“Lalhoun

Institutional Archive of the Naval Pastgraduate School

Calhoun: The NPS Institutional Archive
DSpace Repository

Theses and Dissertations 1. Thesis and Dissertation Collection, all items

2006-09

Development of Code for a Physical Optics
Radar Cross Section prediction and analysis application

Chatzigeorgiadis, Filippos

Monterey California. Naval Postgraduate School

https://hdl.handle.net/10945/1453

Copyright is reserved by the copyright owner.

Downloaded from NPS Archive: Calhoun

Calhoun is the Maval Postgraduate School's public access digital repository for

‘: DUDLEY research materials and institutional publications created by the NPS community.
ﬂ““ Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first

m“ KNOX appointed — and published — scholarly author,

LIBRARY Dudley Knox Library / Maval Postgraduate School
411 Dyer Road / 1 University Circle
Monterey, California USA 93943

hitp://www.nps.edu/library



M

NAVAL
POSTGRADUATE
SCHOOL

MONTEREY, CALIFORNIA

THESIS

DEVELOPMENT OF CODE FOR A PHYSICAL OPTICS
RADAR CROSS SECTION PREDICTION AND ANALYSIS
APPLICATION

by
Filippos Chatzigeorgiadis

September 2004

Thesis Co-Advisors: David C. Jenn
D. Curtis Schieher

Approved for public release; distribution is unlimited




THISPAGE INTENTIONALLY LEFT BLANK



REPORT DOCUMENTATION PAGE

Form Approved OMB No. 0704-0188

(0704-0188) Washington DC 20503.

Public reporting burden for this collection of information is estimated to average 1 hour per response, including
the time for reviewing instruction, searching existing data sources, gathering and maintaining the data needed, and
completing and reviewing the collection of information. Send comments regarding this burden estimate or any
other aspect of this collection of information, including suggestions for reducing this burden, to Washington
headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite
1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project

1. AGENCY USE ONLY (Leaveblank) | 2. REPORT DATE

September 2004

3. REPORT TYPE AND DATES COVERED

Master’sThesis

4. TITLE AND SUBTITLE: Development of Code for a Physical Optics Radar
Cross Section Prediction and Analysis Application

5. FUNDING NUMBERS

6. AUTHOR(S) Filippos Chatzigeorgiadis

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
Naval Postgraduate School
M onterey, CA 93943-5000

8. PERFORMING
ORGANIZATION REPORT
NUMBER

9. SPONSORING /MONITORING AGENCY NAME(S) AND ADDRESS(ES)
N/A

10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES The views expressed in thisthesis are those of the
policy or position of the Department of Defense or the U.S. Government.

author and do not reflect the official

12a. DISTRIBUTION / AVAILABILITY STATEMENT

12b. DISTRIBUTION CODE

Approved for public release; distribution is unlimited

13. ABSTRACT (maximum 200 words)

The significance of the Radar Cross Section (RCS) in the outcome of military engagements 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 modeled with the use of tri-
angular facets. The program has minimum computer resource requirements and provides convenient run—times. This thesis up-
graded, enhanced and expanded the functionalities and capabilities of the POFACETS program. The new functionalities were
implemented by upgrading the Graphical User Interface and model database, allowing the creation of models with an unlimited
number of facets, providing capabilities for the automatic creation of models with standard geometric shapes, allowing the
combination of existing target models, providing capabilities for sharing target models with commercial CAD programs, and
creating new display formats for RCS results. The new computational capabilities include the development of auser—
updateable database of materials and coatings that can be applied to modelsin one or multiple layers, and the computation of
their effects on the models' RCS. Also implemented are the computations of the ground’ s effect on the RCS, and the exploita-
tion of symmetry planesin models, in order to decrease run—time for RCS prediction.

14. SUBJECT TERMS Physica Optics, Radar Cross Section, Monostatic, Bistatic, Electromagnetic | 15. NUMBER OF

Scattering, Graphical User Interface, Faceted Models PAGES
149
16. PRICE CODE
17. SECURITY 18. SECURITY 19. SECURITY 20.LIMITATION
CLASSIFICATION OF CLASSIFICATION OF THIS CLASSIFICATION OF OF ABSTRACT
REPORT PAGE ABSTRACT
Unclassified Unclassified Unclassified UL

NSN 7540-01-280-5500 Sandard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. 239-18



THISPAGE INTENTIONALLY LEFT BLANK



Approved for public release; distribution is unlimited

DEVELOPMENT OF CODE FOR A PHYSICAL OPTICSRADAR CROSS
SECTION PREDICTION AND ANALYSISAPPLICATION

Filippos Chatzigeorgiadis
Major, Hellenic Air Force
B.S., Hellenic Air Force Academy, 1990

Submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE IN SYSTEMSENGINEERING
and
MASTER OF SCIENCE IN ELECTRICAL ENGINEERING

from the

NAVAL POSTGRADUATE SCHOOL

September 2004
Author: Filippos Chatzigeorgiadis
Approved by: David C. Jenn

Thesis Co-Advisor

D. Curtis Schleher
Thesis Co-Advisor

John P. Powers
Chairman, Department of Electrical and Computer Engineering

Dan C. Boger
Chairman, Department of Information Sciences



THISPAGE INTENTIONALLY LEFT BLANK



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., counter-
clockwise), so that the thumb of the right hand gives the outward normal direction. For a

closed body that surrounds the origin of the axes, the outward normal will, in general,

point away from the origin.

(a) (b)
Figure 7. Arbitrary Oriented Facet (a) Geometry (b) Facet Sub—Areas (From Ref.
3).
The position vectors to the vertices are given by:
M =X X+ Y,y +2,2. (3.9)

Then, the edge—vectors can be determined from the node coordinates as follows:

h=%-§ L=E-%, L=F-F. (3.10)

22



The outward normal of the facets can then be obtained by taking the cross product of any

two edge—vectors in a right—hand sense. For example:

o~

Ty
al

n= ° nX+ny+n,z. (3.11)

~4

|

With this ordering of the vertices, the outward side of the facet is denoted as the

front face with the opposite side being the back face. If a plane wave is incident from an

angle(q; ,f ;) , propagating towards the origin, then its propagation vector is:

k== P == (ku +u, +2w) (3.12)

where(u; u; w;) arethedirection cosinesand f isthe radial unit vector from the origin
to the source at (q; ,f;). A front facet isilluminated when the following condition is satis-
fied:

-k xA3 0 (3.13)

It is possible to compute the total area of the facet A from the cross product of the

two edge vectors:

A:%M To]. (3.14)

In order to simplify integration over the surface of the facets, normalized areas are
used. Specifically, sub—-areas A, A, A; are defined, from which normalized area coordi-

nates are computed:

z :ﬁ, X :i, h = (3.15)
A A

>_|<}>

Since A+ A+ A=A, itispossibletowrite z +x +h =1, and hence, z =1-x - h.

