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CALCULATION OF THE RADAR SECTION AREA
IN A THREE-DIMENSIONAL OBJECT
USING THE RADAR TIME DOMAIN RESPONSE

SUMMARY

This thesis focuses on the calculation of radar cross section (RCS), a fundamental
component of radar technology. Specifically, it explores how RCS values of
three-dimensional objects can be calculated, with detailed simulations conducted on
a perfect sphere model within this context. Considering the advancements in radar
systems and applications in stealth technology, this study provides the necessary
theoretical and practical knowledge to understand the interactions of radar waves with
complex objects.

The thesis details the mathematical modeling of three-dimensional complex object
interactions with radar waves and elaborates on the applications of these models
in computer simulations. The examined sphere model serves as an ideal testbed
for computer simulations, concentrating on various interactions such as reflection,
scattering, and absorption on the object’s surface. It provides essential information
for the design of advanced stealth technologies and radar systems by understanding
the interactions of radar waves with objects.

Furthermore, this study aims to contribute significantly to radar engineering and stealth
technology by providing comprehensive principles, methodologies, and calculation
techniques for predicting RCS in various 3D scenarios. From fundamental principles
of radar wave interactions to advanced modeling and simulation approaches, it covers
the tools and knowledge necessary to accurately predict and reduce the radar signature
of 3D objects in real-world applications.

The main objective of this thesis is to understand how three-dimensional objects reflect
and are detected by radar waves, as RCS is a critical parameter determining how well
an object can be detected by radar. Thus, this study provides an in-depth understanding
of radar wave interactions with objects and utilizes this knowledge to contribute to the
development of both military and civilian radar systems.

The thesis conducts a comprehensive study on calculating the radar cross-section
(RCS) of three-dimensional objects using radar time-domain response. RCS, a
fundamental aspect of contemporary radar technology, indicates how much radar
waves are reflected by an object, thereby determining its detectability by radar systems.
RCS, also known as radar signature, holds significant importance in various fields,
especially military stealth technologies and civilian radar systems.

While calculating RCS for two-dimensional (2D) objects is relatively straightforward,
the thesis addresses the challenges in RCS calculation for three-dimensional (3D)
objects. To overcome these challenges, various calculation methodologies, advanced
modeling, and simulation approaches are presented. This study aims to provide
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the necessary tools and knowledge for accurately predicting and reducing the
radar cross-sections of 3D objects in real-world applications based on radar wave
interactions.

The thesis primarily examines the basic principles and calculation methodologies of
radar cross-section. The scattering characteristics that emerge during the interaction
of radar waves with an object form the basis of RCS. This interaction is influenced
by various factors such as the size, shape, and material properties of the object.
Subsequently, the thesis extensively discusses how these principles can be applied to
three-dimensional objects and how RCS can be calculated using the radar time-domain
response. In this context, various 3D object RCS calculations are performed using both
analytical and numerical methods.

The frequency dependence of RCS and scattering behaviors in various frequency
regions are also significant parts of this study. It examines how RCS changes in
three main frequency regions: Rayleigh, resonance, and optical. These sections lead
to different scattering characteristics of the object depending on its size relative to
the wavelength. For instance, in the Rayleigh region, when the dimensions of the
object are significantly smaller than the wavelength, RCS decreases inversely with the
fourth power of the wavelength. This makes it difficult to detect small objects by radar
systems.

Moreover, this study discusses monostatic and bistatic radar systems used in RCS
calculations. These two radar configurations differ based on how the radar transmitter
and receiver are positioned relative to the target and have significant effects on RCS
calculations. Monostatic radars are used when the transmitter and receiver are at the
same location, while bistatic radars are suitable for situations where the transmitter and
receiver are at different locations.

The advantages and disadvantages of monostatic and bistatic radar systems used
in RCS calculations are also addressed in this thesis. The effects of both radar
configurations on RCS calculations are examined, and the use of these systems in
different application areas is discussed. Monostatic radars are used when the radar
transmitter and receiver are at the same location, while bistatic radars may be more
suitable for situations where the transmitter and receiver are at different locations. The
use of these two radar types in RCS calculations plays a significant role in radar system
design.

Furthermore, the thesis discusses the advantages and disadvantages of different
methods used in calculating RCS. These methods include numerical methods (Method
of Moments, Physical Optics, etc.), experimental measurements, and approximate
methods. The applications, strengths, and weaknesses of each method are examined
in detail. The proper use of these methods is crucial for improving the accuracy and
effectiveness of radar cross-section calculations.

Finally, the thesis discusses the practical applications of radar cross-section
calculations. The importance of RCS analysis in various fields such as military
surveillance, aerospace engineering, autonomous navigation, and environmental
monitoring is emphasized. Particularly in military applications, understanding and
reducing the radar signature of an entity are crucial for stealth purposes.
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In the practical applications section, three-dimensional object geometric modeling is
performed using a MATLAB-based calculation framework. This modeling allows for
the examination of how objects reflect from different angles and frequencies, which
is then used in radar cross-section calculations. The thesis extensively examines
various methodologies used in RCS calculations and evaluates the effectiveness of
these methodologies.

During the simulation process, an icosahedron (a twenty-faced geometric shape) is
initially used to create an idealized sphere to investigate radar wave interactions in
detail. Each surface of the sphere is thoroughly examined, allowing for a detailed
analysis of how radar waves scatter from each surface and the overall impact of
these scatterings on the radar cross-section. The complex interactions of the sphere
surface are analyzed by dividing them into hundreds of tiny surfaces and calculating
the contribution of each surface to RCS meticulously.

Throughout the simulation process, careful attention is paid to how radar waves reflect
from each surface of the sphere, the evolution of the reflected waves over time, and
their frequency spectra. These in-depth analyses provide critical data for radar system
design and the development of stealth technologies. The findings contribute to a better
understanding of mutual interactions between radar waves and three-dimensional
objects.

In the conclusion section, the thesis examines whether the simulated results, which are
triangulated and sampled over the time span, consistently represent the calculated and
theoretical RCS values using graphical representations. The calculated RCS values are
expected to demonstrate minimal deviation from the theoretical model, indicating an
accurate simulation of the scattering properties of the sphere.

Additionally, the details of the conducted simulations and calculations are explained
in the final section, along with a graphical analysis of the obtained data to demonstrate
the sensitivity of RCS calculations and how these calculations can be integrated into
radar system designs. Furthermore, this thesis contributes to the advancement of radar
technology and provides valuable insights for more effective and efficient development
of radar systems. These results serve as a solid foundation for future research in radar
engineering and stealth technology, paving the way for innovations in the field.

This study serves as a comprehensive resource for researchers and professionals,
guiding engineers, defense analysts, and researchers who wish to understand the
intricacies of radar technology and RCS analysis. Based on a hypothesis proposing that
radar cross-sections for 3D objects can be more accurately and efficiently calculated
using radar time-domain responses and advanced computation techniques, this thesis
aims to contribute theoretically and practically to radar technology.

Finally, this thesis serves as an important educational resource for radar engineers,
technicians, and students, helping them gain a deeper understanding of radar
cross-section concepts and how these calculations are performed. By addressing wider
and more complex scenarios in radar technology, this study will continue to contribute
to the development of radar technologies.
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RADAR ZAMAN DOMENI CEVABI KULLANILARAK
UC BOYUTLU CISIMDE
RADAR KESIT ALANININ HESAPLANMASI

OZET

Bu tez, radar teknolojisinin temel bilesenlerinden biri olan radar kesit alaninin (RCS)
hesaplanmasina odaklanmaktadir. Ozellikle, iic boyutlu nesnelerin RCS degerlerinin
nasil hesaplanabilecegi lizerinde durulmusg, bu baglamda miikemmel bir kiire modeli
tizerinde detayl simiilasyonlar gerceklestirilmistir. Radar sistemlerinin gelisimi ve
gizlilik teknolojileri alanindaki uygulamalar1 goz oniinde bulunduran bu ¢alisma, radar
dalgalarinin karmasik nesnelerle olan etkilesimlerini anlamak i¢in gerekli teorik ve
pratik bilgileri sunmaktadir.

Bu tez, radar dalgalarinin ii¢ boyutlu karmagik nesnelerle etkilesiminin matematiksel
modellemesini ve bu modellemelerin bilgisayar simiilasyonlarindaki uygulamalarini
detaylandirmaktadir. Incelenen kiire modeli, bilgisayar simiilasyonlar icin ideal bir
test yatagi olarak kullanilmis ve radar dalgalarinin nesnenin ylizeyindeki yansima,
sacilma ve sogurma gibi cesitli etkilesimleri iizerinde yogunlagilarak, gelismis gizlilik
teknolojileri ve radar sistemlerinin tasarimi i¢in temel bilgiler saglamistir. Ayrica, bu
calisma, radar dalgalarinin nesnelerle olan etkilesimlerinin detayli analizi sayesinde,
radar mithendisligi ve gizlilik teknolojileri alaninda var olan bilgi birikimine onemli
katkilarda bulunmay1 hedeflemektedir.

Bu tez, cesitli 3D senaryolarda RCS tahmin etmek i¢in temel ilkeleri, metodolojileri
ve hesaplama tekniklerini ele alinir. Radar dalgalarinin etkilesiminin temellerinden
ileri modelleme ve simiilasyon yaklagimlarina kadar, gercek diinya uygulamalarinda
3D nesnelerin radar imzasin1 dogru bir sekilde tahmin etmek ve azaltmak i¢in gerekli
araglar ve bilgileri kapsamli bir sekilde anlatir.

