẑw (3.2)

where

u = sin θ cosφ

v = sin θ sinφ

w = cos θ

(3.3)

As assumed at the shadowed region, the total current are supposed to zero and

no reflection is received. Here, the observation point is located at the far finite

distance from the target and according to the observation point, the spherical
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Figure 3.2: Facets geometry of the arbitrary body.

coordinates are θ and φ. In order to considered Jm = 0, which is the magnetic

volume current in the body, the field scattered from the arbitrary body is given

by:

~Es(r, θ, φ) = Eθ(r, θ, φ)θ̂ + Eφ(r, θ, φ)φ̂ =
−jkZ0

4πr
e−jkr

∫ ∫ ∫
v

~Jejkgdv′ (3.4)

Where, J depicts the electric volume current, Z0 explains the space intrinsic

impedance, k=2π
λ

and g is the dot product of ~r′ and ~r that yields:

g = ~r′.r̂ = x′u+ y′v + z′w (3.5)

3.1.2.3 Radiation Integral of a Triangular Facets

Consider, triangular facet of an arbitrary body with an arbitrary direction of the

vertices 1, 2, and 3, as shown in Fig (3.2). In this case, the integrating point P

whose coordinates are (xp, yp, zp) corresponding to the (x′, y′, z′) coordinates of the

integration point of the arbitrary body. The triangular facet position vector is:
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~rp = xpx̂+ ypŷ + zpẑ (3.6)

After substituting the values of the triangular facets of the two-dimensional ob-

ject shown in Fig (3.2), the Eq (3.4) becomes a surface integration. Since, in

the triangular surface only the surface current is flowing; therefore, the Eq (3.4)

becomes:

~Es(r, θ, φ) =
−jkZ0

4πr
e−jkr

∫ ∫
A

~Jse
jkgdsp (3.7)

Where, Js denotes the surface current, A is the triangular surface area, dsp de-

scribes the differential surface area, and the term g may be calculated from the

dot product of ~rp and r̂ i.e.

g = ~rp.r̂ = xpu+ ypv + zpw (3.8)

Fig (3.2), represents the single facet geometry with an arbitrary direction. The

vertices of the facet are known according to their Cartesian coordinates (xn, yn, zn)

for taking n=1,2,3. The vertices of the position vectors are given by:

~rn = xnx̂+ ynŷ + znẑ (3.9)

Subsequently, the side vectors may be calculated using coordinates of the node as

shown below:

~l1 = ~r2 − ~r1, ~l2 = ~r3 − ~r2, ~l3 = ~r1 − ~r3 (3.10)

The facets upper normal may subsequently derived by using the cross product of

every possible two side vectors in a right direction. For example:

n̂ =
~l1 × ~l3
|~l1||~l3|

= nxx̂+ nyŷ + nz ẑ (3.11)

The vertices with this direction, the facet outer side is referred to like the front

side when its value equal to 1, while the facet opposite side shows its back side

when its value is equal to 0. The vector of propagation for a plane is formed, when

it is incident at the angle (θi,φi), and is propagating back towards the origin, so
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the propagation vector becomes:

k̂i = −r̂ = −(x̂ui + ŷvi + ẑwi) (3.12)

where, (ui,vi,wi) denotes the cosines angles between the vectors and the three

coordinate axes and r̂ expresses the directional unit vector that is originating at

the origin towards source at (θi,φi). A upper side of the facet is illuminated once

the following condition is satisfied:

− k̂i.n̂ ≥ 0 (3.13)

The observed scattered field from a single facet is derived through two simple

problems:

• The calculation of the surface current Js flowing over the facet surface

through PO methods.

• The calculation of radiation integral of a triangular surface in Eq (3.7).

3.1.2.4 Surface Current Computation Through Physical Optics (PO)

In Physical Optics (PO), the target surface is illuminated directly through inci-

dent field. The magnetic field intensity is directly proportional to the amount of

induced current on the target’s body. The current is set to zero at portions where

the target is not illuminated, which is given by:

~Js =

2n̂× ~Hi illuminated facets

0 shadowed facets

(3.14)

Where, Js denotes the surface current of the targeted body, Hi explains the inten-

sity of the magnetic field induce on the target surface. Generally, the intensity of

the electric field Ei can be expressed as:

~Ei = (Eiθθ̂ + Eiφφ̂)e−j
~ki.~r (3.15)
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Assuming that r̂p=r̂ and ~ki=kk̂i=-kr̂i, for a point (xp, yp, zp) on the surface, so the

Eq (3.15) becomes:

~Ei = (Eiθθ̂ + Eiφφ̂)ejkr̂i. ~rp (3.16)

The magnetic field intensity Hi becomes:

~Hi =
~ki × ~Ei
Z0

=
1

Z0

(Eiφθ̂ − Eiθφ̂)ejkr̂i. ~rp (3.17)

Therefore, the surface current flowing on the facet can be calculated as:

~Js = 2n̂× ~Hi =
2

Z0

(Eiφθ̂ − Eiθφ̂)ejkh (3.18)

Where h is defined as:

h = ~rp.r̂i = xpui + ypvi + zpwi (3.19)

3.2 Working Principle of RCS Estimation Using

POFACETS c©4.2

As discussed earlier, POFACETS c©4.2 is an open source well-established simulation

tool that works on the principles of Physical Optics (PO). This uses a MATLAB c©

code to develop Graphical User Interface (GUI) in order to facilitate a user while

estimating RCS of an object according to the user requirements. In order to esti-

mate RCS through POFACETS c©4.2, a facet-based model of the object is required.