Then, the integration over the area of the facet can be written as (Ref. 3):

@S, =2A9Q  dxdh. (3.16)
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D. COORDINATE TRANSFORMATIONS
In the general case, the local facet coordinate system will not be aligned with the

global coordinate system. In the local facet coordinate system (x&y¢zd) , the facet lies

on the xdy¢ plane, with 2¢ being the normal to the facet surface, hence n = z&, as de-

picted in Figure 8.

Figure 8. Global and Local Coordinate Systems (From Ref. 3.).

For any arbitrary oriented facet with known global coordinates, its local coordi-
nates can be obtained by a series of two rotations. First, theangles a and b, shownin

Figure 9, are calculated from

138, 0 Ay n
a =tan ¢+ and b =cos (zx) (3.17)
e'xg

with n,,n,, as defined in Equation (3.11).
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Figure9. Rotation Angles (From Ref. 3.).

Then, the transformation matrices are computed:

écosa sina O

TC= g- sna cosa Og (3.18)
€0 0 14
gcosb 0 -sinby

T¢=0 10 & (3.19)

gnb 0 cosb §

Using these matrices, the global coordinates can be transformed to local coordinates:

X exu
é l_ a
G=TaGY (3.20)
ezt €t
The inverse transformation (i.e., from local to global coordinates) is smply
exu o
é u__ 18
&g = 1LY 8 (3.21)
€24 &2y

The transformations described in Equations (3.20) and (3.21) are also valid for the unit
vectors and the direction cosines (Ref. 3).
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E. PHYSICAL OPTICS SURFACE CURRENT COMPUTATION

According to the Physical Optics method, on the portions of the body that are di-
rectly illuminated by the incident field, the induced current is ssmply proportional to the
incident magnetic field intensity. On the shadowed portion of the target, the current is set
to zero. Hence:

12" H, for theilluminated facets

i
’s :} 0  for the shadowed facets (3.22)
where I:|i is the incident magnetic field intensity at the surface.
In generd, the incident field is of the form
E =(Eqd +E f)e 7 (3.23)

wherek; = kl2I =- ki, withk=2p/I . Since f, = forapoint (x,,Y,,z,) on the surface:
E, = (Eqd +E¢1)e"" ™. (3.2)

Then, the magnetic field intensity is:
A= b :zi(afoi - Eqf )’ (3.29)

(o] (0]

The physical optics approximation for the surface current flowing on the facet is:

3= 20" i = (4 - Egh e (3.26)
(6]
where h is defined as:
h=Tpefl = XU + YU +Z,W (3.27)

It is now possible to write Equation (3.26) as:

Jo= (3, &+, y+3,2)el". (3.28)

However, in facet local coordinates, the surface current does not have a Z¢ component,

since the facet lies on the x@y¢ plane. Hence:
Jo= (Qge+ I g el . (3.29)

The values of the surface current components are (Ref. 3):
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E@ cosf ¢ E@sinf ¢

o= G +———G. (cosq (330)
Z, Z, a
é ¢ Efcosf¢
)$=e Egsnf G - 'gtzo G. (cosq @ (331)
Z, 0

where E§, E¢ are the components of the incident field in the local facet coordinates and
g&f ¢ are the spherical polar angles of the local coordinates.
Various materials can be handled by the inclusion of G and G. , the transverse

magnetic (TM) and the transverse electric (TE) reflection coefficients, respectively.

These are defined as:

- Z,cosq®
= = 3.32
G = G 2R, +Z, cosq® (3.32)
Gy = Gy =— 20 (3.33)
" " 2R cosq+Z, '

withR; being the surface resistivity of the facet material. When R, =0, the surface isa
perfect electric conductor. As R, ® ¥, the surface becomes transparent (|q ® 0) :

F. SCATTERED FIELD COMPUTATION
To obtain the scattered field, simply replace Equation (3.29) in the radiation inte-
gral for the triangular facet, which was determined in Equation (3.7), so

E(rg.f)= '4ka e ka(ngugw e s, . (3.34)
r

In order to compute the scattered field, it is only necessary to evaluate the inte-
gral:

I, = C‘Qe“‘(g*h)dsp . (3.35)

However, it is not possible to obtain an exact closed form solution for this integral. Given
that the incident wavefront is assumed plane and that the incident field is known at the

facet vertices, the amplitude and phase at the interior integration points can
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be found by interpolation. Then, the integrand can be expanded using Taylor series, and

each term integrated to give a closed form result. Usually, a small number of termsin the

Taylor series (on the order of 5) will give a sufficiently accurate approximation (Ref. 3).

Thus, using the notation of Ref. 6, the following equation is defined as:
o= @Cch x)e " dndx

where
C.hx)=Ch+Cx+C,° .
For aunit amplitude plane wave:
[E|=1p C,=C,=0,C,=1.
Similarly,
D.(hx)=Dh+Dx+ D,
with
D, = k[(X.L' XU + (Y1 - Ya)u +(7 - 23)W]
Dy = k[(x2 - XUH (Yo - Yalu +(2 - Zs)W] .
Dy =k[Xau+ yaU +zgw]
Now theintegral of Equation (3.35) is given by:

R ua .~ é U 5
I = 2Ae]D0 I,eJDp A CO l:l' eJDq é CO ’ CO H
C ~

S , u- y:
i gDp(Dq- Dp)g qu(Dq- Dp)g Dqub

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)

(3.41)

In order to avoid numerical errors that occur near the singularities (i.e., denomina-

tors near zero), the following special cases are considered separately:

Casel: D |<L, and D,|3 L,

Co_1el0¢ G(n,- Dq)?';}

_2pe ¢ (iDp)"

I
‘ qu n=0 n!

]
%_ n+1
Case2: D |<L, and D |<L,

¥ ¥ C,(jD,)"(jDy)"
(m+n+2)!

(3.42)

(3.43)



Case3: D, |3 L and |Dy| <

|, =2Aei%e® § s U q) 0 G( n+1-D,) (3.44)
n=0 n!
Case4: D |* L, and |D,|?
Do ¥ D. - na3 jD
=222 8 PP P 1 o+ E50} (345)
qu =0 n! t n+1 b

where L, is the length of the Taylor series region. The function G is defined by

1
G(n,g) = s e%ds (3.46)
0

and is evaluated with the use of the following recursive relationship:

19 _ -
G(n,g)=e nc_;(n 1’9),n3 (3.47)
ig
with
ig
G(0, )—e 1 (3.48)

G. DIFFUSE FIELD COMPUTATION

Thus far, the discussion assumes that the facets are completely smooth. In reality,
of course, targets rarely have perfectly smooth surfaces, due to irregularities or materia
and manufacturing imperfections. Surface roughness introduces path differences relative
to the smooth surface. Consequertly, it is essential to consider a scattering component

due to these imperfections in the RCS computations.

