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ABSTRACT

The significance of the Radar Cross Section (RCS) in the outcome of military en
gagements makes its prediction an important problem in modern Electronic Warfare. The
POFACETS program, previously developed at the Naval Postgraduate School (NPS),
uses the Physical Optics method to predict the RCS of complex targets, which are mod-
eled with the use of triangular facets. The program has minimum computer resource re-
guirements and provides convenient run-times. This thesis upgraded, enhanced and ex-
panded the functionalities and capabilities of the POFACETS program. The new func-
tioralities were implemented by upgrading the Graphical User Interface and model data-
base, allowing the creation of models with an unlimited number of facets, providing ca-
pabilities for the automatic creation of models with standard geometric shapes, allowing
the combination of existing target models, providing capabilities for sharing target mod-
elswith commercial CAD programs, and creating new display formats for RCS results.
The new computational capabilities include the development of a user—updateable data-
base of materials and coatings that can be applied to models in one or multiple layers, and
the computation of their effects on the models RCS. Also implemented are the computa
tions of the ground’ s effect on the RCS, and the exploitation of symmetry planes in mod-

els, in order to decrease run-time for RCS prediction.
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EXECUTIVE SUMMARY

Signature control, one of the most significant aspects of Electronic Warfare,
places great emphasis on the reduction of RF signatures emitted from military platforms.
One important aspect in RF signature reduction involves the Radar Cross Section (RCS)
of the platforms. The goal of the RCS reduction is to decrease the range at which an en
emy radar can detect the platform, in order to minimize the reaction time available to the
threat or to deny detection altogether, by allowing the platform to remain “hidden” in the
ground or sea clutter.

Thus, the prediction of the Radar Cross Section of operationa platforms and the
evaluation of the effects of potential RCS reduction techniques, such as shaping and use
of radar absorbing materials (RAM), for the full spectrum of usable radar frequencies
provides a challenging problem in modern electronic warfare. The POFACETS 2.3 pro-
gram, aMATLAB application, developed at the Naval Postgraduate School, is an inex-
pensive, user—friendly, easy to use, RCS prediction software tool that has minimum re-
guirements on computer resources and is capable of producing RCS predictions within

small amounts of time for standard three-dimensional geometric shapes.

The program models any arbitrary target by utilizing triangular facets. The scat-
tered field from each facet is computed using the radiation integrals. The Physical Optics
method is used to calculate the currents on each facet. This method is a high frequency
approximation that provides the best results for electrically large targets as well asin the

specular direction.

The need to improve the program was dictated by certain inherent limitations in
the target modeling, the structure of the file models, and some conpatibility issues with
the current MATLAB version. Hence, the objective of this thesis was to improve the ex-
isting POFACETS RCS prediction software tool. This objective was achieved by provid-
ing new functionalities and adding new computational capabilitiesto the POFACETS 2.3

version.
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The new functionalities included the Graphical User Interface (GUI) and model
database upgrade, the improvement of the manual model design options, the creation of a
graphical model design GUI, the inclusion of capabilities for importing and exporting
models compatible with commercial Computer Aided Design (CAD) programs, the in-
clusion of capabilities for a combination of existing models, the computation of RCS ver-

sus frequency, and the creation of new options for the display of RCS results.

The new computational capabilities included the exploitation of symmetry planes
in target models to decrease run—time for RCS prediction, the development of a user-
updateable database of materials, which can be applied to models in one or multiple lay-
ers, the computation of the effects of materials and coatings in the model RCS, and the

computation of the effects of the ground on the RCS of a model.

Overal, the program is now user—friendlier, by providing easy-to-use GUIs and
familiar controls, while minimizing the possibility for erroneous input. Moreover, the
creation of complex models was facilitated through the use of automated standard model
design and the new capabilities, which allow the program to combine existing models and
share models with CAD software. Despite the new improvements and computational ca-
pabilities, minimal effect occurred to the required program execution time, while the op-
tion for the exploitation of symmetry planes, when these exist, can drastically decrease

execution time.

The versatility of the program was enhanced by allowing the capability for RCS
computation versus frequency and providing a broader range of options for RCS display.
Indeed, these capabilities allow for the use of the program not only for RCS prediction,
but for RCS analysis as well.