Also a facet-based model is designed in other software tool and then import into

POFACETS c©4.2 for RCS computations. The Superposition theorem and Taylor

series are then implemented to compute the scattered fields reflected from the

targets’ surface. The scattered field of each facet is then evaluated and then the

scattered field vectors are summed to compute the total field at the required in-

cident and observation angle. For all incident and observation angles, the same

procedure is repeated to get the target RCS. A step by step working principle of

POFACETS c©4.2 in term of flow diagram is explained in Fig (3.3).
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Figure 3.3: Flow chart for RCS calculation.

3.3 Graphical Components of POFACETS c©4.2

Main Window

3.3.1 POFACETS c©4.2 Main Window

The main screen GUI of POFACETS c©4.2 has been categorized into three main

functions blocks i.e. Design Model, RCS calculation and Utilities, as shown in Fig
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(3.4). The design block includes options to design a model manually and graphi-

cally. A user can select one of the options depending upon requirement. The sec-

ond block includes options of calculating monostatic and bistatic RCS. The third

block includes utilities option to convert the present version of POFACETS c©3.0

to old version of POFACETS c©2.3 and also a user can convert GUI 3.0 version into

non-GUI 2.3 version and vice versa. The button ”About” acknowledges the con-

tribution of authors. In GUI, each box is linked to a predefined set of MATLAB c©

codes to perform the related operation.

3.3.1.1 Manual Model Designing

In order to manually design a triangular facet-based model of an object, a user

has to provide facets related information’s such as number of vertices and number

of facets. The GUI window of manual design is shown in Fig (3.5). The window

has been designed in three main blocks representing the steps of manual model

designing. In the first step, vertices of model plan are taken and checked the

Figure 3.4: Main screen GUI of POFACETS c©4.2.
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Figure 3.5: GUI of manual model design.

correct input. In the second step, the facets are designed and checked by taking

facet points. In the third step, the model is checked for finalization. In manual

design, the maximum number of facets and vertices are allowed to be 40. However,

this number of vertices is not adequate to design a complex model. Normally

manual design of model is not considered good as a user has to manually obtain

the vertices of model and has to store them in an array, as shown in Fig (3.6).

After putting the vertices, the number of facets can then enter in row and column

by using the vertex number. The user can able to edit the number of facets by

changing the size of the matrix shown in Fig (3.7). The two rows in figure specify

the number of facets and the first three columns denote the vertices of the facets.

If Column 4 is set 1, denote that the facet illuminated on front side and if column 4

is set 0, denote that the facet illuminated on both sides (front and back). Column

5 indicates that the facet is Perfect Electric Conductor (PEC) when it set 0. After

completing all the facet definition, the designed model is displayed by clicking the
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Figure 3.6: GUI of input vertex coordinate.

Figure 3.7: GUI of input facets vertices.

third step, which is called Plate model displayed in a triangular GUI window shown

in Fig (3.8). The user can be able to change any vertices of facets and coordinates

of the model after completing and displayed model. Also, the user can change the

view of 2D plate model into 3D and to label the facets and coordinates vertices

of the plate model that are clearly mentioned in the GUI manual model display.

Once the model design, the user can save it easily and compute the RCS of the

designed Plate model. Using this model user can import another model in this

triangular surface and combine with plate model. Complex models are designed
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Figure 3.8: GUI of plate model.

by importing another model in same triangular surface for making it a complete

model, but note that in a complex model like increases the number of facets, the

simulation execution time for computing the RCS will increase.

3.3.1.2 Graphical Model Formulation

In Graphical model formulation, complex models are designed which cannot be

drawn manually by obtaining vertices. The graphical shapes such as sphere, cone,

ellipse, box, fuselage, cylinder, etc. are provided to create different shapes. These

geometrical models may be used to build the other new model or we may able to

make changes to the current models. All these geometrical models are described

with the mathematical equations and many of them are implemented through

standard MATLAB c© codes. The existing graphical shapes in GUI form are shown

in Fig (3.9) and Fig (3.10).

All these graphical shapes are easy to adjust, rotate or change their positions,

orientations and to change their number of facets. As discussed earlier that the
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Figure 3.9: GUI of graphical cone.

increase in number of facets consumes more simulation time as compared to plate

model that has less number of facets.

3.3.1.3 Mono-Static RCS Calculation

As discussed earlier in chapter 1, an RCS is termed monostatic, when both the

transmitter and receiver antennas of the radar are located at the same location.

The RCS calculation is performed according to the observation angles θ and φ at

fixed frequency. The GUI shown in Fig (3.11), is used to find the monostatic RCS

versus observation angle. In order to compute the RCS, click on ”Load File” to

select the model first for which it is needed to compute the RCS. Then enter the

observation ”Starting Angle” and ”Ending Angle” values and put the frequency in

GHz. The user has options to select different graphs, such as polar graph and 3D

graph. By clicking on ”Calculate RCS” button, the user would be able to calculate

the desired RCS. The RCS estimated for values, 0◦≤θ≤360◦ with increment of 3◦

for φ=0◦ is shown in Fig (3.11) and the estimated RCS is shown in Fig (3.12).
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Figure 3.10: Graphical Shapes (a) Ellipsoid (b) Fuselage (c) Ogive
(d) Box.