Since the various imperfections in manufacturing and assembly processes of a
target tend to behave in arandom fashion, the quantities chosen to represent these pa-
rameters can be modeled as random variables. The scattered field and the RCS are func-
tions of these random variables. The effect of the random errors on the resulting RCS pat-
tern is to subtract energy from the specular reflection, converting it to random scattering,
that is nearly equally distributed in al directions, which is called diffuse scattering (Ref.
2).
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In order to model a rough surface, the thesis takes into account that the deviation
of points in the same areais usually correlated. For instance, in most cases, adentin a
plate will have an approximately hemispherical shape. In this case, if the dent has a di-
ameter of 1 cm, the deviation of points whose distance is less than 0.5 cm from the center
of the dent will be correlated to the deviation at the center (Ref. 2).

Thus, the modeling of the rough surface begins by assuming that the surface de-

viations resemble Gaussian dents, as shown in Figure 10.

Rough Surface

Gaussian Approximation

Figure 10. Gaussian Approximation of a Rough Surface (From Ref. 3.)

Next, it is necessary to define two parameters. The correlation interval C (in me-
ters) is the average distance at which the deviations become uncorrelated. As Figure 11
indicates, alarge correlation distance suggests a slowly varying surface error, while a

small correlation distance characterizes a rapidly varying error. The variance itself of the

irregularities is defined as d?, with d being the standard deviation of the irregularities
(Ref. 2).
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Figure 11. (a) Large Correlation Distance, (b) Small Correlation Distance (From Ref.
3)

The POFACETS program allows the user to select the correlation distance and
standard deviation. The average value of the RCS of afacet is approximately (Ref. 7):

2 k24202 e n202 620 B
4pA -4k ? A4pkdzc ex P C”sin q(m:)ug (349)

S ae ? 2 € COSZQ e Pg- 2
| 5 &
with A being the area of the facet and q® the same as previously defined.

This value is smply added to the specular term, which is calculated using Equa
tion (3.34).
H. TOTAL FIELD FROM A TARGET

Thus far, the discussion has involved the calculation of the scattered field from a
single facet. A large target is approximated by a model consisting of many triangular fac-
ets. Superposition is used to calculate the scattered field from the target. First, the scat-
tered field is computed for each facet. Then, the scattered field from each facet is vector—
summed to produce the total field in the observation direction. Once the scattered field is
known, the RCS in that direction is computed. Thisis repested for all the observation di-
rections selected by the user. The entire process, including model generation and data
presentation has been programmed in the software package POFACETS.

Specifically, the following steps, diagramed in Figure 12, take place in the RCS

computation process:
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1 The parameters of the RCS computation, including frequency, Taylor s
ries parameters, surface roughness parameters, angle of incidence (for
bistatic RCS case), angles of observation, incident field polarization and
model name are selected by the user.

2. The program reads the model characteristics (coordinates of facets, facet
description and surface resistivity).

3. Initial computations are executed to obtain certain facet characteristics, in
cluding facet area, normal vector and rotation angles, using Equations
(3.11), (3.14) and (3.17), respectively.

4, For each facet, its illumination condition is assessed, using Equation
(3.13). If the facet is not illuminated, all scattered and diffuse components
are set to zero and the program proceeds to the next facet. If the facet isil-
luminated, the following steps are performed.

The incident field, the angle of incidence (for the bistatic RCS
case) and the observation angle are transformed to the local coor-
dinate system of the facet, using the transformation described in
Equation (3.20).

The Physical Optics Current is computed from the incident mag-
netic field, using Equations (3.30) and (3.31).

The scattered field is computed in local facet coordinates using the
radiation integra, via Equations (3.34) and (3.41) to (3.45).

The diffuse component is computed using Equation (3.49).

The scattered field is transformed back to global coordinates, using
Equation (3.21).

The scattered field components from each facet are superimposed

(vector added) to obtain the total scattered field in the observation
direction.

5. The diffuse and scattered RCS are computed from the total fields.
6. Steps 4 to 5 are repeated for each observation angle.
7. Selected graphical plots of RCS versus observation angle are displayed.

Notice that in the bistatic RCS calculation, the incidence angle is fixed. As are-

sult, it is not necessary to compute the surface currents for each observation angle, corn-

trary to what happens in the monostatic case, where the incidence angle is the same as the

observation angle.
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Repeat for All Observ. Angles
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lluminated?

Convert Angles and Incid. Field
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Compute PO Current

Compute Scattered and Diffuse Set Scattered and Diffuse
Components Companents to Zero

Transform to Global
Coordinates

Vector Sum Scattered Field

Compute and Add Scattered
and Diffuse RCS

Display
RCS Plots

Figure 12. Flow Chart for the RCS Calculation of a Collection of Facets

I SUMMARY
This chapter described the fundamental theory utilized in the origina POFACETS

version. The scattered field from atriangular facet is computed using the radiation inte-
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grals. The Physical Optics method is used to calculate the surface currents on each facet
and the scattered field from all facets of a modd is vector summed to produce the RCS
value for given angles of incidence and observation. The next chapter presents the new
functionalities and improvements incorporated in the POFACETS progam as aresult of
this thesis.
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V. NEW FUNCTIONALITIES ADDED TO THE POFACETS
PROGRAM

This chapter contains the description of the improvements and the new functional-
ities added in the POFACETS program as aresult of this thesis work. Specificaly, it dis-
cusses the details of the Graphical User Interface and model database ypgrades, the new
options for manua or graphical design of a model, the capabilities for importing models
from or exporting models to other commercially available CAD software, the RCS com+
putation options for the monostatic and bistatic case, and the available display options for
the RCS results.

For each of these improvements or new functionalities, a brief rationale is pro-
vided regarding the necessity for their implementation, followed by a brief description of
the method by which this implementation was accomplished. Although all upgrades to
the program are discussed, greater emphasis is given to issues pertaining to program fea-
tures directly related to model creation and manipulation, and RCS computation. When
applicable, screenshots of the program, including menus, dialogs, forms and graphical
plots are provided to explain or illustrate concepts and familiarize the reader with the
POFACETS program.

A. GRAPHICAL USER INTERFACE (GUI) UPGRADE TO CURRENT
MATLAB VERSION

1. Rationale

The POFACETS 2.3 program was developed in 2000 in a previous version of
MATLAB. Although the code could still be executed and produce results in the current
MATLAB version (MATLAB 6.5, Release 13, June 2002), there were some important
maintenance and compatibility concerns. The previous MATLAB version stored al the
features of the GUI in script files (*.m), resulting in long, complex, and difficult to main
tain files. The current MATLAB version creates a pair of files, which includes a script
file (*.m), where the callback procedures of the various screen controls are stored, and

one figure file (*.fig), which stores the properties of the screen controls. The resulting
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script fileis usually easy to understand and maintain. Although these maintenance rea-
sons alone could justify the GUI upgrade effort, the compatibility issues made it even

more necessary.

Specifically, MATLAB uses the GUIDE tool to create and modify Graphical User
Interfaces. This tool would have to be used both for the creation of new GUI s to support
the new computational capabilities and options added to the POFACETS, and for the
necessary changes to the existing previous version POFACET GUIs. This meant that the
previous version GUIs, stored in script files, would have to be upgraded to the current
MATLAB version. Essentially, this was the necessary first step to complete prior to any
other modification to the POFACETS program.