Finaly, the capability to use very complex models, the materials database, the ca-
pability to apply different types of materials and coatings to the models surfaces and the
inclusion of the effects of the ground on RCS, have made the POFACETS 3.0 amuch
more useful tool regarding reaworld RCS prediction and analysis problems.

XViii



The POFACETS 3.0 program was implemented in the current version of the
MATLAB software, and thus, it can be easily modified and upgraded through the wide
variety of tools provided by this software package. Two areas of potential improvements
involve including additional scattering mechanisms, such as second reflections, diffrac-
tion, and traveling waves in the RCS calculations and providing capabilities for importing

awider variety of model file types from commercia CAD software.
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l. INTRODUCTION

A. MOTIVATION

Signature control is recognized today as one of the most significant aspects of
Electronic Warfare. In the past decades, signature control technology, commonly known
as stealth, has become a critical technology area, as it directly affects the survivability of
both the military weapon platforms and the weapons themselves. The goal of signature
control is to reduce the various signatures of a platform to a level that allows the platform

to remain undetected from the threat sensors.

In the effort to produce such low-observable platforms, various signatures can be
considered, such as RF (Radio Frequency), IR (Infrared), visible, laser, acoustic and
magnetic. However, in general, the RF signatures are considered to be of prime impor-
tance in military applications, because radar is the premier military sensor today and is
capable of providing reliable target detection at long ranges and under awide variety of
environmental conditions (Ref. 1).

Consequently, the reduction of the RF signature has received high priority in the
design of many new military platforms (e.g., F-117 and B-2 aircraft, the Swedish Navy’'s
Visby Class Stealth Corvette, etc.). One aspect of the reduction of the RF signatures in-
volves the reduction of emissions. Indeed, if a high—power radar is operating aboard a
platform, its emissions will probably be detected by the enemy’ s passive sensors, such as
the electronic support measures (Ref. 2). The other aspect of the reduction of the RF sig-
natures involves the Radar Cross Section (RCS) of the platforms. The goal of the RCS
reduction is to decrease the range at which an enemy radar can detect the platform, in or-
der to minimize the reaction time available to the threat or to deny detection altogether,

by allowing the platform to remain “hidden” in the ground or sea clutter.

Thus, the prediction of the Radar Cross Section of operational platforms and the
evauation of the effects of potential RCS reduction techniques, such as shaping and use
of radar absorbing materials (RAM) for the full spectrum of usable radar frequencies

provides a challenging problem in modern electronic warfare. One approach to high fre-



guency RCS prediction calculations is to describe a complex model with an array of sim-
ple shapes, such as triangles or flat plates. The contribution of each simple shapeiscacu
lated in order to obtain the RCS of the whole target.

Although several RCS prediction methods exist for arbitrary three-dimensional
targets, most of them require a considerable amount of computer resources and process-
ing time. In addition, the procurement of the software, which implements these methods,
usually represents a significant amount of investment in capital and training time. Hence,
there is aneed for an inexpensive, user—friendly, easy to use, RCS prediction software
tool that will run on a standard computer and will be able to produce RCS predictions
within small amounts of time (in the order of seconds or minutes) for standard three—
dimensional geometric shapes. This software tool should also provide the user the capa-
bility to model any three-dimensional object with simple component shapes, display the
geometry of the model in order to allow inspection by the user and, of course, allow the
user to enter the necessary parameters for the calculation of the Radar Cross Section of
the model.

B. BACKGROUND

Such a software code was developed by Professor David C. Jenn and Commander
Elmo E. Garrido Jr. The code was implemented in MATLAB and utilizes the Physical
Optics (PO) approximation technique for the RCS calculation. This technique, as ex-
plained in Chapter 1, is not overly computationally demanding and provides relatively
accurate results for most large target models, while requiring minimal amounts of run—
time. Theinitial RCS prediction code was devel oped by Professor David C. Jenn. Com+
mander EImo J. Garrido Jr. upgraded the code by adding Graphical User Interface (GUI)
capabilities (Ref. 3). The end—product is the POFACETS program, whose current version
is2.3.

The POFACETS program provides the user an easy—to—use GUI that allows the
input of all necessary parameters, while preventing erroneous data input and other user
errors. The program enables the user to create a model comprised of triangular facets,
with options for specifying various surface characteristics of the facets, such as surface
resigtivity, surface roughness and whether afacet side is externa (hence potentially il-
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nated by the threat radar) or internal (hence not illuminated). The program allows the user
to display and inspect the model and it provides additional options for enhancing the

visualization of its geometry.