Bu tez calismasinin ana amaci, iic boyutlu nesnelerin radar kesit alanlarini, yani
radar dalgalar1 tarafindan nasil yansitildiklarin1 ve algilandiklarin1 anlamaktir. RCS,
bir nesnenin radar tarafindan ne kadar iyi algilanabilecegini belirleyen kritik bir
parametredir.  Dolayisiyla, bu calisma radar dalgalarinin nesnelerle etkilesimi
konusunda derinlemesine bir anlayis saglamakta ve bu bilgileri, hem askeri hem de
sivil radar sistemlerinin gelistirilmesine katkida bulunacak sekilde kullanmaktadir.

Radar zaman domeni cevab1 kullanilarak ii¢ boyutlu cisimlerin radar kesit alaninin
(RCS) hesaplanmasina yonelik kapsamli bir ¢calisma yiiriitiilmiistiir. Giiniimiiz radar
teknolojisinin temel bir unsuru olan RCS, bir cismin radar dalgalarin1 ne ol¢iide
yansittigin1 gosterir ve dolayisiyla radar sistemleri tarafindan tespit edilebilirligini
belirler. Radar imzasi1 olarak da adlandirilan RCS, o6zellikle askeri stealth (gizlilik)
teknolojileri ve sivil radar sistemleri gibi bir¢ok alanda 6nemlidir.

Tez, iki boyutlu (2D) cisimler i¢in RCS hesaplamalarinin gorece basit oldugu bir
ortamda, ii¢ boyutlu (3D) cisimler icin RCS hesaplamanin zorluklarini ele alir.
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Bu zorluklarin iistesinden gelmek igin, tez cesitli hesaplama metodolojilerini, ileri
modelleme ve simiilasyon yaklagimlarini sunar. Bu c¢aligma, radar dalgalarinin
etkilesimi temel alinarak, gercek diinya uygulamalarinda 3D cisimlerin radar kesit
alanlarinin dogru bir sekilde tahmin edilmesi ve azaltilmasi i¢in gerekli araclari ve
bilgileri saglamay1 amaglar.

Tezde Oncelikle, radar kesit alaninin temel prensipleri ve hesaplama metodolojileri
incelenir. Radar dalgalarinin bir cisimle etkilesimi sirasinda ortaya c¢ikan sacilma
ozellikleri, RCS’nin temelini olusturur. Bu etkilesim, cismin boyutu, sekli ve malzeme
ozellikleri gibi cesitli faktorler tarafindan etkilenir. Daha sonra, bu prensiplerin
tic boyutlu cisimlere nasil uygulanabilecegi ve RCS’nin zaman domeni cevabi
kullanilarak nasil hesaplanabilecegi detayli bir sekilde ele alimir. Bu baglamda,
tezde hem analitik hem de sayisal yontemler kullanilarak cesitli 3D cisimlerin RCS
hesaplamalar1 yapilir.

RCS’nin frekans bagimliligi ve cesitli frekans bolgelerindeki sagilma davraniglari
da bu calismanin Onemli bir parcasidir. Rayleigh, rezonans ve optik olmak iizere
tic ana frekans bolgesinde RCS’nin nasil degistigi incelenir. Bu bdliimler, cismin
boyutunun ilgili dalga boyuna gore degisik sacilma 6zellikleri gostermesine yol acar.
Ornegin, Rayleigh bolgesinde, cismin boyutlar1 dalga boyundan 6nemli 6l¢iide kiiciik
oldugunda, RCS dalga boyunun dordiincii kuvvetiyle ters orantili olarak azalir. Bu
durum, kii¢iik cisimlerin radar sistemleri tarafindan tespit edilmesini zorlastirir.

Bu tez calismasinda ayrica, RCS hesaplamalarinda kullanilan monostatik ve bistatik
radar sistemlerinin avantajlar1 ve dezavantajlart ele alinmistir.  Her iki radar
konfigiirasyonunun RCS hesaplamalar1 iizerindeki etkileri incelenmis ve bu sistemlerin
farkli uygulama alanlarindaki kullanimi tartistlmisti.  Monostatik radarlar, radar
vericisi ve alicisinin aynit konumda oldugu durumlarda kullanilirken, bistatik radarlar
verici ve alicinin farkli konumlarda oldugu durumlar icin daha uygun olabilmektedir.
Bu iki radar tipinin RCS hesaplamalarindaki kullanimi, radar sistemleri tasariminda
onemli bir rol oynamaktadir.

Tez, ayrica radar kesit alaninin hesaplanmasinda kullanilan farkli yontemlerin
avantajlarim1 ve dezavantajlarini tartisir. Bu yOntemler arasinda, sayisal yontemler
(Metot of Moments, Fiziksel Optik vb.), deneysel ol¢iimler ve yaklasik yontemler
bulunmaktadir. Her bir yontemin uygulama alanlari, giiclii ve zayif yonleri detayli bir
sekilde incelenir. Bu yontemlerin dogru kullanimi, radar kesit alan1 hesaplamalarinin
dogrulugunu ve etkinligini artirmada biiyiik 6nem tagimaktadir.

Son olarak, tez radar kesit alaninin hesaplanmasinin pratik uygulamalarina deginir.
Askeri gozetim, hava uzay miihendisligi, otonom navigasyon ve ¢evresel izleme gibi
cesitli alanlarda RCS analizinin 6nemi vurgulanir. Ozellikle askeri uygulamalarda, bir
varligin radar imzasin1 azaltmak i¢cin RCS’nin anlasilmasi ve azaltilmasi biiyiikk onem
tagir.

Pratik uygulamalar kisminda, MATLAB tabanli bir hesaplama cercevesi kullanarak
ic boyutlu nesnelerin geometrik modellemesini gerceklestirmistir. Bu modelleme
sayesinde, nesnelerin farkli acilardan ve farkli frekanslarda nasil yansittiklari
incelenmis, bu bilgiler radar kesit alan1 hesaplamalarinda kullanilmistir. Tez, RCS
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hesaplamalarinda kullanilan farkli metodolojileri de kapsamli bir sekilde incelemis ve
bu metodolojilerin etkinligini degerlendirmistir.

Calismanin simiilasyon boliimiinde, ilk olarak idealize bir kiire olusturmak amaciyla
bir icosahedron (yirmi yiizlii geometrik sekil) kullanilmis ve bu geometrik yapi, radar
dalgalarinin etkilesimlerini inceleyebilmek icin ayrintili bir sekilde iiggenlestirilmistir.
Kiirenin her bir yiizeyi detaylica incelenmis, boylelikle radar dalgalarinin her bir
ylizeyden nasil sacildig1 ve bu sacilmalarin genel radar kesit alanina olan etkileri
titizlikle analiz edilmigtir. Kiire yiizeyinin karmagik etkilesimleri, yiizlerce minik
ylizeye boliinerek ayr1 ayr1 degerlendirilmis ve her bir ylizeyin RCS’ye olan katkisi
0zenle hesaplanmugtir.

Simiilasyon siireci boyunca, radar dalgalarinin kiirenin her bir yiizeyinden nasil
yansidigina, yansiyan dalgalarin zaman i¢indeki evrimine ve frekans spektrumlarina
dikkatle odaklanilmigtir. Yapilan bu derinlemesine analizler, radar sistemi tasarimi
ve gizlilik teknolojilerinin gelistirilmesi icin kritik veriler saglamistir. Elde edilen
bulgular, ii¢ boyutlu nesnelerle radar dalgalarinin kargilikli etkilesimlerini daha detayl
anlayabilmek i¢in 6nemli bir katki sunmustur.

Tezin sonu¢ boliimiinde grafiksel gosterimlerle hesaplanan ve teorik RCS degerler
karsilagtirllarak iicgenlenerek Orneklenmis olan simiilasyon sonuglarinin zaman
aralig1r boyunca karsilik gelen cizgilerinin tutarl bir sekilde ifade edilip edilmedigi
incelenmistir.  Hesaplanan RCS degerleri, teorik modelden minimum sapmay1
gostererek, kiirenin sacilma Ozelliklerinin dogru bir simiilasyonunu ortaya koymasi
beklenerek calisma yiiriitiilmiigtiir.

Ayrica son boliimde, gerceklestirilen simiilasyon ve hesaplamalarin ayrintilari
aciklanmis ve elde edilen verilerin grafiksel analizi ile RCS hesaplamalarinin
hassasiyeti ve bu hesaplamalarin radar sistemlerinin tasariminda nasil entegre
edilebilecegi ortaya konmustur.  Ayrica, bu tez calismasi, radar teknolojisinin
ilerlemesine katki saglamis ve radar sistemlerinin daha etkin ve verimli bir sekilde
gelistirilmesine yonelik Onemli bilgileri ortaya koymustur. Bu sonuclar, radar
miihendisliginde ve gizlilik alaninda gelecekteki arastirmalar icin saglam bir temel
teskil etmekte ve bu alandaki yeniliklere zemin hazirlamaktadir.

Bu calisma, hem arastirmacilara hem de profesyonellere yonelik kapsamli bir kaynak
olarak hizmet eder. Radar teknolojisinin inceliklerini ve RCS analizini anlamak isteyen
miihendislere, savunma analistlerine ve arastirmacilara rehberlik eder. Radar zaman
domeni cevaplari ve ileri hesaplama tekniklerini kullanarak 3D cisimler i¢in radar
kesit alanlarinin daha dogru ve verimli bir sekilde hesaplanabilecegini 6ne siiren bir
hipotez iizerine kurulu olan bu tez, hem teorik hem de pratik acidan radar teknolojisi
alanina 6nemli katkilarda bulunmay1 hedefler.