Figure 3.11: GUI of monostatic RCS calculation vs observation angle.
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Figure 3.12: RCS of a plate model in monostatic case.

3.3.1.4 Bi-Static RCS Calculation

In the bistatic radar case, both the transmitter and receiver antennas are located

at two different positions to detect a target. Some of the parameters are same

in bistatic case as compared to monostatic case. In bistatic case the users have

an option to input their desire incident angles and observation angles. In both

cases, the transmitter of the radar is positioned at a fixed location with reference

to the position of the target but the required observation angles are changed. As

discuss earlier, that RCS simulation time depends on the number of facets and also

depends on the observation angles. The values that mention in the bistatic GUI

are set initially in MATLAB c© code. The procedure for RCS calculation is same

as in the case of monostatic RCS. The GUI window to find bistatic RCS versus

observation angle is shown in Fig (3.13). The obtained RCS result are shown in

Fig (3.14) which is obtained by putting incident angle (θ=30◦) and (φ=0◦) and by

keeping the frequency at (f=0.3 GHz).
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Figure 3.13: GUI of bitatic RCS calculation vs observation angle.

Figure 3.14: RCS of a plate model in bistatic case.
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3.3.1.5 Utilities (Import/Export of Models)

POFACETS c©4.2 facilitates users to import or export designed models from other

designing software tools. For example, the AutoCAD c© software can be used to

design complex models and can be imported into POFACETS c©4.2 for the RCS

estimation. Import of different file formats facilitates users to work efficiently on

their desired designing software.

3.4 POFACETS c©4.2 Limitations

The POFACETS c©4.2 has the following limitations.

• It does not provide the flexibility to estimate the RCS of a model over a

range of incident angles.

• This requires a huge amount of time and effort of a user when the RCS is

required to be estimated at multiple incident angles.



Chapter 4

Proposed Enhanced Version of

POFACETS c©4.2 and its

Limitation

This chapter presents an upgraded version of POFACETS c©4.2, named as EPO-

FACETS 5.0 (Enhanced-POFACETS), and briefly discusses all the steps involved

in the establishment of the Graphical User Interface (GUI) of EPOFACETS 5.0.

Moreover, the limitations of EPOFACETS 5.0 are also discussed at the end of this

chapter.

4.1 The Proposed EPOFACETS 5.0

4.1.1 Introduction

EPOFACETS 5.0 is a MATLAB c© based simulation software, that works on the

same principles of electromagnetics (EM) which have been used in POFACETS c©4.2.

If it is required to estimate the RCS of an object at several incident angles’, then

in POFACETS c©4.2, a user has to input all the incident angles’ one by one to es-

timate the RCS. This procedure becomes cumbersome and time consuming when

46
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Figure 4.1: Main screen GUI of EPOFACETS 5.0.

RCS is required at several angles’. The enhanced version of POFACETS c©4.2, i.e.

EPOFACETS 5.0, removes this limitation and enables a user to estimate RCS over

a defined range of incident angles’. The detailed procedure and steps involved in

the designing of EPOFACETS 5.0 are explained in subsequent subsections.

At first, the main screen of EPOFACETS 5.0 GUI is generated which provides

options to estimate the monostatic and bistatic RCS of a model as shown in Fig

(4.1). In order to estimate the bistatic RCS, click on the ”Calculate Bistatic RCS”

option, the bistatic designed window is appeared as shown in Fig (4.2).

4.1.2 EPOFACETS 5.0 GUI Designing Procedure

In order to design the GUI of EPOFACETS 5.0, the ”guide” function is used in

MATLAB c© command window. A blank window, as shown in Fig (4.3), would

appear with options of ”Create New GUI” and ”Open Existing GUI”, select the

option ”Create New GUI” to select the option ”Blank GUI” and press ”OK”. A

Blank GUI template would appear as shown in Fig (4.4). On the left side of the
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Figure 4.2: GUI of bistatic RCS using EPOFACETS 5.0.

layout, Editor Component Palette would also be displayed with various options

such as Push Button, Slider, Radio Button, Edit Text and Static Text etc. A user

can also resize its window size in the grid layout editor. The EPOFACETS 5.0

GUI window is designed by using the following components:

4.1.2.1 Push Button

In EPOFACETS 5.0, five push buttons are added to operate function of ”Load

File”, ”Calculate RCS”, ”Print”, ”Close” and ”Help”. From the component

palette a user can drag a button into the layout area and can position them

according to the work requirement as shown in the following Fig (4.5). The push

button component is used to generate some user-defined buttons which have been

circled as shown in Fig (4.5), e.g. ”Load File”, ”Calculate RCS”, ”Print”, ”Close”,

and ”Help”. In order to change the push button properties, the property inspector

option is used to label the push buttons and to change the other related functional

parameters such as callback, create function, tag and text size etc.
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Figure 4.3: Guide tool window.

Figure 4.4: Creating GUI blank window.
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Figure 4.5: Push button component.

4.1.2.2 Radio Button

Radio Button is similar to the Check Box component, which is intended to be used

for mutually exclusive options i.e. only one option can be selected from a group of

available option. The radio buttons have both selected and unselected states. In

order to enable a radio button, simply press the button. In EPOFACETS 5.0, radio

button component is used to provide some user-defined options which have been

circled as shown in Fig (4.6), e.g. ”Ground Plane XY”, ”Show 3D Display”, and

”Show Polar Graph”. Similarly, in order to change the radio button component

properties, the property inspector option is used to label the radio buttons and to

change the other related functional parameters.