Once amode is defined, the user can calculate its RCS, defined in the next chap-
ter, based on the radar frequency and other parameters of interest. Once the RCS is com-
puted, an appropriate plot is generated to display the calculated data.

The main disadvantages of the existing POFACETS version are related to its
model design features. Specifically, the GUI alows the user to enter alimited number of
facets (40 maximum) making it impossible to model more complex objects. At the same
time, since the program requires the coordinates of each vertex of afacet to be entered
manually, the whole process can become time consuming and counter—productive for lar-
ger models. In addition, there is no capability to combine existing models to create ones
that are more complex or to import models created in other commercially available Com:

puter Aided Design (CAD) programs.

Finally, since the POFACETS 2.3 version was developed in 2000, in a previous
version of MATLAB, this creates maintenance and compatibility problems with the cur-
rent MATLAB versions, especidly in the area of the GUI figure definition.

C. STATEMENT OF PURPOSE

The purpose of this thesis was to enhance the existing POFACETS RCS predic-

tion software tool. It exploits the existing RCS cal culation code and aims to achieve the

following two goals.

The first is to improve the existing functionalities of the POFACETS 2.3 version
by:
Upgrading the GUI to the current MATLAB version
Upgrading the POFACETS models database

Providing capabilities for the creation of models with an arbitrary number
of facets (limited only by the computer capabilities)

Providing capabilities for the automatic creation of models with standard
geometric shapes

Allowing the combination/merging of existing target models



clude:

Providing capabilities for importing models created in commercially
available CAD programs

Providing capabilities for exporting models, so that they can be used by
commercially available CAD programs

Providing new options for computing RCS versus frequency

Providing new display options of RCS results, such as polar plots, and
RCS plots superimposed on the model geometry

The second is to add new computational capabilities to the program. These in-

Exploitation of symmetry planes in target models to decrease run-time for
RCS prediction

Computation of the RCS of a model over infinite ground plane

Development of a user—updateabl e database of materials which can be ap-
plied to models in one or multiple layers

Compurtation of effects of materials and coatings in the model RCS

The existing POFACETS version is aready in use by NPS students, students of

other universities and RCS professionals. This thesis is expected to provide new capabil i-

ties regarding the prediction of RCS and to make the application even more versatile and

easy to use. Specificaly:

The added capabilities (e.g., RCS of targets over ground planes, effects of
materials and coatings) will make the existing application a serious candi-
date for use not only by universities for educational purposes but by other
services and ingtitutions.

The versatility of the application will be greatly enhanced by adding the
capability to import target models designs implemented in other CAD
software. Similarly, the capability to combine and merge existing target
models will provide the option to create very complex target models by
combining simpler models of subcomponents designed by different indi-
viduals or students.

The application will become even more user—friendly by upgrading the ex-
isting Graphical User Interface, adding a database of materials and coat-
ings that the user can choose from and providing the capability to use cer-
tain standard model shapes (e.g., spheres, plates, boxes, cylinders, elip-
soids, trapezoids, cones, radomes, fuselages, etc.).



D. DELIMITATIONS OF THE PROJECT

Thisthesis will aim to expand, enhance and upgrade the current POFACETS
software version. The existing core software code of this program, which produced the
calculation of the scattered field from atriangular facet for a given set of parameters also
formed the basis of the new POFACETS version, which resulted from this thesis. All the
new features, options, functionalities, and capabilities that this thesis added to the
POFACETS program utilized this code at some point in the program.

This delimitation makes also clear that the program is based exclusively on the
Physical Optics approximation method for the calculation of the RCS of a model. Chapter

Il discusses the limitations and weaknesses of this method.

Furthermore, during the design, development and implementation of the code,
which implements the new functionalities and capabilities of the new POFACETS ver-
sion, certain assumptions or approximations will have to be made, in order to limit the
program complexity and to produce acceptable run—times. When these assumption or ap-
proximations occur, the appropriate section in the following chapters of this thesis ex-
plains their rationale.