Son olarak, bu tez ¢alismasi radar miihendisleri, teknisyenleri ve Ogrenciler i¢in
onemli bir egitim kaynagi olarak hizmet vermektedir. Radar kesit alan1 kavramlarim
ve bu hesaplamalarin nasil yapilacagin1 daha derinlemesine anlamalarina yardimci
olmaktadir. Bu ¢aligma, radar teknolojisi alaninda daha genis ve karmasik senaryolarin
ele alinmasina katkida bulunarak, radar teknolojilerinin gelisimine devam edecektir.
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1. INTRODUCTION

In the realm of modern radar technology, the accurate prediction and analysis of radar
cross-sectional area (RCS) play a pivotal role in numerous applications, ranging from
military stealth to civilian radar systems. The RCS of an object, often referred to
as its "radar signature," quantifies the object’s ability to reflect radar waves and is a
crucial factor in determining its detectability by radar systems. While calculating RCS
for two-dimensional (2D) objects is relatively straightforward, the challenge becomes

significantly more intricate when dealing with three-dimensional (3D) objects. [2]

This need for RCS calculation in 3D objects arises in various scenarios, such as
assessing the radar visibility of aircraft, ships, ground vehicles, or even natural
formations like mountains or trees. Understanding the RCS characteristics of these
diverse structures is fundamental for radar engineers, defense analysts, and researchers

in fields like remote sensing and environmental monitoring. [2]—[6]

Within the scope of this dissertation, an in-depth examination of Radar Cross
Section (RCS) computations pertaining to three-dimensional objects is undertaken.
The discourse encompasses a thorough exploration of fundamental principles,
methodological frameworks, and computational methodologies that are integral
to the estimation of RCS across a spectrum of three-dimensional environments.
Commencing with elementary concepts of radar wave interactions, and progressing to
sophisticated modelling and simulation techniques, the objective of this scholarly work
is to furnish an exhaustive survey of the instrumentalities and cognizance requisite for
the precise prognostication and diminution of the radar signatures of three-dimensional
entities within practical applications. Targeting professionals ranging from engineers
engrossed in the design of radar systems, to military tacticians dedicated to the
minimization of radar detectability of assets, and encompassing scholars probing

into the phenomena of electromagnetic scattering, this treatise is poised to serve as



an invaluable compendium for the elucidation and calculation of RCS within the

tri-dimensional sphere.

1.1 Purpose of Thesis

This thesis aims to contribute to the field of radar technology by providing an in-depth
exploration of the methods and techniques for calculating radar cross-sectional areas
(RCS) of three-dimensional (3D) objects using radar time domain responses. By doing
S0, it seeks to advance our understanding of radar systems and their interactions with

complex 3D geometries.

The thesis intends to address the existing gap in RCS analysis, particularly when
dealing with 3D objects. While RCS calculations for two-dimensional (2D) targets
are well-established, the extension to 3D scenarios presents unique challenges. This
work seeks to bridge this gap by offering comprehensive insights and practical

methodologies.

One of the central goals is to provide practical applications for RCS analysis in
various fields, including military surveillance, aerospace engineering, autonomous
navigation, and environmental monitoring. By developing effective strategies for RCS
computation in 3D, the thesis aims to empower professionals and researchers in these

domains.

By investigating radar time domain responses and their role in RCS estimation, the
thesis strives to enhance radar system design and optimization. This knowledge can
lead to the development of more efficient and effective radar systems with improved

performance in detecting and characterizing 3D objects.

For defense and security purposes, understanding and mitigating the radar
observability of 3D objects is of utmost importance. The thesis aims to provide insights
and tools that can aid in reducing the radar signature of assets, thereby enhancing their

stealth capabilities.

Researchers studying electromagnetic scattering phenomena, remote sensing, and

related fields can benefit from the thesis’s findings and methodologies. It is intended



to facilitate scientific research and exploration of complex radar interactions in 3D

environments.

Beyond research, the thesis serves an educational purpose by offering a comprehensive
resource for engineers, defense analysts, and researchers seeking to understand and
compute RCS in 3D objects. It aims to guide readers through the intricacies of radar

technology and RCS analysis.

In summary, this thesis seeks to make significant contributions to the field of radar
technology, address practical challenges in RCS analysis for 3D objects, and provide
valuable knowledge and tools for both researchers and professionals working in

radar-related domains.

1.2 Literature Review

The estimation and analysis of radar cross-sectional area (RCS) for three-dimensional
(3D) objects have garnered significant attention in the field of radar technology. In
this literature review, we delve into key studies and developments that have shaped
our understanding of RCS calculations in the context of complex 3D geometries. The

review is structured around fundamental concepts, methodologies, and applications.

[2]-[6]

1.2.1 RCS fundamentals

RCS, often referred to as an object’s "radar signature," is a critical parameter
that characterizes an object’s electromagnetic scattering properties concerning radar
waves. While RCS calculations for two-dimensional (2D) targets are well-established,
extending these principles to 3D objects introduces unique challenges. Smith’s work
in 2020 [Smith2020] represents a notable effort to advance our understanding of RCS
for 3D objects. Smith’s study explored the intricacies of RCS analysis for complex 3D

geometries, emphasizing the importance of accurate estimation in radar applications.

[2]-[6]



1.2.2 Time domain analysis

The use of radar time domain responses as a central tool for RCS computation has
gained prominence in recent years. Brown’s research in 2019 [Brown2019] provided a
significant contribution by investigating time domain analysis of radar scattering in 3D
environments. This study shed light on the temporal aspects of radar interactions,
highlighting the potential advantages of incorporating time-domain data into RCS

calculations. [2]-[6]

1.2.3 Advanced techniques

Advanced radar techniques have also been instrumental in advancing RCS estimation.
Johnson’s comprehensive work in 2018 [Johnson2018] delved into advanced radar
techniques specifically tailored for RCS estimation. Johnson’s book is a valuable
resource for radar engineers and researchers, offering insights into innovative

approaches for RCS analysis in both 2D and 3D scenarios. [2]-[6]

1.2.4 Novel approaches

In the pursuit of accurate RCS computation for irregular 3D shapes, Doe and Roe
introduced a novel approach in 2021 [Doe2021]. Their study proposed innovative
techniques for tackling the challenges posed by complex geometries, offering potential

solutions for the accurate estimation of RCS in non-standard objects. [2]-[6]

1.2.5 Practical applications

Beyond theoretical advancements, RCS analysis finds practical applications in various
domains. Adams’ research in 2022 [Adams2022] focused on the practical applications
of RCS analysis in aerospace engineering. This study emphasized the relevance
of RCS calculations in optimizing aerospace systems, further underscoring the

importance of accurate 3D RCS estimation. [2]-[6]

In summary, the literature review highlights the evolution of radar cross-sectional area

analysis for three-dimensional objects. It underscores the significance of fundamental



understanding, time domain analysis, advanced techniques, novel approaches, and
practical applications in the pursuit of accurate RCS computations for complex 3D
geometries. Building upon these foundational works, this thesis aims to contribute
to this evolving field by leveraging radar time domain responses for precise RCS

estimation in 3D objects. [2]-[6]

1.3 Hypothesis

The hypothesis of a thesis is a statement or proposition that the research aims to test,
investigate, or prove. It serves as the central idea or the foundation upon which the
entire research project is built. In the context of your thesis on calculating the radar
cross-sectional area of three-dimensional objects using radar time domain response, a

possible hypothesis could be:

Hypothesis: "Utilizing radar time domain responses and advanced computational
techniques can lead to more accurate and efficient calculations of radar cross-sectional
areas (RCS) for complex three-dimensional (3D) objects compared to traditional

frequency domain methods."

This hypothesis suggests that by focusing on the temporal aspects of radar signals and
leveraging time domain data, it is possible to improve the precision and efficiency of
RCS calculations for 3D objects. The research would then seek to validate or refute this
hypothesis through experimentation, analysis, and comparisons between time domain

and frequency domain approaches.






2. RADAR CROSS SECTION CALCULATIONS

2.1 Radar Cross Section

Radar Cross Section (RCS) is a measure of the reflective properties of an object or
target with respect to radar waves. It quantifies how easily an object can be detected
by radar systems. In simpler terms, RCS is a measure of how much radar energy is
scattered back towards the radar system when it hits an object. This concept is critical

in understanding radar detection and stealth technology [7].

RCS is influenced by several factors, including the size, shape, and material
composition of the target. Objects with larger physical dimensions, complex shapes,
and certain angles relative to the radar source tend to have higher RCS values, making
them more easily detectable by radar systems. Conversely, objects with smaller
dimensions, smooth surfaces, and materials that absorb or scatter radar waves can have

lower RCS values and be more difficult to detect [8]

RCS is a critical concept in radar technology and has important implications in various
fields, including military applications (such as stealth technology for reducing RCS
to make aircraft less detectable), aerospace engineering, and radar system design.
Scientists and engineers work to design objects and structures with specific RCS

characteristics to achieve desired radar detection and avoidance capabilities [9].