4.1.2.3 Edit Text Component

The Edit Text control fields facilitates a user to input different values at the time

of running a program. A user can also put a default value in edit text control. The
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Figure 4.6: Radio button component.

string property holds the text input by the user. In order to get the string entered

by the user, fetch the string property from the recall function. In EPOFACETS

5.0, the ”Edit Text” component is used to generate some user-defined text boxes

which have been circled as shown in Fig (4.7), e.g. ”Incident Angle” values,

”Observation Angle” values, ”Relative Permittivity”, ”Surface Roughness” values,

”Frequency” and ”Taylor Series” values. In order to change the ”Edit Text”

component properties, the property inspector option is used to label the ”Edit

Text” and change the other related functional parameters.

4.1.2.4 Static Text Component

The Static Text control option displays descriptive text in the GUI window. Static

text is usually used for labeling commands, providing instructions to the user, or

indicating values associated with a cursor. In EPOFACETS 5.0, the ”Static Text”

component is used to generate some user-defined texts which have been circled as

shown in Fig (4.8), e.g. ”Incident Angle”, ”Observation Angle”, ”Theta Start” and
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Figure 4.7: Edit text component.

”Stop”, ”Increment”, ”Computational Parameters” etc. To change the properties

of a ”Static Text” component, the property inspector option is used to label the

static text and change the font size, text location or text style.

4.1.2.5 Pop-Up Menu Component

The Pop-Up menu open provides a selection list (options) for a user by means of

a direct arrow button. The string property provides the list of string displayed in

the pop-up menu. The ”Property Inspector” is used to modify with the addition

of more items to the ”Pop-Up” menu through typing one option per line in the

string edit box. Furthermore, the ”Pop-Up” menu text and background color can

also be changed. In EPOFACETS 5.0, the ”Pop-Up” menu component is used to

generate an option box of incident polarization which has been circled as shown

in Fig (4.9), i.e. ”Incident Polarization” values. In order to change the properties

of the ”Pop-Up” menu component, the property inspector option is used to edit

the options label in ”Pop-Up” menu.
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Figure 4.8: Static text component.

Figure 4.9: Pop-Up menu component.
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4.2 Incident angles’ Cases Implemented in

EPOFACETS 5.0

Since, the primary objective of EPOFACETS 5.0 is to estimate RCS for a specified

range of incident angles’; therefore, to resolve and adjust this issue four main cases

are developed. These cases are categorized on the basis of the incident angles’

specification provided by the user and the adjustment of the MATLAB c© codes.

The EPOFACETS 5.0 simulation software understands the requirements of the

user and performs actions accordingly over the required range of incident angles’.

These cases are discussed as follows:

4.2.1 Case 1 (Fixed θ and φ)

The EPOFACETS 5.0 software is designed to facilitate user by providing option

of inserting start, stop and increment value, as shown in Fig (4.10). In order to

obtain RCS at fixed incident angles’, a user is required to input the same start

and stop angles’ or to input start angle with zero increment. This process will

provide RCS at fixed incident angle which turns this software at the same level

of POFACETS c©4.2. After computing the RCS, it provide the RCS plot and

MATLAB c© file which contains the following information.

• (itheta): Incident θ-angle value

• (iphi): Incident φ-angle value

• (theta): Observation θ-angle value (fixed value in our case at 90◦)

• (phi): Observation φ-angle values (varies from 0◦ to 360◦)

• (freq): Frequency of incident wave (selecting 0.12 GHz in our case)

• (Sth): RCS plot with respect to observation θ-angle values

• (Sph): RCS plot with respect to observation φ-angle values
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Figure 4.10: GUI of EPOFACETS 5.0 case 1.

4.2.2 Case 2 (Varying θ and Fixed φ)

This case occurs when it is required to vary θ incident angle for obtaining RCS

while keeping fixed angle of φ. In this case, a user has to provide range of inci-

dent θ angle with specific increment value. Furthermore, it is required to fix the

φ incident angle by providing the same ”Phi Start” and ”Phi Stop” angle or by

giving ”Phi Start” angle with 0 increment as shown in Fig (4.11).

The required RCS values at all the predefined incident angles’ are saved in struc-

ture arrays of MATLAB c© in ”TSim” data file of length (M×1), where M denotes

the number of incident θ angles’ and each (1×1 struct) structured cell contains

the following information.

• (itheta): Incident θ-angle value

• (iphi): Incident φ-angle value

• (theta): Observation θ-angle value (fixed value in our case at 90◦)

• (phi): Observation φ-angle values (varies from 0◦ to 360◦)
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Figure 4.11: GUI window of EPOFACETS 5.0 case 2.

• (freq): Frequency of incident wave (selecting 0.12 GHz in our case)

• (Sth): RCS plot with respect to observation θ-angle values

• (Sph): RCS plot with respect to observation φ-angle values

4.2.3 Case 3 (Fixed θ and Varying φ )

This case occurs when it is required to vary φ incident angle for obtaining RCS

while keeping fixed angle of θ. In this case, a user has to provide range of incident

φ angle with specific increment value. Furthermore, it is required to fix the θ

incident angle by providing the same ”Theta Start” and ”Theta Stop” angle or by

giving ”Theta Start” angle with 0 increment as shown in Fig (4.12).