E. THESISOVERVIEW

This chapter provides a brief background regarding the need for an inexpensive
and easy—to—use software tool for the prediction of the Radar Cross Section of complex
models, along with the features that such atool should incorporate. The statement of pur-
pose and the detailed goals of this project have been specified and its delimitations de-
scribed.

Chapter 11 describes the importance of the radar cross—section, as this appearsin
the radar equation and provides a practical example of its significance in amilitary en-
gagement. The RCSis then formally defined, followed by a brief discussion regarding
el ectromagnetic scattering fundamentals. The chapter concludes with a comparative dis-

cussion of some common methods of RCS prediction.

Chapter 111 contains the theoretical framework of the Physical Optics approxima
tion method and the mathematical formulations used in the POFACETS program to im-

plement this method. All the auxiliary tools and formulas utilized in the program are de-
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fined and explained. The prediction of the scattered field from a single facet isfirst ex-
plained and then it is used as the basis for the calculation of the scattered field from a col-
lection of facets (i.e., an arbitrary model). Essentially, this chapter contains the funda
mental theory utilized in the existing POFACETS version.

Chapter 1V contains the description of the new functionalities of the POFACETS
version resulting from this thesis work. It provides the details of the available options for
the manual or graphical design of a model, the capabilities for importing models from, or
exporting models to, other commercially available CAD software, the description of

available RCS computation options and the available RCS results display options.

Chapter V presents the new RCS computation capabilities added to the
POFACETS program as aresult of thisthesis. These include the calculation of the effects
of infinite ground planes on target RCS, the calculation of the effects of various materials
and coatings, and the exploitation of symmetry planes. For each case, the theoretical
framework upon which the software is based is presented, followed by the implemented

program features and the RCS results obtained.

Chapter VI summarizes the outcomes of the thesis work and suggests further im+

provements to the program.

Finally, since the end result of this thesis work is quite a complex program, con
sisting of more than 30 MATLAB script filesand 15 MATLAB figure files, the Appen-
dix at the end of the thesis provides the framework that shows the interconnection and
functionality of each script or figure file. The main goa of this framework isto help the
reader understand how the program operates, rather than providing a user manual, since
the program itself incorporates detailed user instructions either through dialog boxes or

help screens.



Il.  RADAR CROSSSECTION THEORY

This chapter discusses the importance of the Radar Cross Section and itsrolein
the radar equation and provides examples of its significance in Electronic Warfare. The
RCS isthen formally defined, followed by a brief discussion regarding scattering regions.
The chapter concludes with a comparative discussion of some common methods of RCS
prediction.

A. RADAR CROSSSECTION AND THE RADAR EQUATION

The radar equation relates the range of aradar to the characteristics of the trans-
mitter, the receiver, the antennas, the target, and the environment. It is useful for deter-
mining the maximum range at which a given radar can detect atarget and it can serve asa

means for understanding the factors that affect radar performance (Ref. 4).

A typical scenario is depicted in Figure 1. The TX box represents the radar trars-
mitter, the RX box the radar receiver, while the grey object to the right represents the tar-
get. The transmit and receive antennas are located close to each other; hence it is assumed

that their range to the target isequal to R

x <G

+Pr - R -
RX iG 0
«q—P '

Figure 1. Typical Radar—Target Scenario (From Ref. 5.)

The smplest form of the radar equation is givenby
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where, P, is the power received by the radar (in watts), P; the output power of the trans-
mitter (in watts), G; the gain of the transmitter antenna, G, the gain of the receiver an-

tenna, s the Radar Cross Section of the target (in nf), | the wavelength of the radar's
operating frequency (in meters) and R the range between the radar and the target (in me-

ters).

Notice that the first term in parenthesis represents the radar power density at the
target (in watts/nt). The product of the first and second termsin parenthesis represents
the power density at the radar receiver due to the reflection or scattering that occurs on
the target. The third term in parenthesi s represents the amount of the reflected power cap-

tured by the receiving antenna aperture.