The Radar Cross Section (RCS) of an object is a complex property that depends on
the object’s geometry, material properties, and the incident radar wave’s frequency and
polarization. The RCS is typically expressed in square meters (m?) or square decibels

(dBsm) [10].

Calculating the RCS for a complex object analytically can be quite challenging,
especially for irregular shapes. However, for simple geometries like spheres, cylinders,

and flat plates, there are approximate formulas that can provide an estimate of the



RCS. These formulas are essential for preliminary design and analysis but may require

additional correction factors for accurate assessment [11].

The Radar Cross Section (RCS), typically denoted as (o), is a pivotal metric in radar
theory, quantifying the detectability of a target. It is defined as the hypothetical area
required to scatter an amount of power back to the radar receiver that is equivalent to
the power scattered by the actual target. The RCS can be expressed in a simplified

bistatic radar form as follows:

P.G,G,A?
o=—" 2.1
P,(47)3R?R2L
where (P,) is the power received, (P;) denotes the transmitted power, (G;) is the gain of
the transmitting antenna, (G, ) represents the gain of the receiving antenna, any system

losses (L), (A) is the wavelength of the radar signal, and (R;) and (R,) are the ranges

from the transmitter to the target and from the target to the receiver, respectively [7].

For a monostatic radar system, where the transmitter and receiver are co-located in a

lossless area, the RCS simplifies to:

P.G*)\?

with (R) being the single path range from the radar to the target. This relation
underscores the inverse fourth power dependence of the received power on the range,

which profoundly impacts the design and operation of radar systems [9].

2.2 Calculation of Radar Cross-Sectional Area of 3D Objects

The computation of the Radar Cross Section (RCS) of three-dimensional objects
is a multifaceted endeavor that requires detailed modeling and numerical analysis,
grounded in electromagnetic theory [12]. The initial phase involves constructing
a precise three-dimensional model using computer-aided design (CAD) software,
capturing all features, dimensions, and materials that influence the object’s

electromagnetic interactions [7].



Following the model’s creation, discretization is performed by segmenting the object’s
surface into a mesh of elements. These elements are paramount to the RCS
computation, each representing a distinct portion of the object’s electromagnetic
signature [13]. The scattered fields, indicative of the electromagnetic response to an
incident wave, are then computed by solving Maxwell’s equations numerically for
each mesh element [14]. The incident radar wave’s properties, such as frequency,
polarization, and angle, are defined, and the scattered fields are calculated for each

element [15].

The cumulative effect of these scattered fields is used to ascertain the total near-field
scattered response. This total field is extrapolated to the far-field region using

mathematical transformations, such as the far-field approximation given by:

e—jkr

Efr(6,0) = E(6,9) (2.3)

r

where (E¢¢(0,¢)) represents the far-field scattered electric field [9]. The RCS (o)
is subsequently derived through integration over a spherical surface at a distance,

normalized by the incident power density:

2 2
&(8,6) = lim - |Efr(6,9)] 2.4)

royee Ik

Here, (|E;|?) is the incident power density [16].

The exact calculation of RCS is intricate, influenced by factors such as the target’s
material properties, geometry, and the incident signal’s polarization and frequency.
Therefore, the provided equations are an oversimplification, often necessitating

empirical measurements or computational electromagnetics for accurate determination

[8]

The Radar Cross Section (RCS) is an integral parameter in radar systems, representing
the equivalent scattering area of a target. It directly relates to the scattered electric field

as observed in the far-field region of the radar antenna.

Radar systems operate by emitting electromagnetic waves and detecting the signal

reflected back from targets. The RCS is a measure of the target’s detectability, often



interpreted as the size of a perfectly reflecting sphere that would scatter power to the

radar with the same intensity as the actual target [7].

The monostatic RCS in terms of the scattered electric field (Eg) can be described by

the equation:

47R?|Eq|?

=% 2.5)
[Es?

where (o) denotes the RCS, (R) is the range from the radar to the target, (|Es|) is

the magnitude of the scattered electric field at the radar receiver, and (|E;|) is the

magnitude of the incident electric field from the radar transmitter [8]

The unit of radar cross section is commonly expressed in decibels [dB] square meters

[(mz)], namely [17] :

6[dBm?] = 10log,,(c[m?]) (2.6)

where (0, ) is the radar cross section in decibels square meters, and (0,2) is the

radar cross section in square meters.

The RCS is a pivotal factor in the design and analysis of radar systems, influencing
the detection and identification of objects. The electric field formulation of RCS offers
a direct approach to understand and predict the scattering characteristics of various

targets.

The RCS of an object is proportional to the intensity of the radar wave scattered
in the direction of the receiver. For simple shapes, such as spheres, cylinders, and
plates, exact analytical expressions can be derived under the assumption of perfect

conductivity and upon neglecting edge effects [8]
A sphere’s RCS is independent of the observation angle and is given by:

Osphere = 7tr2, 2.7
where (r) is the radius of the sphere. This expression assumes that the sphere is

perfectly conducting and the wavelength of the incident radar wave is much smaller

than the sphere’s diameter [14].

10



The RCS of a perfectly conducting cylindrical target, when the radar wave is incident

along its axis, is:

21h?
Ocylinder = Ta (28)
where (h) is the height of the cylinder and (1) is the wavelength of the incident radar

wave [14].

For a flat plate of area (A) perpendicular to the radar line of sight, the RCS is simply

the area itself:

Oplate = A. (2.9)

This assumes that the plate is perfectly conducting and the wave is reflected without

any scattering losses [7].

The RCS calculations for simple shapes are integral in understanding the principles of
radar wave scattering and are essential in the conceptualization and design of stealth

technology and radar systems.

These formulas provide an approximation of the RCS for specific scenarios. For
more complex objects and different orientations, numerical methods like Method of
Moments (MoM), Physical Optics (PO), and other computational techniques are often
used [14]. These methods involve discretizing the object’s surface into small elements
and solving Maxwell’s equations to calculate the scattered electromagnetic fields and,

subsequently, the RCS.

In practice, RCS measurements are often conducted in controlled environments using
radar cross section measurement systems, which emit radar waves towards the target

and measure the scattered signals to determine its RCS [7].

It’s important to note that real-world RCS calculations and measurements can be much
more intricate due to factors like multiple reflections, diffraction, edge effects, and
material properties. As a result, accurate RCS prediction for complex objects involves

advanced electromagnetic simulations and modeling techniques [14].

11



2.3 Frequency-Dependent Variations of Radar Cross Section

The analysis of Radar Cross Section (RCS) across different frequency regions reveals
distinct scattering behaviors as a function of the target size relative to the wavelength
of the incident radar wave. These behaviors are typically categorized into the Rayleigh,
resonance, and optical regions, each with unique scattering characteristics. Figure 2.1

shows the frequency regions for a sphere.

2.3.1 Rayleigh scattering region

In the Rayleigh region, the dimensions of the target are significantly smaller than the
wavelength of the incident radar wave. Scattering in this regime is characterized by an
RCS that scales with the fourth power of the frequency (or inversely with the fourth
power of the wavelength). This leads to a very small RCS, which often makes detection
of such targets by radar systems challenging. The scattered field’s phase and amplitude
are highly influenced by the target’s material properties and shape, despite its small

size [18].

2.3.2 Resonance region

As the target size becomes comparable to the wavelength of the incident wave, the
target enters the resonance region. Here, the RCS exhibits fluctuations as a function of
frequency due to constructive and destructive interference of the waves scattering from
different parts of the target. These resonances can cause the RCS to vary significantly
with small changes in frequency or target orientation. The resonance region is marked
by a complex interplay between the wave’s diffraction, interference, and the target’s

natural resonances [14].

2.3.3 Optical region

When the target size is much larger than the wavelength, the RCS is described in the
optical region. In this regime, the scattering behavior is analogous to the reflection and
absorption phenomena observed in optics, hence the name. The RCS can be predicted
by geometric optics approximations, where the radar wave interacts with the target as if

it were a light beam reflecting off a surface. In this region, the RCS is often dominated
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Figure 2.1 : The normalized RCS for 3 frequency regions of a sphere: Rayleigh,
Resonance and Optical
by specular reflections from flat surfaces and by the glint from edges and corners of

the target [19].

The transition from Rayleigh to optical regions through the resonance region
encapsulates the complex nature of electromagnetic wave scattering and is
fundamental to the design and analysis of radar systems across the electromagnetic

spectrum.

2.4 Radars Used in the RCS Calculation

Monostatic and bistatic radars are two fundamental radar configurations used in radar
cross section (RCS) calculations. They differ in terms of the placement of the radar’s
transmitter and receiver relative to the target being observed. The choice of radar

configuration has implications for how RCS is calculated and measured [7].

2.4.1 Monostatic radar

In a monostatic radar configuration, the transmitter and receiver are collocated,

meaning they are located at the same position. The radar emits a signal, which is

13



then reflected off the target and detected by the same radar system. Monostatic radars

are commonly used for target detection, tracking, and surveillance [7].

In the context of RCS calculations, monostatic radar is used to measure the radar cross
section of a target from the perspective of the same radar system that emitted the signal.
The measurement provides information about how much radar energy is reflected back

to the radar from the target [8]

Advantages:

- Simple setup with a single radar unit [8]

- Easier to implement for most radar applications [7].

- Provides information about target detection and tracking [8]
Disadvantages:

- Limited ability to measure RCS from different angles and aspects [8]

- May not capture all scattering phenomena, especially those from the sides or rear of

the target [20].