2. Procedure

Each GUI script file created in the previous MATLAB version was imported in
the GUIDE tool. After the script was executed, the resulting figure (containing a dialog
box, menu, form, etc.) was used to create the pair of files (script file and figure file) re-
quired in the current MATLAB version. Subsequently, the new script files were manually
updated with the necessary callbacks, taken from the old script files.

3. Results

The conclusion of this step resulted in al GUI components of the POFACETS be-
ing converted to the current version and, hence, being available for improvements and
upgrades. Taking advantage of the fact that the GUIDE program allows easy graphical
components manipulation, new features, such as color coding of components by function,
information frames, help screens and standard MATLAB figure menus were added, as
applicable, to all the existing GUI forms to make them easier to comprehend and use.
This approach to GUI form design was subsequently followed for all the new GUI com-
ponents, which were developed to implement the new POFACETS functiorelities or
computational capabilities.

Figure 13, which shows the first screen that appears after the POFACETS execu-
tion, provides an example of this approach to GUI form design. There are three main
function areas, coded in different colors. the blue area pertains to the manual or graphical

design of amodel using the triangular facets approach, the green area pertains to the cal-
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culation of the monostatic or bistatic RCS of an existing model and the violet area per-
tains to the program utilities. Each area contains information that further explains the

functions performed in each case to the user.

) RCS PREDICTION USING PHYSICAL OPTICS APPROXIMATION

POFACETS

Version 3.0

Design Model Graphically

Calculate Monostatic RCS Compute the monostatic radar cross
section of the model.
Calculate Bistatic RCS Compute the bistatic radar cross
section of the model.

About ‘ Close Help

Figure 13. POFACETS Main Screen

In order to keep al GUI forms as user—friendly as possible, only simple GUI
components were used. Thus, the majority of the functions are executed by buttons or
pull-down menus, decisions between two alternatives are made with check boxes, infor-
mation is entered in an edit box or selected in list boxes, and sliders are used to allow se-
lection from a large space of numbered alternatives. Overal, the main effort in the GUI
design was to provide the user afamiliar environment, which would be similar to other

Windows programs. Following standard Windows program conventions, an “About *
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form was also added invoked by clicking the About button in the form depicted in Figure
13. The *“About” form, shown in Figure 14, acknowledges the work of al the contributors
to the last version (3.0) of the POFACETS program.

- About the POFACETS Program

POFACETS
Version 3.0 (2004)

pRAESTANTIA PER SCIENT 4y

‘

Professor David C. Jenn
Naval Postgraduate School

Commander Elmo E. Garrido Jr.
Philippine Navy

Major Filippos Chatzigeorgiadis
Hellenic Air Force

]

Figure 14. POFACETS Contributors

B. MODEL DATABASE UPGRADE

1. Rationale

The POFACETS 2.3 version alowed the user to design models of targets by
manually entering the coordinates of the vertices of the model, numbering these vertices
and then describing each facet with three vertices. When the process was completed, the
target model was stored in two standard MATLAB data files (*.mat). Onefile, called co-
ordinates.mat, contained the coordinates of the vertices, while the other file, called fac-
ets.mat, contained the vertices numbers of each facet. As the names of these files were
the same for all models, the files for each model had to be stored in different directories,

with the name of each directory containing the description of the model to which the files
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were related. Thus, the models called plate and box were saved in two different directo-
ries, called plate and box, respectively, with both directories containing two files, called

coordinates.mat and facets.mat.

Although this approach did not create any functional problems within the
POFACETS program, it could lead to file maintenance problems, since it created large
numbers of files with the same names. Moreover, the new functionalities and capabilities
added to the POFACETS program required new data to be stored for each model, such as
symmetry planes, material data and parts descriptions. If the previously described ap-
proach was followed, each model would have to be saved in a different directory using
five files (one file for each type of data stored). This, of course, would probably create se-
rious file maintenance problems in the future.

2. Procedure

Taking into consideration that other commercial model design software packages
(e.g., AUTOCAD) save the data of each design into a single file, it was decided to follow
a similar approach in the new POFACETS version. Thus, each model is saved in asingle
standard MATLAB data file (*.mat), which bears the name of the model whose data it
contains. For example, the plate modd is stored in file plate.mat, while the box model is
stored in file box.mat. Each file contains all the data structures (i.e., MATLAB data ar-
rays or cell arrays) that are necessary to store the coordinates of the vertices, the vertices
of the facets, the model’s symmetry planes (if any), the material of each facet and the de-
scription of the various parts of complex models. The Appendix describes details of these
data structures.

3. Results
All the existing model files from POFACETS version 2.3 were successfully cornt

verted to the new model file version. In addition, all new models created subsequently by
POFACETS version 3.0 model design tools were also saved in the new mode file ver-
son.

However, taking into consideration that previous versions of the POFACETS
program, namely the 2.3 version and the original, non-GUI version developed by Profes-
sor D. C. Jenn, were aready in use by students and RCS professionals worldwide, it was

decided to provide the new POFACETS program with the tools that would allow these
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users to convert those models created in previous versions of POFACETS to the current
model file version. Moreover, inorder to keep full backward compatibility with previous
POFACETS versions, it was decided to provide tools that would allow users to convert
the new model file version to the older model file versions. Thus, users selecting to con
tinue using their older version of POFACETS could still have access to models designed

in the 3.0 version.

These tools were incorporated in the Utilities part of the POFACETS program.
Figure 15 depicts the GUI form that provides access to the Utilities functions. The model
file conversion tools are listed in the circled left column of buttons (blue—colored). As de-
scribed above, conversion of files can occur between version 3.0 and version 2.3, and

version 3.0 and the non-GUI version.
) POFACETS Uttilities

Conversion Import Options Materials Database

—

_ Export Models

Figure 15. File Conversion Options (circled)

C. MANUAL MODEL DESIGN

1. Rationale

As previoudly discussed in Section B, the POFACETS 2.3 version provided the
user a GUI for manual model design using triangular facets. However, several important

limitations exist on the number of vertices and facets that could be stored in a moddl.
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Specifically, the maximum number for both cases was 40. Memory or storage constraints
did not impose this limitation, but the amount of edit boxes available on a single GUI

form.

Although the new version of POFACETS would also provide a graphical way for
easy and automated design of models, it was decided to maintain the manual way of de-
signing models, since it offers additional versatility and allows for direct, “low-level”
modifications in the coordinates of the vertices and the description of the facets. In other
words, the graphical model design can be used to create arough model of atarget, while
the manual model design can be subsequently used for making specific modifications and
adding details or features not covered in the graphical design. Of course, the manual
model design tool was upgraded in order to be able to handle any number of vertices and
facets.

2. Procedure

Figure 16 depicts the Manual Model Design GUI form.