For the monostatic radar case, in which the radar uses the same antenna for
transmitting and receiving, G; is equal to G; and by setting G; = G, = G, Equation (2.1)
can be written as:

_ PG%s| ?
@R

2.2)

The maximum range of aradar, R, . isthe distance beyond which the target
cannot be detected. It occurs when the received signal power P; just equals the minimum
detectablesigna S, (Ref. 4). Substituting B =S,,,, in Equation (2.2) and rearranging

terms gives:
¢RGsI 20
R =&~ : (2.3)
&@)°S 6
Although this form of the radar equation excludes many important factors and usually
predicts high values for maximum range, it depicts the relationship between the maxi-
mum radar range and the target’s RCS.
B. SIGNIFICANCE OF THE RADAR CROSS-SECTION
Equation (2.3) indicates that the free—space detection range of aradar is propor-

tional to the RCS of the target, raised to the one—quarter power (s Y “) . Thus, decreasing

the RCS by afactor of 10 translates to a 56% decrease in the free—space detection range.

Consequently, the reaction time of the weapon system that utilizes this radar will be de-
8



creased to approximately half. In addition, if the target is an aircraft flying at low altitude
in heavy clutter, the MTI improvement factor required for detection will be increased by
10 dB, rendering many radars designed to detect conventional aircraft inoperable (Ref.
1).

Anillustration of the effectiveness of RCS in military engagementsis depicted in
Figure 2. In this scenario, a “stedlth” fighter with RCS that varies from 0.01 n to 10 n?
is engaged head on with a conventional fighter aircraft, whose RCS is 5 nf. The engage-
ment occurs at 30,000 feet and both aircraft fly at Mach 0.9. Three different curves are
shown. One curve corresponds to an engagement scenario in which both aircraft have
long—range radars capable of detecting a target with RCS of 5 nt at 125 km. The second
curve corresponds to an engagement scenario in which both aircraft have short—rangera-
dars capable of detecting a target with RCS of 5 n? a 50 km. The third curve corresponds
to an engagement scenario in which the “stealth” fighter has a radar with a 90-km detec-
tion range against a target with RCS of 5 nf, while the conventional fighter has a long—
range radar capable of detecting the same target at 125-km range (Ref. 1).

The shaded area in the middle of the graph represents a region in which either
fighter can fire the first missile shot. It is easy to see that as the RCS of the “stealth” air-
craft is reduced and that the margin for the first missile launch by this aircraft against the
conventional fighter isincreased. For example, if the “stealth” aircraft has a RCS of 0.1
n?, then it could target the conventional fighter for approximately 60 seconds, before the
conventional fighter can fire its missiles (for the equal short—range radar scenario). This
time margin exceeds 70 seconds in the scenario in which the conventional fighter is
equipped with a superior range radar and reaches approximately 110 seconds in the sce-

nario in which both aircraft have equal long-range radars.
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Figure 2. Advantage of Stealth Fighter over Conventional Fighter (After Ref. 1.)

In addition, the RCS of a platform plays an important role in defining the jammer
capability requirements of this platform. Indeed, the “burn-through range,” which is the
range at which athreat radar overcomes the jamming effects of a platform, is found to be
proportional to the square root of the ratio of the platform’s RCS and the platform’s
jamming effective radiated power, shown in the following equation (Ref. 1):

L /2

e s u

Rer Hé—=1 (24
T &ERP,
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where R;; isthe burn-through range and ERP, isthe jammer’s effective radiated power.
It is clear that, for the same jamming effect (i.e., the same burn-through range), if the tar-
get RCS (s ) is decreased then the self—protection jammer effective radiated power can
be decreased in the same proportion. Eventualy, as the Radar Cross Section becomes
small enough, no jammer is required. Thus, the term (s /ERP,) can be considered afig-
ure of merit for the jammer (Ref. 1).
C. RADAR CROSS SECTION DEFINED

As demonstrated in the radar equation, the Radar Cross Section (S ) isa property
of a scattering object (target) representing the magnitude of the echo signal returned to
the radar by this object. The definition of RCS can be stated as:

s o Power reflected to receiver per unit solid angle
Incident power density/4p '

It is evident that the RCS of atarget is the measure of the power scattered in a given di-
rection, when the target is illuminated by an incident wave, normalized to the power den
sity of the incident field. The purpose of the normalization is to remove the effect of the
range and, hence, to arrive at a RCS value that is independent of the distance between the
target and the illumination source (Ref. 3).