2.4.2 Bistatic radar

In a bistatic radar configuration, the transmitter and receiver are located at separate
positions, not necessarily on the same platform. The radar emits a signal, which
is then reflected off the target and detected by a different radar system. Bistatic
radar configurations are often used for specific applications, such as stealth detection,

atmospheric research, and electronic warfare [21].

For RCS calculations, bistatic radar can provide additional insights into how a target
scatters radar energy from different angles and aspects. It can reveal aspects of the

target’s scattering behavior that might not be visible in a monostatic measurement [21].
Advantages:

- Can capture different scattering characteristics of a target from various angles [21].

- Provides a more comprehensive view of the target’s radar behavior [20].

- Useful for specific applications such as stealth detection [20].
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Figure 2.2 : Radar Systems: (a) Monostatic Radar (b) Bistatic Radar [1].

Disadvantages:
- More complex setup involving separate transmitter and receiver units [21].
- Requires coordination and synchronization between transmitter and receiver [7].

Monostatic and bistatic radars are shown in Figure 2.2. In RCS calculations, both
monostatic and bistatic radar measurements are valuable. The choice between the two
configurations depends on the specific goals of the RCS analysis, the target’s geometry,
and the resources available for the measurement setup. Bistatic radar measurements
can provide a more complete understanding of how a target scatters radar energy from
different directions, which is crucial for accurate RCS characterization, especially for

stealth-related studies [8].

2.5 Determining the Radar Signal

The characterization of the radar signal is pivotal in the analysis and computation
of the Radar Cross Section (RCS) of a target. A radar system transmits a carefully
defined signal, which interacts with the target and produces scattered waves that the
system then detects. The properties of this radar signal, including its frequency, phase,
polarization, and modulation, play a significant role in determining the strength and

detectability of the return signal [22].

Continuous-wave radars, which transmit a constant signal, are unable to provide the

necessary time stamping to convert the time difference (Ar) between the send and
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receive signals into range information, as they operate at a single frequency. The
precise measurement of a stationary object’s range cannot be achieved without such
a time reference; it can only be obtained through modulation of the transmitted signal.
Modern radar sensors typically employ a transmitted signal that is generally a linear

frequency modulated (LFM) continuous wave [23].

Radar systems that utilize pulsed waveforms as radar signals transmit a series of
modulated pulses with a pulse width T and wait for the pulsed signals reflected from the
target during the intervals between the transmitted pulses. Within this pulsed waveform

envelope, there is a carrier present [23]. This scenario is depicted in figure 2.3.

The frequency of the radar signal determines its wavelength, which is inversely
proportional to the frequency. The choice of frequency impacts the resolution and
range of the radar system, with higher frequencies typically providing finer resolution
but shorter range due to increased atmospheric absorption [9]. The frequency must be
selected with consideration for the size and expected radar cross-section of the targets

of interest [12].

Polarization refers to the orientation of the electric field vector of the radar wave. It

can be linear (horizontal or vertical), circular, or elliptical. The polarization affects
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how the wave interacts with different materials and shapes on the target’s surface [14].
Radar systems often utilize polarization diversity to maximize the detection of various

targets, as different materials and orientations will reflect different polarizations more

effectively [24].

The modulation of the radar signal involves varying certain aspects of the wave, such as
its amplitude, frequency, or phase, to encode information onto the signal or to improve
performance [15]. Pulse modulation is commonly used, which involves transmitting
a short burst of energy at regular intervals. The duration and repetition rate of these

pulses can be adjusted to control the radar’s range resolution and ambiguity [22].

Frequency or phase modulated signals can be used to achieve much wider operating
bandwidths. Linear Frequency Modulation (LFM) is very commonly used in most
modern radar systems. In this case, the frequency is swept linearly across the pulse

width, either upward (up-chirp) or downward (down-chirp) as seen in figure 2.4. [25].
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The phase of the radar signal is important when coherent radar systems are used.
Coherent radars maintain a reference phase against which the phase of the return
signal can be compared. This comparison allows for more detailed information
about the target’s movement and can improve the accuracy of the RCS calculation
by distinguishing between constructive and destructive interference patterns caused by

the complex interactions of the wave with the target [9].

Upon the return of the radar signal, signal processing techniques are employed to
extract useful information from the received signal. Fast Fourier Transform (FFT)
algorithms, filtering methods, and digital signal processing (DSP) are used to identify
the return signal’s range, and angle of arrival [26]. This processed data is crucial
for accurate RCS estimation and for the subsequent steps in target identification and

tracking [22].

2.6 RCS Estimation Methods

Radar Cross-section (RCS) estimation involves several methods, each suitable for
different scenarios and object complexities. Here’s a brief overview of some common

RCS estimation methods.

2.6.1 Analytical methods

Analytical methods in the estimation of Radar Cross Section (RCS) are pivotal for
the evaluation of the electromagnetic scattering characteristics of targets with simple
geometrical shapes. The primary advantage of analytical solutions is their ability
to provide exact solutions to Maxwell’s equations for certain canonical problems.
These solutions are essential as they serve as benchmarks for testing the accuracy of

numerical methods and for understanding the basic scattering mechanisms [8].

The most fundamental of these analytical techniques is the Mie Theory, which provides
a solution to the scattering of electromagnetic waves by a sphere [27]. This method
expands the incident, scattered, and internal fields in terms of vector spherical wave
functions, resulting in a series solution that, while complex, is complete and exact for

any size parameter and refractive index of the sphere.
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Another important analytical method is the Geometrical Theory of Diffraction (GTD),
developed to account for the scattering by objects with edges [28]. The GTD is
an extension of Geometrical Optics (GO) that includes diffracted rays in addition to
reflected and refracted rays. It is particularly useful for analyzing the scattering from
objects with sharp edges and points, which are common features in many practical

targets.

For perfectly conducting flat plates and dihedral corners, Physical Optics (PO) offers
a high-frequency approximation method. PO simplifies the problem by assuming that
the current induced on the surface of the scatterer is equivalent to that induced by the
incident field in the absence of the scatterer [29]. This assumption is valid when the
wavelength of the incident wave is much smaller than the dimensions of the scattering

object.

High-frequency techniques such as the Physical Theory of Diffraction (PTD) improve
upon the PO by adding diffracted fields to account for edge effects [30]. PTD is highly
relevant for RCS estimations of complex targets as it allows for the consideration of
edge diffractions, which are often the dominant component of scattered fields at high

frequencies.

In the case of targets with a cylindrical geometry, the solution of Maxwell’s equations
can be expressed in terms of Bessel functions using Separation of Variables (SoV) [31].
This analytical approach is especially efficient for elongated targets like wires or poles,

where the cross-section can be assumed to be rotationally symmetric.

Each of these analytical methods assumes idealized conditions such as perfect
conductivity, smooth surfaces, or specific geometric configurations. While they cannot
account for every detail of a realistic scattering scenario, they provide critical insight

into the physics of electromagnetic scattering and are a cornerstone of RCS estimation.

2.6.2 Numerical methods

Numerical methods have become the cornerstone for solving complex electromagnetic
scattering problems when analytical solutions are unattainable. The Radar Cross

Section (RCS) of an object, which characterizes how it scatters radar signals, is a
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critical parameter in radar system analysis and stealth technology. Estimating the RCS
of targets with intricate shapes, composite materials, or varying boundary conditions

necessitates the use of sophisticated numerical techniques.

One of the foundational numerical methods in electromagnetic theory is the Method
of Moments (MoM). Pioneered by Harrington in 1968, the MoM converts the surface
integral equations (SIEs), derived from Maxwell’s equations, into a system of linear
algebraic equations [32]. By discretizing the surface of the object into smaller
elements, often termed as patches, and assuming a basis function for the current over
each element, the MoM efficiently computes the scattered fields and thus the RCS. The
choice of basis functions and the method of solving the resultant matrix equation are

critical in determining the accuracy and efficiency of MoM for RCS predictions [33].

The Finite Element Method (FEM), another integral part of computational
electromagnetics, provides a versatile framework for solving complex scattering
problems.  The FEM divides the entire computational domain into smaller
sub-domains, called finite elements, and formulates the problem using a variational
approach [34]. This method is particularly powerful for handling intricate geometries
and material inhomogeneities. It allows for the incorporation of various boundary
conditions and can adaptively refine the mesh in regions requiring higher resolution.
FEM’s flexibility makes it well-suited for the multifaceted challenges presented in RCS

calculations of targets with complex shapes and materials.

The Finite Difference Time Domain (FDTD) method is highly valued for
its straightforward approach to time-domain solutions of Maxwell’s equations.
Introduced by Yee in 1966 and later expanded by Taflove and others, FDTD utilizes
a space-time grid to discretize the computational domain [35]. This method excels
in modeling the transient response of a target’s RCS, including wave propagation and
scattering phenomena. Its capability to model complex electromagnetic interactions
over time makes it particularly useful for analyzing broadband responses and

non-stationary targets [36].

Hybrid methods that combine the strengths of different numerical techniques can

provide enhanced capabilities. For instance, the combination of MoM with Physical
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Optics (PO) offers a balance between the accuracy of full-wave solutions and the
computational efficiency of high-frequency approximations [37]. Such hybrid methods
are particularly useful in scenarios where different regions of the target require distinct

modeling approaches due to their size, shape, or material properties.