The required RCS values at all the predefined incident angles’ are saved in struc-

ture arrays of MATLAB c© in ”TSim” data file of length (1×N), where N denotes

the number of incident φ angles’ and each (1×1 struct) structured cell contains

the following information.
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Figure 4.12: GUI window of EPOFACETS 5.0 case 3.

• (itheta): Incident θ-angle value

• (iphi): Incident φ-angle value

• (theta): Observation θ-angle value (fixed value in our case at 90◦)

• (phi): Observation φ-angle values (varies from 0◦ to 360◦)

• (freq): Frequency of incident wave (selecting 0.12 GHz in our case)

• (Sth): RCS plot with respect to observation θ-angle values

• (Sph): RCS plot with respect to observation φ-angle values

4.2.4 Case 4 (Varying θ and φ)

The major application of EPOFACETS 5.0 is discussed in case 4 as shown in Fig

(4.13). This case occurs when it is required to vary θ and φ incident angle val-

ues for obtaining RCS over a range of incident angles’. In this case, a user has
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Figure 4.13: GUI window of EPOFACETS 5.0 case 4.

to provide range of incident θ and φ angles’ with specific increment values. The

incident start and stop angle values must be kept different for (θ and φ), if these

angle values are same then it becomes case 1. Furthermore, it is required that the

increment value must be greater or equal to 1 depend on user requirements. Each

for the single incident θ-angle value the whole cycle of φ-angle values will be exe-

cuted. These simulations for the RCS calculation of a model are then performed

in a single run by providing all required incident angle values.

The required RCS values at all the predefined incident angles’ are saved in struc-

ture arrays of MATLAB c© in ”TSim” data file of length (M×N), where M denotes

the number of incident θ angles’ and N denotes the number of incident φ angles’ as

shown in Table (4.1) and each (1×1 struct) structured cell contains the following

information.

• (itheta): Incident θ-angle value

• (iphi): Incident φ-angle value

• (theta): Observation θ-angle value (fixed value in our case at 90◦)
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Table 4.1: Bistatic RCS computation using EPOFACETS 5.0

S/N 1 2 3 4 · · · N

1
(1×1)
struct

(1×1)
struct

(1×1)
struct

(1×1)
struct

· · · (1×1)
struct

2
(1×1)
struct

(1×1)
struct

(1×1)
struct

(1×1)
struct

· · · (1×1)
struct

3
(1×1)
struct

(1×1)
struct

(1×1)
struct

(1×1)
struct

· · · (1×1)
struct

4
(1×1)
struct

(1×1)
struct

(1×1)
struct

(1×1)
struct

· · · (1×1)
struct

...
...

...
...

...
...

...

M
(1×1)
struct

(1×1)
struct

(1×1)
struct

(1×1)
struct

(1×1)
struct

(1×1)
struct
(M×N)

• (phi): Observation φ-angle values (varies from 0◦ to 360◦)

• (freq): Frequency of incident wave (selecting 0.12 GHz in our case)

• (Sth): RCS plot with respect to observation θ-angle values

• (Sph): RCS plot with respect to observation φ-angle values

4.3 EPOFACETS 5.0 Angular Specifications

In this section the angles’ measurements are discussed which are used in EPO-

FACETS 5.0 or POFACETS c©4.2. The angles’ that are taken in EPOFACETS

5.0 is different which is used in normal cases [56]. Fig (4.14), shows the angular

coordinates in four quadrants used in EPOFACETS 5.0 and Fig (4.15), shows the

2-D angle coordinates system.

4.4 EPOFACETS 5.0 Limitations

Although the functionalities of EPOFACETS 5.0 have been improved to reduce

the time and effort of a user; however, there are still some limitations that are

listed below:
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Figure 4.14: Angles’ coordinates in EPOFACETS 5.0.

Figure 4.15: Normal angles’ Coordinates.
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• A high performance dedicated computer with (Large RAM and high proces-

sor speed) is required to run and save the estimated RCS results or data.

• Keeping in view the power outage issues in Pakistan, an Uninterruptible

Power Supply (UPS) may be required to run and complete the simulation

process if the RCS is needed to be estimated over a wide range of incident

angles’.



Chapter 5

Simulation Results and

Performance Analysis of

EPOFACETS 5.0

This chapter provides simulation results of obtaining BRCS through EPOFACETS

5.0 and discusses its performance in comparison to POFACETS c©4.2.

5.1 Bi-Static RCS Computation of Aircraft A380 c©

Model using EPOFACETS 5.0

In our simulation, the largest commercial aircraft A380 c© model is used as a tar-

get to compute the bistatic RCS through EPOFACETS 5.0. Since, EPOFACETS

5.0 requires a facet-based model to predict the RCS; therefore, AutoCAD c© de-

sign of aircraft A380 c© is acquired [57, 58] and converted to stereolithography

(.stl) format by using AnyCAD c© software. The RCS of the designed model is

estimated for a range of incident angles from 0◦ to 360◦ and azimuthal plane is

considered for observation angles. The facet-based model of aircraft A380 c© im-

ported in EPOFACETS 5.0 is shown in Fig (5.1). Once the model is loaded,

the parameters as per the user requirements can be changed. A user can also

62
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Figure 5.1: Facet-based model of Aircraft A380 c©.

modify surface properties of the model according to its own requirements. The

surface parameters should be inserted intelligently, because RCS depends upon the

scattered fields reflected from the surface of the model. The computational param-

eters include incident polarization and Taylor series. A user may select incident

polarization θ (TM-z) that corresponds to vertical polarization, or φ (TE-z) that

corresponds to horizontal polarization. Using a single incident angle (θ-Start=100◦

and φ-Start=180◦), observation angles (θ-Start=90◦, θ-Stop=90◦, Increment=1),

(φ-Start=0◦, φ-Stop=360◦, Increment=1) and keeping the frequency of 0.12 GHz

as shown in Fig (5.2).