In terms of the incident and scattered figlds, it is more suitable to write the RCS

(2.5)

where Ris the range between the target and the illumination source (radar), and |Ei | and

|Es|the electric field amplitudes of the incident and scattered field, respectively. It is as-

sumed that the target is far enough from the radar that the incident wave can be consid-
ered to be planar, rather than spherical. Moreover, in the far zone of the target, the scat-
tered field dependence on range will approach 1/Rand, therefore, s will be independent
of range (Refs. 1 and 4).
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The Radar Cross Section can be characterized as monostatic when the transmitter
and receiver are collocated, or bistatic when the transmitter and receiver are placed in dif-
ferent locations. The Radar Cross Section has units of square meters. However, it is usu

ally expressed in decibels relative to a square meter (dBsm):
s [dBsm] = 10l og(s ém’ H) . (2.6)

The Radar Cross Section is a scalar number that is a function of the target corn-
figuration and its material composition, frequency and polarization of the incident wave,
and target aspect (i.e., its orientation relative to the radar). Consequently, in genera, the
Radar Cross Section could be specified as s (g ,f ), where p and g pertain to the scat-
tered and incident polarizations, respectively, while q and f are the polar spherical an

gles, as shown in Figure 3.

CONSTANT
ELEVATION

HORIZON

Figure 3. Coordinate System (After Ref. 5.)

In the genera case, the polarization of the incident wave from the radar will not
be in the same orientation as the polarization of the target coordinate system. Therefore, it
is necessary to decompose the polarization of the incident wave into components in the

target coordinate system. Since the wave vector components at large distances are tangent

12



to a sphere, two orthogonal components in terms of the variables g and f are sufficient

to represent the incident field in a spherical system centered at the target. Thus, in gen
erd, it is possible to write the incident field as:

E =Eqd+Ef @.7)

where qA and f are the unit vectors in the target coordinate system and the index i signi-

fiesincident field (Ref. 2).

In addition, the polarization of the scattered field will not necessarily be the same
as the incident field, since most complex targets generate a cross—polarized scattering
component due to multiple diffractions and reflections. The scattering matrix reflects this,
and it can be used to specify the relationship between the polarization of the incident and
the scattered field:

eEueSSuéEfJ

~ qq df

é- Uu=é Ué-'a (2.8)
eEsfu es SH ge it (0

where the index s denotes the scattered field.

The S,, symbols represent the scattering parameters, with the index p specifying

the scattered field polarization and the index q specifying the incident field polarization.
The elements of the scattering matrix are complex quantities related to the RCS with the
following equation (Ref. 2):

S, = VS w (2.9)

Pq /—4p R?

It is possible to write thisin terms of amplitude and phase as:

1/2

| pq| Jy m
S =t 2.10
nq «/4p—R2 (2.10)
where
e| m( ) u
Y pq = actan e (2.11)
gRe(S )

and Re(¥and Im(3 are the real and imaginary operators.
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D. SCATTERING REGIONS

As mentioned in the previous paragraphs, the Radar Cross Section depends on the
frequency of the incident wave. There are three frequency regions in which the RCS of a
target is distinctly different. The regions are defined based on the size of the target in
terms of the incident wavelength. For a smooth target of length L, the definitions of the

three frequency regimes follow.

1 L ow Freguency Region or Rayleigh Region gﬁ—p L << 19

4]

At these frequencies, the phase variation of the incident plane wave across the ex-
tent of the target is small. Thus, the induced current on the body of the target is approxi-
mately constant in amplitude and phase. The particular shape of the body is not impor-

Zy

tant. Generally, s versus I_L is smooth and variesas 1/1 * (Réf. 2).

2. Resonance Region or Mie Region Eéf—p L » 19

2
For these frequencies, the phase variation of the current across the body of the

Zy

target is significant and all parts contribute to the scattering. Generally, s versus T L

and will oscillate (Ref. 2).

3. High Frequency Region or Optical Region gﬁ—p L>> 19

(4]
For these frequencies, there are many cycles in the phase variation of the current

across the target body and, consequently, the scattered field will be very angle—
2p

dependent. In thisregion, s versus T L issmooth and may be independent of | (Ref.
2).
Figure 4 depicts the Radar Cross Section of a sphere with radius a, where b is

definedasb = 2p/I . The three scattering regions are clearly illustrated. When ba<0.5,

the curve in the Rayleigh region is almost linear. However, above 0.5, in the resonance

region, the RCS oscillates. The oscillations die out as b a takes higher values. Eventu-

aly, for ba>10, the value of the RCSiis essentially constant and equal to pa®.
14
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Figure 4. Radar Cross Section of a Sphere (From Ref. 5.)