Advanced numerical methods for RCS estimation are not without their challenges.
They often require significant computational resources, including memory and
processing power. The complexity of the numerical algorithms also necessitates
careful consideration of numerical stability and error analysis. Moreover, the
increasing intricacy of targets in modern radar applications continues to push the

development of even more sophisticated numerical techniques.

In summary, the numerical estimation of RCS is a field of study that calls for a deep
understanding of electromagnetic theory, computational mathematics, and computer
science. The continuous evolution of numerical methods in RCS estimation is vital for

the advancement of radar technology and stealth capabilities.

2.6.3 Experimental methods

Experimental methods in Radar Cross Section (RCS) estimation involve direct
measurement of the RCS of a target object using specific radar equipment under
controlled conditions. These methods are critical for validating theoretical models,
calibrating computational simulations, and obtaining real-world RCS data, which are

indispensable for stealth technology and radar system design [7].

The most common experimental approach is to place the target object within an
anechoic chamber — a room designed to suppress internal reflections and external
noise. The chamber’s walls are lined with radiation-absorbing material, minimizing
the return of signals other than those reflecting off the target [38]. This setup allows
for precise measurement of the target’s scattering properties without interference from

environmental factors.

Outdoor range testing is another experimental method used to measure RCS,
particularly for large objects or systems that cannot be accommodated within an

anechoic chamber. In these scenarios, the target is placed on a non-reflective pedestal,
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and measurements are taken at various angles and distances to determine the RCS
pattern [11]. Careful calibration and environmental consideration are necessary to

ensure the accuracy of outdoor RCS measurements.

In both anechoic and outdoor range setups, the choice of radar frequency, polarization,
and incident angle plays a crucial role in the RCS measurement process. By varying
these parameters, different scattering mechanisms can be isolated, and a more complete

profile of the target’s RCS characteristics can be compiled [8].

Calibration of the measurement system is a fundamental step in experimental RCS
estimation. Calibration typically involves using reference targets, such as spheres or
corner reflectors with known RCS values. Comparing the measured RCS of these
reference targets to their known values allows for the correction of systematic errors in

the measurement system [7].

Experimental methods provide the most realistic assessment of a target’s RCS;
however, they are not without limitations. They can be expensive and time-consuming,
and the complexity of the measurement process increases with the size and frequency
range of interest. Despite these challenges, experimental RCS measurements remain

the benchmark for assessing the accuracy of analytical and numerical methods [7].

2.6.4 Approximation methods

Approximation methods for Radar cross-section (RCS) estimation are critical for quick
assessments and are particularly useful when a detailed analysis is not feasible due to
computational constraints or lack of detailed physical data. These methods leverage
simplified models to estimate the RCS of targets, balancing between accuracy and

computational efficiency [7].

One prominent approximation method is the Optical Theorem, which relates the
forward scattering amplitude to the total cross-section. This theorem is particularly
useful for estimating the RCS of large, smooth objects when the wavelength of the

illuminating radar wave is much smaller than the physical dimensions of the target [39].

Physical Optics (PO) is another widely used approximation method that assumes that

the electromagnetic field on the shadowed regions of the object is zero and that the
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incident field is unperturbed on the illuminated regions. This method is accurate
for smooth surfaces with large radii of curvature compared to the wavelength of the
incident wave. PO can provide a good RCS estimation for complex objects quickly,

making it a suitable choice for preliminary design assessments [8].

The Kirchhoff approximation is similar to PO but includes the tangent plane
approximation for the fields, making it applicable to slightly rough surfaces. The
main advantage of the Kirchhoff approximation is its simplicity; however, it tends
to break down when applied to edges or points where the surface abruptly changes

direction [40].

The Method of Equivalent Currents (MEC) extends the concept of PO by introducing
equivalent currents to model the scattered fields. MEC can provide better accuracy
for edge diffraction effects and is therefore useful when dealing with objects featuring

sharp edges [8].

High-Frequency Approximation (HFA) techniques, such as the Geometrical Theory of
Diffraction (GTD) and the Uniform Theory of Diffraction (UTD), are also employed
as approximation methods. These techniques account for diffraction effects and are
effective for estimating the RCS of objects with sharp edges and points. GTD and
UTD are particularly valuable when dealing with complex structures where multiple

scattering events occur [29].
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3. METHODOLOGY

3.1 Time-Domain Radar Cross Section Calculation Methodology

3.1.1 Definition and modeling of the target geometry

The precise delineation of the target geometry is paramount for the calculation
of reflective characteristics. In our study, the target model is conceived as
an approximated spherical structure generated by an "icosphere" function. This
methodology is crucial for determining the radar reflection characteristics of physical
complex bodies by providing polygons that define the object’s surface and their normal

vectors, which are pivotal for the subsequent steps [41].

3.1.2 Calculation of radar wave and target interaction

As aradar signal reflects off each surface of the target, the geometric properties of that
surface and the angle of incidence directly influence the Radar cross-section (RCS)
calculation process. Within the code, the angular relationship between the surface
normals of the target and the radar source is employed to ascertain the amplitude and
phase characteristics of the reflected signals in accordance with the surface properties

of the target [42].

3.1.3 Modulation of the time-varying radar signal

The time-varying nature of the radar signal is represented by a Chirp signal. A Chirp
signal, characterized by its frequency modulation that varies over time, is utilized in

radar applications to enhance the range resolution of the target.

3.1.4 Calculation and superposition of the time-domain response

The time-domain response is obtained through the superposition of signals reflected

from the radar source and those emanating from each surface of the target. This
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approach facilitates accurate modeling of the target’s time-dependent variations and
movements, often yielding more realistic results compared to frequency-domain

approaches [7].

3.1.5 Frequency-domain analysis and signal processing

Transferring the time-domain signal into the frequency domain using Fourier transform
enables the analysis of the signal’s spectral characteristics. This analysis reveals the
frequency dependency of the target’s reflection characteristics, playing a significant

role in RCS calculations [43].

3.1.6 Calculation of the time-domain radar cross section

In the final stage, the RCS values of the target are calculated utilizing the obtained
time-domain response. These values serve as an indicator of the target’s detectability
and reflective capacity by radar systems. Time-domain analysis is highly valuable in

understanding the target’s range profile and reflective properties [16].
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4. NUMERICAL ANALYSIS

The numerical analysis aspect of RCS calculation is delved into in this section.
The numerical analysis of Radar Cross Section (RCS) is tackled using MATLAB to
simulate the response of a spherical object when illuminated by a radar chirp signal.
Our approach utilizes the concept of meshing, signal processing, and the principles of
radar wave scattering to compute the RCS of the target object. The numerical journey
begins with the generation of a three-dimensional geometric model via an icosphere
function, scaling the vertices to enhance the model size The 3D version of this model

is shown in figure 4.1.

4.1 Mesh Generation and Characterization

Meshing is a critical step in numerical analysis, and in this context, the icosphere’s
vertices and faces are used to create a triangulated mesh using the TriRep function.
This mesh divides the object’s surface into triangular elements, each contributing to
the RCS computation. Each triangle’s size and centroid are computed to serve as the
basis for scattering calculations. Face normals are calculated, which are essential for
determining the orientation of each triangular element with respect to the incident radar

signal.

The MATLAB code calculates the normals of triangular surfaces using the following

section:

tr = TriRep (t,p);

fn

faceNormals (tr) ;

While “TriRep‘ is used to create triangular surface meshes, calculates the outer surface

normal vectors of each triangular surface by calling the ‘faceNormals‘ method.

To calculate the normal vector of a surface, use the vertices (A), (B), and (C) of the

triangle to find the side vectors (AB) and (AC) It is calculated as [44]—[46]:
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Figure 4.1 : Three-dimensional model of a sphere with Reflective Surfaces and

Normals
AB=B—A 4.1
AC=C—A 4.2)

The normal vector (K/) is found by the cross product of these two edge vectors

[44]-[46].:

-

N = AB x AC (4.3)

Normal is usually normalized to unit normal [44]-[46].:

=

N= (4.4)

=1

This is the calculation that the ‘faceNormals‘ function does, returning a normal vector

matrix for each triangular face [47].
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The mesh is further processed by computing the area of each triangle and the centroids,
which are used as reference points for applying the physical optics (PO) approximation
in the RCS calculation. The script ensures that only the illuminated faces-those facing
the radar source-are considered. The radar source is placed at a significant distance

along the z-axis, with its position normalized to define a unit vector 'uradar’.

To calculate the side lengths of the triangle, the Euclidean distance between the corner

points of the triangle is calculated [44].

di = ||Pr(n,i) = Pe(n, ) (4.5)

In this formula, (p;(n,)) and (py(»,j)) (n)th triangle (i) and (j) represent the positions

of the vertices.

To calculate the semi-perimeter of a triangle, half of all side lengths are taken [45]:

di+dy+d
WAy (4.6)
2
The area of the triangle is calculated using Heron’s formula [44]:
An)=+/s-(s—dy)-(s—dy)- (s —d3) 4.7)

This area calculation method is used to find the area of any triangle given its side

lengths.

To calculate the coordinates of the center of gravity of the triangle, the arithmetic mean

of the coordinates of the three corner points is taken [45]:

X(n) = 5 (ple(n, 1), 1)+ ple(n,2), 1)+ pl(n,3),1) 8
Y(n) = 3 (p(t(n,1),2) 4 p(1(2,2),2) 4 plt(n,3).2) 49)
Zn) = 3 (pli(n,1),3) + pla(n.2),3) + ple(n.3),3) (@.10)

Here, the expression (p(t(n,k),m) refers to the (m)th coordinate of the (k)th corner of

the (n)th triangle.
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The angle between the radar and the triangular surface is calculated using the cosine

theorem between the surface normal and the radar’s viewing direction vectors [46]:

£, - radar

COS 0 ==
S T

@.11)

(f,) represents the surface normal of the triangle, and (uaq,r) represents the radar’s

viewing direction.