J Manual Design of Model 0 = S
Input Vertices

Check Vertices

Design Facets Model Scale :
Check Facet:
Rs [relative] : “
3rd Step
Add Comments
Digplay Model
Edit Material

Save ‘ Close ‘ Help ‘

Figure 16. Manual Model Design GUI Form
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This form can be used to create a new model or to make changes to an existing
model. A model can even be saved at any point in the design process and loaded at alater
time for further design and completion. As shown in Figure 16, the full model design

process is completed in three steps.

The first step in the design process involves the definition of the coordinates of
the vertices. The standard MATLAB array editor is used to allow the user to enter coor-
dinates for the desired number of vertices. Figure 17 depicts the array editor contents for
the coordinates of the vertices of a 10 m by 10 m plate model, located on the (x,y) plane.
Each row corresponds to a vertex of the plate for atotal of 4 vertices, with each column

containing the X, y and z coordinates of each plate.

2} Array Editor: coord O] x|

+ el [

Figure 17. Vertex Coordinate I nput

Upon completion of the input of the coordinates, the user performs an automated
check on the validity of coordinates, in order to eliminate multiple vertices with the same

coordinates.

The second step in the manual model design process involves the definition of the
facets, using the vertex numbers. Again, as shown in Figure 18 for the plate model, the
MATLAB array editor is used.
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2} Array Editor: facet M =] E3

lilili
E—

3 4 1 1 0

Figure 18. Facet Definition

Each row now corresponds to a facet. The first three columns indicate the vertices
of the facet. For example, in the plate model described in Figure 18, the second facet is
defined by vertices 3, 4 and 1. The sequence of the vertices defines the outward normal to
the facet in aright—hand sense. Column 4 indicates whether afacet can be illuminated on
its front side only (when its value is 1) or on both its front and back side (when its value
is 0). Column 5 contains the surface resistivity value of the facet, normalized to the im+
pedance of free space (377 ohms). In the example in Figure 18, the 0 values in Column 5
indicate that the facets are a Perfect Electric Conductor (PEC).

After the completion of the facet definition, the user performs an automated check
to detect multiple facets with same vertices (i.e., identical facets) and facets that are not
properly defined (e.g., not defined by three different vertices).

The third step involves the display of the designed model. The plate example de-
scribed in the previous steps, created the model depicted in Figure 19.
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Triangular Surface of plate Maodel
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Edit
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Figure 19. Plate Model Display

The user can now view the model in three dimensions: change viewpoint, label
the vertices and/or facets and decide whether to save and/or print the model or make fur-
ther changes. At this point, the user can also add symmetry planes to the model, which
the following chapter discusses.

The Manual Model Design GUI, as was shown in Figure 16, also has provisions
for the application of a specific surface resistivity value to all the model facets and the
scaling of the model. It also alows the user to add comments or text descriptions to the
facets, whose importance will be explained in Section F of this chapter. Finally, the user
can apply specific materials or coating to the facets. The following chapter describes this
option as it pertains to the new computational capabilities of the program.

3. Results

Generally, the process of manually designing a complex model proved tedious,
error—prone and time consuming. When a model was comprised of more than 20 facets, a

significant amount of time and effort had to be spent on entering coordinate values and
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facet definitions. In conclusion, the manua model design is a good approach for small,
simple models such as the plate model described above, or for making detailed changes

to specific vertices or facets of an existing model.

Figure 20 depicts the manually designed model of a simple dart target, consisting

of 11 vertices and eight facets.

.} showmodel ==

Triangular Surface of dart Model

[T Label Yertices
[T Lahel Faces

Symmetry Plane(s)

Display

Help ‘

Print Save | Close

Figure 20. Dart Model Display

D. GRAPHICAL MODEL DESIGN
1. Rationale
The discussion of the manual model design approach revealed that it could not be

efficiently used to design large, complex models. Even simple geometrical models, such

as spheres, cylinders or cones, when described with triangular facets, would result in a

large number of facetsin order to approximate their surface curvature. Thus, the manual

model design would involve extensive preparatory work in the form of calculations of
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coordinates and time—consuming work to enter the coordinates to the program. Therefore,
agraphical, automated approach to model design was necessary to produce complex
models with minimum user workload.

2. Procedure

Since all standard geometrical shapes can be described with mathematical equa-
tions, many of which are implemented by standard MATLAB functions, the whole proc-
ess of model design could be easily automated by using these equations to find the values
of vertex coordinates. Once the coordinates are derived, the right—hand facet definition

approach can be used to produce the facet arrays

Figure 21 depicts the Graphical Model Design GUI form, which displays a model
of acylinder.

-} Graphical Model Design

"Ir— =

Figure 21. Graphical Model Design GUI Form

This form can be used to create a new model or to make changes to an existing

model. As shown in Figure 21, there are provisions for the automatic model design of the
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following standard shapes: Spheres, Ellipsoids, Cylinders, Cones, Fuselages, Boxes,
Ogives, and Trapezoids. In each of these cases, the user selects the parameters of the
model and the number of points used to approximate curved surfaces.

For example, Figure 22 depicts the dialog box that allows the user to select the ra-
dius of the model of a sphere and the number of points approximating a circle on the

sphere’ s circumference. Figure 23 depicts the resulting sphere model.

J Input Sphere Parameters

Figure 22. Sphere Parameters

-} Graphical Model Design

”ir— =

Figure 23. Sphere Model (20 Points per Circle)
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When the same sphere is designed using 40 points per circle, the resulting model
is depicted in Figure 24. Obvioudly, thismodel consists of alarger number of vertices
and facets.

-} Graphical Model Design

"Ir— =

Figure 24. Sphere Model (40 Points per Circle)

Once amode is created or loaded, it can undergo certain standard geometrical
manipulations. For example, the user can select to rotate the model around one or more
axes by entering the desired value of the rotation angle(s) in degrees, in the dialog box
shown in Figure 25.
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-} Input Rotation Angles

Figure 25. Model Rotation Dialog Box

Thus, the cone model shown in Figure 26(a), resulted in the model shown in Fig-
ure 26(b), when rotated by 60 degrees around the x axis. The GUI form buttons shown in
the previous figures were omitted and the grid was added for clarity.

(b)

Figure 26. (8) Cone Model, (b) Rotation of 60 Degrees Around X Axis

Other geometrical manipulations include the resizing of the model in one or more
axes by a user—selectable amount, resulting in either the increase or decrease of the
model’s size, and the movement of the model in any desired direction in space by a user—

selectable distance.
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The user can also add symmetry planes to the model and apply specific materials
or coating to the facets. The following chapter discusses both options. Comments or text
descriptions to the facets can also be added here, which Section F of this chapter dis-
CUSSES.