E. RADAR CROSS SECTION PREDICTION METHODS

Some of the most common numerical RCS prediction methods for any arbitrary
three—dimensional target are the Method of Moments, the Finite Difference Method, Mi-
crowave Optics and Physical Optics. For each method, its advantages and limitations will
be discussed.

1. Method of Moments

The most common technique used to solve an integral equation is the Method of
Moments (MM). In the RCS prediction case, integral equations are derived from Max-
well’ s equations and the boundary conditions, with the unknown quantity being an elec-
tric or magnetic current (either volume or surface). The Method of Moments reduces the
integral equations to a set of simultaneous linear equations that can be solved using stan-
dard matrix algebra. Most Method of Moments formulations require a discretization
(segmentation) of the target body and, therefore, are compatible with finite element meth
ods used in structural engineering. In fact, the two are frequently used in tandem during
the design of a platform (Ref. 2).
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Another advantage of the Method of Moments is that it provides a rigorous solu-
tion to the RCS prediction problem, yielding very accurate results. However, this method
tends to produce large matrices, resulting in high computational requirements and in-
creased run time. In addition, since current computer capabilities allow the modeling of
targets on the order of 10 to 20 wavelengths, the method is not practical for large targets
at high frequencies due to computer limitations (Refs. 1 and 3).

2. Finite Difference Methods

Finite Difference methods are used to approximate the differential operatorsin
Maxwell’s equations in either the time or frequency domain. Similar to the Method of
Moments, the target must be discretized. Maxwell’ s equations and the boundary condi-
tions are enforced on the surface of the target and at the boundaries of the discretization
cells. In the time domain, this method is used extensively in computing transient re-
sponses of targets to various waveforms. Since the solution is stepped in time throughout
the scattering body, the finite difference method does not require large matrices as does
the Method of Moments. Frequency domain data is obtained by Fourier—transforming the

time data.

This method also provides a rigorous solution to the RCS prediction problem.
However, sinceit calculates the fields in a computational grid around the target, the cal-
culation of the RCS of atarget with a characteristic dimension of several orders of mag-
nitude of the wavelength would entail considerable amount of time to execute (Refs. 1
and 3).

3. Microwave Optics

Ray tracing methods that can be used to analyze electrically large targets of arbi-
trary shape are referred to as Microwave Optics. This term actually refersto a collection
of ray tracing techniques that can be used individually or in concert. The two most used
are the Geometrical Optics (GO) method and the Geometrical Theory of Diffraction
(GTD) method. The rules for ray tracing in a smple medium (i.e., linear, homogenous
and isotropic) are similar to reflection and refraction in optics. In addition, this method
takes into account diffracted rays, which originate from the scattering of the incident

wave at edges, corners and vertices. The formulae are derived on the basis of infinite fre-
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guency (I ® 0), which implies an electrically large target. The major disadvantage of

this method is the bookkeeping required when tracking a large number of reflections and
diffractions for complex targets.

4, Physical Optics

The Physical Optics (PO) method estimates the surface curent induced on an ar-
bitrary body by the incident radiation. On the portions of the body that are directly illu-
minated by the incident field, the induced current is smply proportiona to the incident
magnetic field intensity. On the shadowed portion of the target, the current is set to zero.
The current is then used in the radiation integrals to compute the scattered field far from
the target (Ref. 2).

This method is a high frequency approximation that provides the best results for
electrically large targets as well as in the specular direction. Since it abruptly sets the cu-
rent to zero at the shadow boundary, the computed field values at wide angles and in the
shadow regions are inaccurate. Furthermore, surface waves, multiple reflections and edge
diffractions are not included (Refs. 1 and 3). However, the smplicity of the approach en

sures low demands on computing resources and convenient run-times.

The POFACETS program utilizes the Physical Optics method to compute the sur-
face currents on the triangular facets that comprise the building blocks of atarget model.
Then, the radiation integrals are used to compute the scattered field.