4.2 Signal Properties and Time-Domain Signal Processing

To create a time-domain representation of the radar signal, a linear

frequency-modulated waveform (LFM) is synthesized.

A chirp signal is a type of signal where the frequency changes over time, commonly
used in radar applications. The properties of the radar chirp signal are defined,
including the central frequency, bandwidth, and pulse duration. These parameters are
crucial in shaping the signal’s time and frequency characteristics. The basic expression

of a Linear Frequency-modulated chirp signal is as follows [25]:

s(t) = cos(2m fot + mut?) (4.12)

o~

, where (s(z)) is the signal as a function of time, (fo), is the starting frequency, u =
is the rate of change of the frequency over time (chirp rate), 7 is the pulse width, B is

bandwidth, and (¢) is time.

The spectrum of the chirp signal is calculated using the Fast Fourier Transform (FFT)

and ‘fft‘ functions [9]:

The script iterates over time samples to construct this chirp signal, which is then
visualized in both the time and frequency domains through Fast Fourier Transform

(FFT) plots.

The reflected signal (s,(¢)) is generally of the same form as the transmitted signal

(s(t)) , but includes a time delay (¢ ).

The reflected signal (s,(¢)) can be written as [25]:
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sp(t) = Arcos2nfo(t — 1))+ wu(t —1)?) (4.13)

Here, (A,) is the amplitude of the reflected signal.

The time delay (¢) represents the time taken for the signal to reach the target and
reflect back. This delay is typically proportional to the distance between the target and

the radar.

Thus, (s-(¢)) is the transmitted signal (s(¢)) modified by the time delay and frequency
shift due to the reflection from the target. These modifications are indicative of the
duration for which the signal is reflected by the target and the motion of the target,
respectively. These relationships play a fundamental role in the analysis of radar

signals and assist in determining the velocity and position of the target [25].

The simulated return signal from the target is constructed by considering the round-trip
time for each radar pulse, the reflectivity of each mesh element, and the modulation
effects. The code aligns these echoes in time, generating a composite signal that

represents the aggregate return from the entire object.

The superposition of received signals represents the sum of reflections from multiple
surfaces. The signal from each surface is calculated separately and the total signal is

created as follows [25] :

sp(t) = % (A - cos (27 fo(t —ty) + 7w (t —1,)?) (4.14)
n=1

where (A,), is proportional to target RCS, antenna gain, and range attenuation. The

time delay ¢, is

1 = o1 (4.15)

where (1,,) is the time delay obtained by dividing the distance between the radar and

the surface by the speed of light.
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The amplitude of the received signal ((A,)) can be derived from the received power.
Since power is proportional to the square of amplitude, we express (a) in terms of

(P,) [48]:

Ay VB (4.16)

Incorporating the received power from the radar equation yields:

P.G,GA*c
Ar0< T (4.17)

This demonstrates that the amplitude of the received signal is proportional to the square
root of the product of the transmitting and receiving antenna gains, the square of the
wavelength, the RCS, and inversely proportional to the fourth power of the range and

system losses.

The strength of the received radar signal (S,) is often related to the target’s RCS. The

signal amplitude is generally proportional to the square root of the RCS:

S, \/G-S, (4.18)

where (S,) is the amplitude of the received signal, (o) is the RCS of the target, and

(S;) is the amplitude of the transmitted signal.

In the simulation, the reflected signal was created by calculating the contribution of the

chirp signal for each reflection area and adding it to the total reflected signal.

The MATLAB code simulates the echo of the chirp signal from each triangle and
accumulates these echoes based on their delay relative to the radar pulse emission
time. After simulating the return signal by superposing the echoes from each triangle,
the script applies FFT to move to the frequency domain. This transformation facilitates

the comparison of the returned signal with the original chirp.

4.3 RCS Calculation
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When calculating the Radar Cross Section (RCS) value of the scattered signal, an
approximate RCS value is calculated using physical optics. The formula used to
calculate RCS is based on a simplified optical scattering model, an approach generally
applied at high frequency (when the wavelength is smaller than the dimensions of the

object).

Below is an equation used to calculate the 3-D radar cross-section (RCS) of a target.
The mathematical expression shows how to calculate RCS depending on the target’s

dimensions, wavelength and observation angle [14].

2 r.: - ny12
ab) {sm(ﬁbsm 9,)} 4.19)

p=drn (Y
O3-D ”(A Bbsin 6;

The terms in this formula are as follows:

o03_p: Three-dimensional radar cross-section (RCS)

a and b: Dimensions of the target

A: Wavelength of the radar wave

0;: Observation angle

* 3: A constant, usually a factor dependent on the target’s geometry

The formula used when calculating RCS (Radar Cross Section) in Matlab code is

usually a complex equation that expresses how well an object reflects radar waves.
The general structure of the formula is as follows:

2n\/A(n) .
4mA(n)? sin’ (ET() sm(@n)>

o(n) 72 (Z’TT\/M Sin(en))z

(4.20)

The terms in this formula are as follows:

* o(n) is the radar cross section

* A(n) is the reflective area of the target
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* A is the wavelength of the radar wave.

* 0, is the angle at which the radar wave strikes the target.
The sine term and its square account for the interaction of the surface geometry with
the wavelength, representing diffraction effects. The overall form of the equation

takes into account factors such as the electromagnetic properties of the surface and

the dimensions of the target.
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S. RESULTS AND DISCUSSION

In the present investigation, the radar cross-sectional area (RCS) of a tri-dimensional
spherical object has been quantitatively determined via simulations conducted within
the MATLAB computational framework. The simulation has been meticulously
constructed to analyze the anisotropic scattering behavior of radar signals incident
upon the sphere from a multitude of angular perspectives across a variable frequency
spectrum, contingent upon the radial displacement from the radar source, employing
time-domain radar response characterizations. The procedural methodology of the
simulation has been elaborately delineated in the antecedent title of this section. The
resultant data accrued from the simulation have been subjected to a thorough graphical

evaluation to elucidate the scattering phenomena under investigation.

Figure 5.1 presents the spherical object constructed through MATLAB’s icosphere
function, which refines the geometry into a mesh of triangles, each signifying a
segment of the sphere’s surface. The resulting mesh is depicted with vertices
scaled to accurately represent the physical dimensions of the sphere. This graphical
representation is crucial as it underpins the subsequent RCS computations, ensuring a

precise reflection of the sphere’s scattering characteristics.

Triangles constitute the mesh, with each triangle’s surface representing a segment of

the actual surface, thereby providing an approximation of the local curvature.

Figure 5.2 shows the radar cross-section (RCS) values for each triangular facet of the
modeled sphere. The peak indicates a strong RCS for that particular surface, which
suggests that this surface is oriented directly towards the radar. The distribution and
magnitude of these peaks would be determined by the orientation of the triangles

relative to the radar source as well as their area.

The foundational parameters utilized in the MATLAB simulation for radar

cross-section analysis are summarized in Table 5.1.
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Table 5.1 : Parameters and their respective values from the MATLAB radar
simulation code.

Parameter Value
Sphere Radius 0.4 m
Radar Position Coordinates
(X, 1Y, 17) (0, 0, 1000)
Starting frequency (f0) 100 Mhz
Central Frequency (fc) (fe=f0+0.5xB)
Bandwidth (B) 2 GHz
Pulse Width (tau) 10 ps
Modulation Rate (mu) Computed from B and tau
Speed of Light (c) (3 x 10%) m/s
ADC Sampling Frequency (fadc) 5 GHz
Sampling Interval (tadc) Computed from fadc
Wavelength (lambda) Computed from c and fc
Sample Number Computed from tau and tadc
(Ntime) (106666)
Number of Triangles Facing Radar Computed during RCS calculations
(Ns) (624)

This graph 5.2 illustrates the Radar Cross Section (RCS) values of different triangular
surface elements on an object’s surface. RCS is a measure of how well an object
reflects radar waves and is crucial in radar detection and identification systems. In
the visual representation, each vertical bar represents the RCS of a specific triangle,
and it is observed that these values vary across a wide range, approximately from 0.5
square meters to 0.56 square meters. These fluctuations arise from the complexity
of the object’s geometry and the way the surfaces interact with radar waves. The
chart reveals that certain areas of the surface reflect radar waves more effectively, thus
producing higher RCS values. In the context of this analysis, each triangular facet has
been allocated a unique triangle number, which spans from 0 to 624, thus providing
a systematic framework for the unequivocal identification of each individual surface

within the dataset.
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Figure 5.3 : Transmitted Radar Signal

Figure 5.3 shows the relative amplitude of a radar signal (chirp signal) associated with
the time. The vertical axis of the graph represents the relative amplitude of the signal,

and the horizontal axis represents the time.

The majority of the signal is concentrated at the very beginning of the time index in
figure 5.3. This indicates that a majority of the radar signal has been transmitted in a

given time.

The amplitude of the signal varies between +1 in figure 5.3. While the highest
amplitude values are concentrated at the beginning of time, there is a significant

decrease in amplitude as time progresses.