3. Results

The Graphical Model Design GUI provides the user with the capability to create
models with standard geometrical shapes, selecting both the shape parameters and, when
applicable, the required approximation to curved surfaces. The creation of these shapes
IS, in most cases, amost instantaneous. However, in the case of curved shapes, the
amount of time required for their creation rapidly increases with the number of points
used per circle. For example, the sphere model shown in Figure 23 (20 points per circle)
took less than one second to compl ete, while the sphere model shown in Figure 24 (40

points per circle) took almost nine seconds to complete.

Generally, the Graphical Model Design GUI was used almost exclusively for the
creation of most of the new models that accompany the 3.0 version of the POFACETS

program.
Figure 27 depicts four models created with the Graphical Model Design GUI.
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Figure 27. Graphically Designed Models (a) Ellipsoid, (b) Fuselage, (c) Ogive, (d)
Box

IMPORT/EXPORT OF MODELS
1. Rationale

E.

The Graphical Model Design GUI provided new options for the automated design
of models with standard geometrical shapes. However, its capabilities in the manipulation
of the geometrical shapes and the tools it provided could not be compared to those avail-

able in commercial design software, such as AUTOCAD. These software packages not
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only provide the user a wide variety of tools and options for designing new models, but

quite often, they also include libraries of pre-designed models.

Hence, the capability of importing models created in commercially available de-
sign software into the POFACETS, would greatly enhance the program’s versatility and
provide it with real-life target models. Since the AUTOCAD software was considered
the most prominent among the Computer Aided Design software available, it was de-
cided to create an option for importing model files designed with AUTOCAD.

In addition, model files created by other software packages used by RCS profes-
sionals were examined. The defining factor in the mode file type selection was whether
there were sufficient data available for a specific file type structure to allow successful
import of a model to POFACETS and, secondly, successful export of a POFACETS
model to this file format.

In addition, a standard MATLAB model design toolbox, called pdetool, was also
considered a candidate for importing models into the POFACETS. The models created by
pdetool can be used for RCS prediction of two—dimensional shapes with another software
package, which uses the Method of Moments with the Rao-Wilton-Glisson (RWG) basis
functions.

2. Procedure

The Model Import/Export functions of POFACETS were incorporated in the
Utilities GUI form. They are implemented through the circled buttons shown in Figure
28. The GUI provides options for importing models from:

AUTOCAD files saved in stereo-lithographic text format (*.stl). This file
format can be only applied to AUTOCAD models consisting of shapes de-
fined as solids and not in models consisting of surfaces.

Files saved in ACADS or DEMACO facet format (*.facet and *.dem
files). These file formats are only available through the ACADS and
CIFER software packages. They are often used by RCS engineers and
their format facilitates trandation into the triangular facet format used in
the POFACETS models.

Surface mesh files created by MATLAB’s pdetool.

The GUI allows POFACETS to export modelsin ACADS and DEMACO facet
formats. Although models could also be easily exported to stereo—lithographic format and
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pdetool mesh format, these options are not provided in the GUI, since AUTOCAD cannot
import the stereo—lithographic format and POFACETS' three-dimensional models could
not be imported to the pdetool.

) POFACETS Litilities

Conversion ions Materials Database

—

—
—

Export Models

Figure 28. Import/Export Options (circled)

3. Results

The following sequence of figures depicts various models imported from the
AUTOCAD, ACADS, CIFER and pdetool, utilizing the model file types described
above. Asthese figures clearly demonstrate, the complexity and detail of models that can
be imported to POFACETS is on the same level as the complexity and detail of models
produced by the respective CAD program. This is especially evident in the models im-
ported from ACADS and DEMACO files.

Figure 29 depicts a cylinder, designed as a solid body in AUTOCAD, saved in
stereo—lithographic text format and imported into POFACETS. Notice the difference in
facet definition, as compared to the cylinder model of Figure 21.
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Figure 29. Cylinder Model Imported from Stereo—Lithographic Format

Figure 30 depicts the model of a T-62 Armored Fighting Vehicle (AFV) imported
from the ACADS file format.

Figure 30. T-62 AFV Model Imported from ACADS Format



Figure 31 depicts the modd of the X—29 aircraft imported from the DEMACO

file format.

Figure 31. X-29 Aircraft Model Imported from DEMACO Format

Figure 32 depicts the model of a star—shaped two—-dimensional model, imported
from MATLAB’s pdetool.

Figure 32. Star—Shaped Model Imported from Pdetool
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F. COMBINATION OF MODELS
1. Rationale

As discussed previoudly, the implementation of the Graphical Model Design GUI
and the development of code allowing the user to import into POFACETS models de-
signed in commercially available software provided significant versatility to the
POFACETS model management capabilities.

The next logical step was to provide code that would allow the combination of ex-
isting models. The goal here was twofold. First, a complex target model could be built by
combining simpler models. For example, a smple Unmanned Air Vehicle (UAV) can be
modeled through a combination of a fuselage, two trapezoidal wings and two parallelepi-
peds as stabilizers. Second, additiona or optional parts could be added to a standard tar-
get model to evaluate the effects on its RCS. For example, the RCS of an aircraft could
be evaluated with or without external stores and armament.

2. Procedure

The combination of models is accomplished using the Graphical Model Design
GUI, through the Attach buttons, which are circled in Figure 33.

Figure 33. Model Combination (circled)
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In the example depicted in Figure 33, afuselage of a UAV has been initially mod-
eled. Next, atrapezoid was defined to serve as one of the wings of the UAV. After the
trapezoid was modeled, it was appropriately moved and rotated as described in Section D
of this chapter in order to be placed in its final location. Following this process, the final
model of the UAV, comprised of afuselage, two wings and two stabilizers is depicted in
Figure 34.

Figure 34. UAV Model

At this point, as the models designed by the POFACETS were becoming more
complex, it was considered necessary to provide the user with some means to distinguish
facets belonging to different components or parts of the model. This would be helpful not
only for future modifications of the model, but for the application of different materials to

various parts of the modd as well.

In order to provide this capability, an array containing the description of the major
part or component to which each facet belongs was added to the model file structure.

When a modd is automatically generated through the use of the Graphica Model Design
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GUI, standard descriptions are added to this array. Subsequently, the user can view or
modify these descriptions by using the appropriate buttons provided both on the Graphi-
cal Model Design GUI and on the Manual Model Design GUI.

Figure 35 depicts some of the descriptions for the facets of the UAV depicted in
Figure 34. The user can easily determine that facets with numbers up to 20 form the fuse-
lage base, while facets with numbers 21 and higher pertain to the fuselage body itself.
Similar descriptions can be viewed for the wings and the stabilizers. Notice that the user
can modify these descriptions to describe a part or component better.

2} Array Editor: comments
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Figure 35. Facet Descriptions

3. Results

The option to combine existing models in POFACETS adds new capabilities to
model management and manipulation. Specificaly, it allows for distributed model de-
sign, with different users being able to implement sub—components or parts of a design

independently, and then combining their work to produce a final, complex model.