Fig (5.3) and Fig (5.4), shows the RCS estimates of aircraft A380 c© both in lin-

ear and polar plots respectively. RCS simulation results are saved in MATLAB c©

structure cells array. The structured cells array contains the range of incident

angles with respect to observation angles, and the RCS of a target model at every

incident and observation angles with constant frequency. The results are basically

the RCS approximation of a target which are used in military engagements to

detect and intercept intruders in Modern Electronic Warfare.
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Figure 5.2: GUI of bistatic RCS model parameters.

Figure 5.3: RCS linear plot of Aircraft A380 c© model.
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Figure 5.4: RCS polar plot of Aircraft A380 c© model.

5.2 RCS Computation of a Target Aircraft A380 c©

Model

As discussed earlier, the main objective of EPOFACETS 5.0 is to decrease simu-

lation burden of a user when it is required to estimate BRCS over a wide range

of incident angles. In this section, BRCS of aircraft A380 c© is estimated over the

range of incident angles from 0◦ to 360◦ as shown in Fig (5.5). Since, BRCS es-

timation requires high processing time; therefore, for simplicity and to ease the

system an increment value of 2 is chosen. As per requirements, a user can select

different increment values.

In case when a continuous electricity backup is not available, a user may split the

simulation process by dividing incident angles range i.e. 0◦ to 90◦, 90◦ to 180◦,

180◦ to 270◦, and 270◦ to 360◦. BRCS estimation through EPOFACETS 5.0 over

the range from 0 to 360 with increment 2 will provides the estimated result in a

structured cells array of dimension (181×91) and each structured cell array contain

the data information about the RCS, incident angle, observation angle, frequency
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Figure 5.5: GUI window of EPOFACET of Aircraft A380 c© model.

and other parameters. This means the BRCS simulation will be executed 16471

times.

5.3 BRCS Results Comparison of EPOFACETS

5.0 and POFACETS c©4.2

In order to verify BRCS estimation obtained through EPOFACETS 5.0, the results

are compared with the estimates of POFACETS c©4.2. Incident angles θ=180◦ and

φ=264◦ are considered for both the versions as shown in Fig (5.6) and Fig (5.7).

In Fig (5.8), ”Theta Stop”, ”Phi Stop” and ”Increment” are kept ”0”. In order

to observe RCS the observation angles are kept at azimuth plane i.e. θ=90◦ and

0◦≤φ≤360◦.

Since, POFACETS c©4.2 doesn’t estimate RCS over a range of incident angles;

therefore, the results are estimated and compared for a single incident angle. The

estimated BRCS results estimated through POFACETS c©4.2 and EPOFACETS

5.0 are shown in Fig (5.7) and Fig (5.9) respectively. From the results it is clear

that both the versions work the same.
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Figure 5.6: GUI window of bistatic RCS calculation using POFACETS c©4.2.

Figure 5.7: RCS plot using POFACETS c©4.2.
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Figure 5.8: GUI window of bistatic RCS calculation using EPOFACETS 5.0.

Figure 5.9: RCS plot using EPOFACETS 5.0.
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Table 5.1: Simulation time comparison between POFACETS c©4.2 and EPO-
FACETS 5.0

Time (Hours/Days) POFACETS c©4.2
EPOFACETS
5.0

Model Loading 1 min and 12 sec 1 min and 12 sec
GUI Parameters Input 32 sec 45 sec
For Single Incident Angle 2 min and 45 sec 2 min and 45 sec
Requirement for a Range
0◦≤θi≤90◦, 0◦≤φi≤180◦, Inc.=2
(Including Model Loading and
Parameters Input Time)

279 Hrs. (11.628
Days)

169.8477 Hrs.
(7.076 Days)

Requirement for a Range
0◦≤θi≤180◦, 0◦≤φi<360◦, Inc.=2
(Including Model Loading and
Parameters Input Time)

1116 Hrs. (46.5
Days)

679.3903 Hrs.
(28.3079 Days)

5.4 Simulation Based RCS Time Analysis

5.4.1 Simulation Time Comparison between POFACETS c©

4.2 and EPOFACETS 5.0

Since, the one objective of this work is to reduce simulation time for estimating

RCS over a range of incident angles; therefore, in this section, RCS simulation time

comparison between EPOFACETS 5.0 and POFACETS c©4.2 is provided. For a

single incident angle, both the versions consume approximately the same time,

whereas, for a range of incident angles the EPOFACETS 5.0 surpass the existing

version with a huge time difference. In EPOFACETS 5.0, all the required incident

angles are inputs at one time with respect to the observation angles. A comparison

of simulation time consumed for estimating RCS at each step is listed in Table

(5.1).

The POFACETS c©4.2 requires a very high amount of time for estimating RCS for

a range of incident angles because it demands to enter incident angles manually

for each simulation run and repeat the same process again and again for range

of incident angles. In contrast, the EPOFACETS 5.0 requires to enter incident

angles range for a single time and hence saves the power and the time of a user.
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Figure 5.10: RCS simulation time analysis for different ranges of incident
angle using EPOFACETS 5.0.