F. SUMMARY

This chapter discussed the importance of RCS, its role in the radar equation, and
its significance in the outcome of military engagements. It provides the formal definition
of RCS and discusses its behavior in the three scattering regions. Finaly, the most com-
mon methods for RCS prediction are described. The next chapter discusses the mathe-

matical equations and the theory that pertains to these computations.
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1. PHYSICAL OPTICSAPPLIED TO TRIANGULAR FACET
MODELS

This chapter contains the theoretical framework of the Physical Optics approxi-
mation method and the mathematical formulations used in the POFACETS program to
implement this method. Starting from the radiation integrals for an arbitrary object, the
scattered field formulas are derived for the case of atriangular facet. The Physical Optics
approximation is used to provide values for the surface currents on afacet and Taylor se-
ries are utilized to calculate the scattered field. In the process, al tools and formulas used
in the calculations are defined and explained. Finally, the computational model is ex-
panded to implement the calculation of the scattered field from a collection of facets (i.e.,
an arbitrary target mode!).

A. RADIATION INTEGRALSFOR FAR ZONE SCATTERED FIELDS

The scattering from a triangular facet is a specia case of the scattering from an
arbitrary body. Hence, the formula for the scattered field for a triangular facet will be de-
rived from the one obtained for an arbitrary body. Consider the situation depicted in Fig-
ure 5. An arbitrary scattering body is placed at the origin, with the observation point be-
ing at coordinates (Xx,Y, 2) .

SCATTERING
BODY

y
Il
~y
I
T8y

Observation poinf]
at (x,y.z)
(x\y.z)

!

]

X

Figure 5. Far Field Scattering from an Arbitrary Body (After Ref. 2.).
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For Radar Cross Section calculations, the observation point is considered to bein

the far zone of the target. Thus, the vectors R and F are approximately parallel.

The body is segmented into infinitely small source points of volume V¢ located at
coordinates (x¢ y¢ z®). The position vector to a source point is:

Fe= ¢+ Yo+ 2z¢ (3.2
with X, ¥, Z being the coordinate—axes unit vectors.

The unit vector in the direction of the observation point is:

fF=Xu+W+2w (3.2
where
u =sing cosf
u =dgnqsinf (3.3
W = C0sq

with q and f being the spherical coordinates of the observation point.

Assuming that the magnetic volume current in the body is J . =0, the scattered

field from the body is given by the following equation:

E(ra.f)=E (raf)d+E (raf) :'jlp—erOe- iha ) Jedut  (3.4)

where J isthe electric volume current, Z, istheintrinsic impedance of the space su-
rounding the body, k=2p/l (with | being the wavelength) and g is defined as:

g =F&f =x@ +yC + zQv . (3.5)
Notice that in Equation (3.4), the electric field has componentsonly inthe g and f di-

rection, so that the E, component in (3.4) isignored (Ref. 2).

B. RADIATION INTEGRALSFOR A TRIANGULAR FACET
Consider atriangular facet with arbitrary orientation defined by the vertices 1, 2

and 3, as shown in Figure 6.
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Figure 6. Arbitrary Oriented Facet (After Ref. 3.).

The integration point now is P, which is located at coordinates (X Yy, Z,) cor-

responding to the (x¢y¢ z® coordinates of the integration point for the arbitrary body ex-
amined in the previous section. Its position vector is

Mp = XpX+Ypy+2,2Z. (3.6)

Since the triangular facet is a two—dimensional object, the volume integration in
Equation (3.4) becomes a surface integration. Similarly, there is only surface current

flowing on the triangular facet. Hence, Equation (3.4) becomes:

= - sz - jkr a7 Ajk
E(rgf )—Tr"e J rCQJSeJ Ids, (3.7)

where J isthe surface current, A the area of the triangular facet, ds, thedifferential
surface areaand g isdefined as:

g =T, ¥ =xu+ylu+zw. (3.8

Hence, the problem of evaluating the scattered field from a single facet has been
narrowed to two simpler problems: (1) the computation of the surface current J s flowing

on the facet by using the Physical Optics method, and (2) the computation of the integral
in Equation (3.7).
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It is necessary to describe some of the tools to be used in the calculations before
addressing these two problems.
C. RADIATION INTEGRALSFOR A TRIANGULAR FACET

Figure 7 depicts the detailed geometry of a single facet with arbitrary orientation.

The facet vertices are known in terms of their Cartesian coordinates (x,, Y, z,) for

n=1,2,3. It is assumed that the vertices are labeled in a right—hand sense (i.e.