The results of the application of this capability are portrayed in the example
shown in Figures 36 and 37. Figure 36 shows several target models designed by different
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users, using different tools. Figure 36(a) shows the X-29 aircraft model, imported from a
DEMACO file. Figure 36(b) depicts amodel of an AIM—9 Sidewinder missile, which
was manually designed in the previous version of POFACETS. Figure 36(c) depicts a
model of the AGM—-84 Harpoon Anti—Ship Missile, which was designed using the
Graphical Model Design GUI of POFACETS. Notice that the scale of the models, as
shown in the gaphs' axes, is correct, regardless of the manner in which they are depicted.

(©
Figure 36. Various Models (a) X-29, (b) AIM-9, (c) AGM-84

59



Figure 37 depicts a combination of the X—29 aircraft model with two AIM—9
models and two AGM—-84 models. The four missiles were attached to the wings of the
aircraft. The whole process took less than 10 minutes. Other stores and armament con-

figurations could be easily implemented as well.

Figure 37. Armed X-29 Aircraft Model

G. RCSCOMPUTATION OPTIONS
1. Rationale
The work described so far was aimed at upgrading the existing POFACETS GUI,
improving its models database, and providing new options and additional versatility in
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the design of new models or the modification of existing models. All these features are
necessary in order to implement better and more efficiently the main goal of this pro-
gram, which is the prediction of the RCS of target models.

The POFACETS version 2.3 program provided the user with two main options
regarding the calculation of the RCS of a model, monostatic (i.e., the radar transmitter
and receiver are collocated) and bistatic (i.e., the radar transmitter and the radar receiver
are placed in different locations). The calculation of RCS was performed relative to the
spherical coordinates angles of observation, g and f , for a fixed frequency, which was
selected by the user. Thistype of RCS computation is the one that appears most often in
the relevant literature and, of course, it was maintained in the new POFACETS version,
with certain new computational capabilities being added, as described in the next chapter.

The monostatic and bistatic RCS computations were also expanded in the new
version of POFACETS to include the calculation of RCS versus frequency for a fixed,
user—selectable, observation angle. This option can be used to predict the RCS behavior
of amodel over a selected range of frequencies, while it can also provide an additional
verification of RCS results obtained for standard target models.

2. Procedure and Results

a. RCS versus Observation Angles

The RCS computation versus the observation angles was implemented in
POFACETS version 2.3. Its GUIs are briefly discussed here, in order to provide a com:
plete description of the program’s functionalities. Figure 38 depicts the Monostatic RCS
Computation GUI.

First, the user selects and loads the model for which the RCS calculation
will be performed. The model is displayed, so that the user can review it and verify that
thisisthe desired model. Next, the user must select the parameters that will be used in the
RCS calculations. Specifically, the user enters values for the following parameters:

Observation angle q starting and ending values (from —360 to 360 de-
grees), and increment value

Observation angle f starting and ending values (from —360 to 360 de-
grees), and increment value
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Incident wave polarization (selectable between Transverse Magnetic and
Tramsverse Electric)

Frequency
Taylor Series Number of Terms and Length of Region
Surface Roughness Correlation Distance and Standard Deviation.

Many of these parameters have standard predefined values, so in those
cases, the user simply enters the desired frequency and observation angles. Notice that in
the case of observation angles, one of the two can be constant, as shown in Figure 38 for

the f angle, resulting ina f —cut or a q—cut.

The user can also select to add a ground plane on the (x,y) plane or ex-

ploit symmetry planes in the model (if any). These options are discussed in the next chap-
ter. Finally, the user can select the types of RCS plots that will be produced as a result of

the calculations.
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Figure 38. Monostatic RCS Calculation GUI

Once all parameters are entered, the user initiates the RCS computation by
the appropriate button. Upon completion of the calculations, the selected RCS plot is dis-
played. For example, a1l m by 1 m PEC plate located on the (x,y) plane, when illumi-
nated withaTM wave a 1 GHz, with f being constant at O degrees, produced an RCS

graph versus angleq, as shown in Figure 39.
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target: plate solid: theta dashed: phi phi=0  wave (m): 0.3
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Figure 39. RCSof al mby 1 mPEC Plate at 1 GHz, TM wave, for f =0

For g between 90 and 270 degrees, the RCSis zero, since that part of the
plate is considered its back side and, therefore, it cannot be illuminated. The RCS curve

in Figure 39 follows the closed form solution for the RCS of a 1 nf plate (Ref. 2):

S = Tz cos’ g »sinc(ku) >sinc(ku ) (4.1)

where | isthewavelength, k=2p/l , u=sinqcosf and u =sing snf . Indeed, in this
case, the frequency is 1 GHz, yielding awavelength of | =0.3 mand for g =0 degrees,
the RCSis computed to be s =4p /(0.3)* =139.62 m* ® 21.44 dBsm. Moreover, the
sinc function form of the RCS curve is clearly visible in the graph in Figure 39. Notice

that the solid blue curve in Figure 39 corresponds to the RCS component in g direction.
According to the graph, a dashed line would correspond to the RCS component in the f

direction. This line does not appear, which means that the RCS component in this direc-

tion is zero (i.e., no change in polarization occurs).
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When both angles of observation q and f can vary, the resulting RCS
plot takes the form depicted in Figure 40. This graph pertainsto the same 1 mby 1 m
PEC plate, for a1l GHz, TM polarized incident wave, with g varying from O to 360 de-
greesin 2 degree stepsand f varying from 0 to 180 degreesin 2 degree steps. Notice
that the graph now is made versus U and V, where U ° u=sinqg cosf and
V °u =singsinf . Again, the sinc function format is clearly visible in two dimensions
for the RCS component in the g direction, while the RCS component in the f direction

is zero (i.e., no change of polarization occurs).

-} Mplot e
B0
10
RCS-theta of plate . RCS-phi of plate a0
1 M 1
. +E4E 1L g 08 - 140
= 0 =
| 71-20 - 430
045 0.5
-30
-1 - 20
-1 1] 1 -1 a 1
U -40 L
10
-50
PolarPlot | Prmt | Close |

Figure 40. RCSof al mby 1 m PEC Plate for at 1 GHz, TM Wave

For the bistatic RCS case, the GUI form depicted in Figure 41 allows the
user to enter values for the various computation parameters. All the parameters men-
tioned in the monostatic case are included here. In addition, the user must now enter an

incidence angle (i.e., the radar transmitter is located at a fixed angle to the target, while

the angle of observation is varied as desired).
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Figure 41. Bistatic RCS Calculation GUI

For example, a3 GHz, TM polarized wave, incident onal mby 1 m PEC

plate from q =30 degreesand f =0 degrees produces an RCS curve versus angle g for

f =0 degrees shown in Figure 42.

The nulls in the graph occur for @ =90 and q =270 degrees (i.e., in the
two directions paralel to the plate). The two peaks in the RCS curve correspond to the
specular reflection on the plate and the forward scatter from the plate.
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Figure 42. Bistatic RCS Example

Indeed, the specular reflection in the f =0 plane occurs at
g =360- 30=330 degrees, while the forward scatter occursat q =180+30 =210 de-
grees, illustrated in Figure 43.