5.4.2 Simulation Time Estimation of EPOFACETS 5.0

In this section, simulation time consumed by EPOFACETS 5.0 is analyzed to ob-

tain an estimated time duration for completing a task. For this purpose, simulation

is run for four different scenarios of incident angle ranges, θi-Start=θi-Stop=0◦,

0◦≤θi≤10◦, 0◦≤θi≤20◦ and 0◦≤θi≤30◦, whereas the incident angles range of φ is

kept fixed i.e. 0◦≤φi≤180◦.

For simulation ease, the increment size is assumed 2. The complete details along

with simulation time consumed during each scenario is listed in Table (5.2). The

simulation is performed on a computer with the specifications of 2.50 GHz proces-

sor, 256 GB SSD ROM, and 8 GB RAM.

By analyzing simulation time consumed by each scenario, it is observed that the

consumption of simulation time increases linearly. Therefore, a linear line can be

fitted to these values that may provide a projected time duration of a task as

shown in Fig (5.10).

In case, when a simulation is required to be run for 0◦≤θi≤50◦ and 0◦≤φi≤180◦,
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Table 5.2: RCS simulation time analysis of EPOFACETS 5.0 for different
range of incident angles

Simulation
Incident
θ-Angle
Range

Incident
φ-Angle
Range

Simulation
Time

Simulation 1
θ-Start=0◦,
θ-Stop=0◦,
Increment=0

φ-Start=0◦,
φ-Stop=180◦,
Increment=2

3.8408 Hrs.

Simulation 2
θ-Start=0◦,
θ-Stop=10◦,
Increment=2

φ-Start=0◦,
φ-Stop=180◦,
Increment=2

23.0868 Hrs.

Simulation 3
θ-Start=0◦,
θ-Stop=20◦,
Increment=2

φ-Start=0◦,
φ-Stop=180◦,
Increment=2

42.1347 Hrs.

Simulation 4
θ-Start=0◦,
θ-Stop=30◦,
Increment=2

φ-Start=0◦,
φ-Stop=180◦,
Increment=2

61.4528 Hrs.

and the required increment value is 2, then the projected time can be calculated

approximately through general empirical formula that are shown in Eq (5.1), which

would be around (98.7158 Hrs.).

Time (minutes) ≈ 60×(1.9×θi) + (
φi
2

+1)×2.45

Time (Hrs.) ≈ (1.9×θi) + (
φi
2

+1)×0.0408

(5.1)

5.5 Validation of RCS Results through Well-

established Radar Simulator FEKO c©

In this section, RCS simulation of commercial aircraft Boeing 707 c© is computed

through the proposed EPOFACETS 5.0 and FEKO c© software tool. As discussed

earlier, FEKO c© software is based on the Multi-Level Fast Multipole Method

(MLFMM), Physical Optics (PO), Uniform Theory of Diffraction (UTD), and

Method of Moment (MOM); whereas EPOFACETS 5.0 is based on the Physical

Optics (PO) method to compute monostatic and bistatic RCS.

In [22], the bistatic RCS of a large target is performed at fixed bistatic angle in
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Figure 5.11: RCS plot of measured and simulated data of Boeing 707 c© aircraft
through FEKO c© software.

a compact range. The target scaled model of Boeing 707 c© was illuminated with

a uniform EM plane wave which was created by a parabolic dish reflector. The

bistatic scattering of the target is measured by the radar receiving antenna placed

at fixed bistatic angle with a finite distance in compact range. The measured anal-

ysis of the model is performed in anechoic chamber by rotating in azimuth direction

with fixed bistatic angle of 30.8◦. In order to check the accuracy of bistatic RCS

measured analysis performed in the compact range, the measured data is com-

pared with the full wave simulations. These simulations were performed through

FEKO c© software using Multi-Level Fast Multipole Method (MLFMM) algorithm

at 3.6 GHz frequency as shown in Fig (5.11).

In order to compare the RCS simulated results of the proposed EPOFACETS 5.0

with the published results of FEKO c© software for results’ verification, the same

facet-based model of the commercial aircraft Boeing 707 c© is being used. The com-

mercial aircraft Boeing 707 c© target facet-based model (.stl) format was imported

in EPOFACETS 5.0 in order to compute the bistatic RCS for a range of incident

angles from -180◦ to 180◦ over the same frequency of 3.6 GHz.

In this simulation, the target was illuminated by considering the azimuthal plane
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Figure 5.12: RCS plot of Boeing 707 c© aircraft through EPOFACETS 5.0.

for incident and observation angles to keep fixed bistatic angle of 30.8◦. The

computed RCS result at every incident angle with respect to observation angle is

calculated to keep the constant difference of 30.8◦ between them. The simulated

bistatic RCS results are shown in Fig (5.12). The estimated BRCS results of the

target model Boeing 707 c© through EPOFACETS 5.0 and FEKO c© software are

compared as shown in Fig (5.13).

From the results, it is clear that the RCS computed through EPOFACETS 5.0 and

FEKO c© software tool are comparatively similar. This verifies that the proposed

EPOFACETS 5.0 can be utilized for any flying object for the prediction of its RCS

before it is observed by a realistic radar.

Moreover, as discussed earlier, that the RCS is changed by varying the incident

frequency and the number of facets of the target model. Due to which the model

Boeing 707 c© commercial aircraft that are used in FEKO c© software having less

number of facets as compared to the same model with greater number of facets

used in EPOFACETS 5.0.