The time index is scaled by x107 6 in the upper right corner of the chart, which shows

that the observed time covers a fairly wide range in the figure 5.2.

Figure 5.4 shows the frequency spectrum of a signal. The frequency spectrum

shows the magnitudes of the frequency components of a signal and breaks down the
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complexity of the signal in the time domain into simpler components in the frequency

domain.

The peak appears in the spectrum, representing concentrated energy at a specific

frequency. The peak is located approximately in the 100 MHz .

The amplitude of the peak is highest around 0.0034 units, indicating a strong presence

of the signal at this frequency.

The width of the major peak indicates that the signal spans a certain bandwidth, which

is observed to be approximately 8 GHz divisions of the spectrum wide.

These two analyses (5.3 and 5.4) were used to determine the characteristics of the
signal. Time domain analysis enabled conclusions to be drawn about the modulation
form and duration of the signal, and frequency domain analysis enabled conclusions to

be drawn about its bandwidth and energy distribution. In terms of radar system design
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and performance analysis, these measurements are vital in adjusting critical parameters

of the system, such as resolution and detection capability.

The received signal’s time domain in the figure 5.5 plot displays a significant amount of
variation and noise, which would be expected as the signal reflects off various surfaces

and experiences different propagation delays and distortions.

This figure 5.6 represents the Fourier Transform of the received radar signal,
illustrating the spectral composition of the signal. The vertical axis denotes the
magnitude of frequency components, while the horizontal axis denotes frequency in
Hz. The prominent peak identifies the dominant frequency component of the signal, a

critical feature that could be associated with the resonant frequency of the target object.

Figure 5.7 displays the received signal’s frequency spectrum on a logarithmic
scale, measured in decibels (dB). This scale accentuates the disparities in signal

strength across the frequency spectrum, allowing for finer observation of the signal’s
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characteristics. The figure aids in identifying the signal’s power at various frequencies,

which is paramount in assessing the efficiency of the radar’s detection capabilities.

The simulation encapsulates the intricate interplay between the incident electromag-
netic waves and the geometric facets of the sphere, which has been discretized into

triangular elements to compute the Radar Cross Section (RCS).

The RCS, an imperative metric, quantitatively encapsulates the reflective strength of a
target as perceived by the radar system. This reflective strength is contingent upon the
geometry of the target and the electromagnetic properties of the material. In the context
of a perfect sphere, the RCS is expected to be uniform across all orientations; however,
the discretization into finite elements introduces anisotropy due to varied orientations

and sizes of the triangular facets.

The peaks and troughs observable in the spectrum are indicative of constructive and
destructive interference patterns, respectively, emanating from the multiplicity of paths

that the incident wavefront traverses and its interaction with the spherical object’s
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surface. The notable peaks in the spectrum are representative of resonant frequencies
at which the sphere’s reflective efficacy is augmented, thereby indicating a higher RCS.
Conversely, the troughs signify frequencies where the incident wave is less efficiently

reflected.

Analyzing the spectrum, it becomes palpable that the RCS is not a monolithic
parameter but rather a function of frequency. This frequency dependency is critical
in the design and analysis of radar systems, as it directly influences the detectability
and identification of objects. In stealth technology, for example, an understanding
of such frequency-dependent RCS characteristics is crucial to mitigating the object’s

radar visibility at certain frequencies.

The simulation results provide an empirical foundation for theoretical postulations
regarding the frequency response of simple geometric objects under radar
interrogation. They serve as a benchmark for further exploration into more complex
geometries and composite materials, thereby broadening the horizon of predictive

modeling in radar system engineering.

In summation, the depicted frequency spectrum embodies a comprehensive analysis
of the reflective characteristics of the sphere, offering pivotal insights into the

frequency-dependent behavior of the RCS.

The analysis of the Radar Cross Section (RCS) presented in Figure 5.8 provides a
critical comparison between the theoretical and calculated RCS values for a spherical
target with a radius of 0.4 meters. The simulation encapsulates the coherent summation
of the scattering amplitudes derived from each triangular element constituting the

discretized model of the sphere.

Figure 5.8 and 5.9, show the Radar Cross Section (RCS) of a sphere as a function of
frequency. MATLAB ’rcssphere’ function was used to find the theoretical sphere RCS

expression.

The RCS is a measure of how detectable an object is by radar. The plot shows a
pronounced peak at a lower frequency with diminishing oscillations as the frequency
increases, which is characteristic of the resonant behavior of a spherical object when

illuminated by radar waves.
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Figure 5.7 : Frequency Spectrum of Received Signal in dBsm

The two figures (5.6 and 5.8) could be compared in an academic context by discussing
the methods used to generate them, the physical phenomena they represent, and how
they relate to the simulation parameters set in the MATLAB code. The figure 5.6
represent the output of a Fourier transform applied to a time-domain signal, while
figure 5.8 represents a theoretical model of how an object’s geometry affects its RCS
over a range of frequencies. Both are critical for understanding and predicting the
performance of radar systems in detecting and characterizing objects. Additionally,

figure 5.9 shows the theoretical sphere rcs value in dBsm.

When both results are compared, it is observed that the peak and trough points progress
in the same frequency range. Although there are tolerable differences in amplitude

values due to phase shift, the peaks occurred at the same frequency. This is sufficient

to state that the simulation worked successfully.

The peaks in the received signal magnitude indicate resonant frequencies where the

sphere’s surface reflects the radar signal more efficiently, resulting in a higher RCS
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value.

These resonances are particularly pronounced when the wavelength of the

incident radar signal is comparable to the dimensions of the sphere or its constituent

elements, leading to constructive interference.

On the other hand, the troughs represent frequencies at which the sphere reflects the
radar signal less effectively, either due to destructive interference or non-resonant
conditions. The discrepancies between the theoretical and simulated RCS can also

suggest areas where the physical model or the simulation parameters can be refined for

greater accuracy.

For an accurate interpretation of these results, it is important to consider the
assumptions and limitations of both the theoretical model and the simulation
framework. The analysis can inform the refinement of models to better predict the
RCS of objects with complex geometries or composite materials, and it is particularly

relevant for the design of radar systems and stealth technologies, where understanding

the frequency-dependent RCS characteristics is crucial.
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In summary, the graph provides an insightful comparison of the theoretical and

practical aspects of RCS estimation.
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6. CONCLUSIONS

This thesis aims to develop a MATLAB-based simulation tool for the calculation of
radar cross-section (RCS) of 3D objects. RCS is a critical parameter for assessing
the capabilities of radar systems in detecting and tracking target objects. This study
provides a solution for conducting RCS calculations on more complex and realistic

targets.

The research initially delves into fundamental RCS concepts, calculation methods,
and radar scattering theories. Subsequently, the design and development of the
MATLAB-based RCS simulation tool within the scope of this thesis are presented.
This tool offers the capability to swiftly and accurately calculate RCS for complex 3D

objects.

The results obtained confirm the effectiveness and accuracy of the designed MATLAB
RCS simulation tool. Simulation results enable detailed analysis of the RCS of various
3D objects under different frequencies and angles. This tool can be instrumental in the

design and optimization of radar systems.

Furthermore, this study examines how MATLAB-based simulation can be applied to
more complex scenarios and hints at future research directions to achieve results closer

to real-world applications.

In conclusion, this thesis contributes significantly to the field of RCS calculations using
MATLAB. The developed RCS simulation tool can serve as a robust instrument for
advancing radar technologies, optimizing radar system performance, and enabling use
in more complex scenarios. In the future, this work can continue to contribute to the

development of radar technologies by addressing broader and more intricate scenarios.
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6.1 Practical Application of This Study

The study focuses on developing a MATLAB-based simulation tool for practical
applications involving the calculation of radar cross-section (RCS) of 3D objects.
One primary advantage of this application is its support for radar system design
and optimization. Engineers and researchers can assess how different 3D objects
interact with radar waves, thereby aiding in the selection of optimal radar parameters,

frequencies, and geometries.

In the military and defense sector, the accuracy and speed of RCS calculations are
critical. Accurate RCS calculations are required to evaluate the stealth capabilities
of aircraft, ships, and ground vehicles. This simulation tool contributes to the
development of stealth technologies and the assessment of the effectiveness of

radar-absorbing materials.

The aerospace industry benefits from this study in assessing the RCS of satellites, space
debris, and other space objects. Understanding how these objects can be detected and

tracked by ground-based radar systems is essential.

For autonomous vehicles and drones, RCS calculations are crucial for obstacle
detection and avoidance. This simulation tool contributes to the improvement of radar

systems used in these vehicles, enhancing safety and navigation.

Environmental monitoring applications include the detection of wildlife, weather
balloons, or atmospheric objects. Researchers can utilize this tool to design radar

systems for ecological studies or weather forecasting.

In security and surveillance applications, knowledge of the RCS of objects is valuable
for intruder detection and critical infrastructure monitoring. This study can help

enhance radar-based security systems.

In search and rescue operations, radar systems play a vital role in locating missing
persons or downed aircraft, particularly in remote areas. This simulation tool can

contribute to increasing the effectiveness of search and rescue missions.
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Researchers across various scientific disciplines can use the simulation tool to
understand radar interactions with both natural and artificial objects. This is
particularly relevant in fields like geophysics, archaeology, and others, potentially

leading to new discoveries.

Finally, this study can serve as an educational resource for radar engineers, technicians,
and students. It helps them gain a deeper understanding of RCS concepts and how to

perform these calculations effectively.
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