The error estimation of RCS results computed through FEKO c© and EPOFACETS

5.0 with the measured data is shown in Fig (5.14). In order to reduced the num-

ber of facets in EPOFACETS 5.0, the estimated error is decreased as compared
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to FEKO c© results with measured data.

Fig (5.15) and Fig (5.16), shows the rate of accuracy of the estimated error in RCS

computed through the FEKO and EPOFACETS 5.0 compared with measured re-

sults.

From the results, it is clear that in FEKO result, the rate of occurrence is higher

with some offset in the estimating RCS upto 5 degree, but in EPOFACETS 5.0

results, the mean values are very closed to zero, which shows a natural error

phenomena. However, a higher value of variance may be decreased by using a

sophisticated estimation algorithm.

Hence, it is concluded that the open source EPOFACETS 5.0 software may used

to computed the RCS of a target model over a range of incident angles and takes

less RCS simulation time as compared to other software tools.

Furthermore, the facets model and RCS data after simulation is stored, occupied

very less memory as compared to FEKO and other simulation software tools.

Figure 5.13: Combined RCS plots of Boeing 707 c© aircraft through FEKO c©

and EPOFACETS 5.0.
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Figure 5.14: Error estimation in RCS of Boeing 707 c© aircraft computed
through FEKO c© and EPOFACETS 5.0 with measured data.

Figure 5.15: Error estimation Histogram of RCS computed through FEKO c©

with measured data.
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Figure 5.16: Error estimation Histogram of RCS computed through EPO-
FACETS 5.0 with measured data.



Chapter 6

Conclusion and Future Work

This chapter gives a brief discussion of the conclusion of the thesis in section 6.1

and in section 6.2, the further possible future works on this thesis is discussed.

6.1 Conclusion

The current version of POFACETS c© i.e. Version 4.2, has been limited to esti-

mate bistatic RCS of an object for a single incident angle and has not been able to

provide RCS for a predefined range of incident angles. In this research work, the

Enhanced version of POFACETS c©4.2 has been designed named as EPOFACETS

5.0 which have capabilities of estimating bistatic RCS of a target model over a

range of predefined incident angles. In order to enhance the functionalities of

the existing version of POFACETS c©4.2, the Graphical User Interface (GUI) and

POFACETS c©4.2 codes have been upgraded to accommodate the range of incident

angles. A self-guiding GUI have been established separately to input the range of

incident angles and to guide the user to avoid any mistake. The related MATLAB c©

codes have been developed for RCS estimation and linked with EPOFACETS 5.0

GUI. The GUI automatically adjusts its related scenario and provides estimated

RCS of any input model.

For analysis, the largest commercial aircraft A380 c© model has been used to

77



Conclusion and Future Work 78

compute the bistatic RCS through EPOFACETS 5.0. For this purpose, the

AutoCAD c© design of aircraft A380 c© has been acquired and converted to stere-

olithography (.stl) format. The bistatic RCS of the designed model have been

estimated for each incident and observation angle in a three-dimensional space by

providing incident and observation angles ranges. Simulation time performance

and RCS estimation of EPOFACETS 5.0 over POFACETS c©4.2 have been evalu-

ated on a computer with 2.50 GHz processor, 256 GB SSD drive ROM and 8GB

RAM. It has been evaluated that EPOFACETS 5.0 provides advantage in terms

of simulation time. The resultant RCS plots of the target model have been stored

in MATLAB c© structured cells array. The comparative analysis of the resultant

RCS has been carried out which compares the RCS results taken either by using

EPOFACETS 5.0 or POFACETS c©4.2 for a required incident angle. Moreover,

the RCS simulation time have been analyzed for different range of incident angles

and observed that the consumption time for each range of incident angles have

been approximately linearly increased.

Furthermore, the BRCS of the facet-based model of the commercial aircraft Boe-

ing 707 c© has been computed through the proposed EPOFACETS 5.0 and FEKO c©

software tool. The BRCS simulated results through the proposed EPOFACETS

5.0 software have been compared with the published results of FEKO c© software

for results’ verification. From the results, it has been cleared that the BRCS com-

puted through the proposed EPOFACETS 5.0 have been comparatively similar to

results computed through FEKO c© software tool. This verifies that the proposed

EPOFACETS 5.0 can be utilized for any flying objects for the prediction of its

RCS before it has been observed by a realistic radar.

6.2 Future Work

Although, the functional capabilities of EPOFACETS 5.0 have been improved to

reduce the total simulation time and effort of a user; however, there are one limi-

tation that should be removed in future. The EPOFACETS 5.0 estimates bistatic

RCS for varying observation angles θ and φ values or keeping fixed value of θ or φ
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angle values for a given range of incident angles which may takes much more time

during simulation; therefore, it can be further improved in future, the symmetric

functions will be required in EPOFACETS 5.0 for computing bistatic RCS in or-

der to reduce simulation run time and user effort, and also to reduce the backup

power usage time for RCS simulation over a wide range of incident angles.

The proposed EPOFACETS 5.0 has been designed to run sequentially. However,

its performance in terms of simulation time can be substantially enhanced if par-

allel computing mechanism is integrated with its working. Moreover, the proposed

EPOFACETS 5.0 MATLAB c© codes can be upgraded if more advance high level

programming language is employed e.g. Python. The proposed EPOFACETS 5.0

can also be used to estimate the RCS of a missile on the basis of its predicted

trajectory.
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