Specular .
Reflection Incicent
Wave
Plats
z
Forward
Scatter -
X

Figure 43. Specular Reflection and Forward Scatter from a Plate
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b. RCS versus Frequency

Figure 44 depicts the RCS versus Frequency GUI for the monostatic case.
The user again selects amodel to be loaded and enters computational parameters, as pre-
viously described. The user specifies starting and ending frequencies, frequency incre-
ment step and uses the dliders to select the angles of observation. Once these angles are
specified, they remain fixed throughout the calculations, with only the frequency being
varied as gecified.

+)} CALCULATE RCS vs FREQUENCY == S
Press the Load File button to select a model
Select Theta Angle IIl
Load File
Frequency Select Phi Angle |I|
stet BBl on:
oo [ o
@ Ground Plane XY?
[ FEC
Rel. Permittivity Computational Parameters
Taylor Series Incident Polarization
Surface Roughness [ Theta (T2 |3
Length of Region:
Carrelation Dist.(m): II'
Standard Dew. (m): II' Nurfiber of Terms:
‘ Print ‘ Close | Help |

Figure 44. Monostatic RCS versus Frequency GUI

Continuing the example with the 1 m by 1 m PEC plate located on the xy
plane, its RCS versus frequency was calculated for observation anglesof g =0 and f =0
(i.e., vertica incidence). Figure 45 shows the resulting graph. Indeed, the RCS of a plate
increases with the square of frequency, as predicted by Equation (4.1). Of course, in Fig-
ure 45, alogarithmic increase is observed, since the RCSis expressed in dBsm (i.e., logg-

rithmic scale).
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Figure 45. RCS of al m by 1 m PEC Plate versus Frequency (Vertical Incidence)

Figure 46 depicts the RCS versus Frequency GUI for the bistatic case.
Here, the user must also specify a fixed incidence angle in addition to all other parame-
ters previously discussed.
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Figure 46. Bistatic RCS versus Frequency GUI
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H. RCSRESULTSDISPLAY OPTIONS

1. Rationale

Section G of this chapter presented the RCS displays of the POFACETS 2.3 ver-
sion. Two types of displays were available, depending on whether only one or both an
glesq and f were used as parameters for RCS calculations. The displays were config-
ured to present a dynamic range of 60 dBsm. However, in some cases, this resulted in
small RCS values not being displayed at al (when the variations of the RCS exceeded 60
dBsm), while in other cases (when the variations of the RCS were in the order of 10 or 20
dBsm), details in the RCS plot were hard to detect.

Thus, the first improvement in the RCS display was to add a user—selectable dy-
namic range, so that the plot could be configured according to the users needs. This was

implemented for the plots in which one of the angles g or f was constant (i.e., not in the

contour of graphs like the one displayed in Figure 40).

Since the most common way to calculate the RCS of atarget is versus angles q,
f or both, a Polar Plot was added as an optional way to display the RCS, as angles are

more naturally represented in polar format.

Finally, a combination plot, which includes the target model superimposed on its
RCS, was added as anoptional display. The goal was to illustrate how the incidence and
observation angles were related to the target and, thus, assist the user in performing
analysis of the RCS results and identifying the parts of the target that contribute to high
RCS values.
2. Procedure and Results
a. User—Sel ectable Dynamic Range
In order to allow the user to manually select the dynamic range that best

suits the RCS plot displayed, a dider was added in the GUI that presents the RCS plotsin

the case when one of the angles g or f is constant. Figure 47 depicts the same results as
Figure 39 (i.e, RCSof al mby 1 m PEC Plate at 1 GHz, TM wave, for f =0and q

varying from 0 to 360 degrees). In this case, however, the dynamic range, as indicated by
the dider on the bottom of the GUI, was set to 100 dB. This resulted in less apparent dif-
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ferences between the lobes of the RCS curve, but also illustrated that the RCS for values
of q between 90 and 270 degrees was indeed zero and not a small value, which was not
displayed because of the 60-dB dynamic range limitation.
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100
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Faolar Flot Close

Figure 47. Dynamic Range Effects

b. Polar Plots
As previoudly stated, polar plots provide a more natural way to present

angles, as the 0 and 360 degree points coincide, rather than being on the extreme loca-
tions of alinear graph. Indeed, when viewing Figure 47, as well as al other RCS plots
presented thus far, lways keep in mind that the two ends of the graph coincide.

However, this becomes immediately apparent in a polar plot, such as that

depicted in Figure 48. The graph presents the same information as the RCS plot in Fig-
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ures 39 and 46. Angle q varies from O to 360 degrees, as indicated by the numbered sec-
tors on the circle. Again, for g between 90 and 270 degrees RCSis 0. The value of the

RCS is read on the concentric circles in the graph.

Notice that the user can also adjust the dynamic range for a more suitable
display. In addition, while both angles q and f can vary, the user can select to generate a
plot by using the diders to specify avaue for f (or q) and then selecting a f —cut (or a
g —cut).
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Figure 48. Polar Plot

C. Combination Plots
These plots superimpose the RCS of a model in space with the model it-
sdlf. Thus, the various RCS lobes, peaks or details can be interpreted and associated with

specific areas or features of the model.
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It must be noted that since the resulting graph contains both the model and
its RCS, the RCS va ues have to be normalized to take values in the order of the model’s
size, so that everything can be visible simultaneoudly. Thus, the RCS curve should not be
interpreted at face value, but only used to associate specific target characteristics with
specific RCS curve details. The exact RCS values should always be obtained from RCS
plots such as those depicted in Figures 47 and 48.

Figure 49 depicts the combination plot for the RCS of the 1 m by 1 m PEC
plate located on the xy planefor 1 GHz, TM polarized incident wave. Both the plate it-

self and the RCS curve, similar to that depicted in Figure 48, are visible.

) Figure No. 3

”Ir—

30 RCS Plot of plate Model. RED:RCS theta, GREEN:RCS phi

Figure 49. Combination Plot

Figure 50 depicts a combination plot for the monostatic RCS of the UAV
model shown in Figure 34. Its RCS was computed for a 10 GHz, TM polarized incident
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wave, with angle g being equal to 90 degrees and angle f varying from 5 to 355 degrees
(i.e., the radar islocated at the (x,y) plane and rotates around the z axis). The range of
f anglesfrom 355 to 5 degrees was intentionally omitted, since the flat surface of the fu-

selage base yielded very high RCS values which, due to the normalization of the RCS

curve, would make other RCS details more difficult to detect.

b Figure No. 3
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3D RCS Flot of vtailpec Model. RED:RCS theta, GREEMN:RCS phi

10

Figure 50. Combination Graph of the UAV Model

Keeping in mind that the RCS value is represented by the distance of any
point on the RCS curve from the origin of the axes, which in this case coincides with the
center of the fuselage base, it is easy to identify the major RCS contributors on this
model. In the head-on direction, the radome and the front facets of the stabilizers create a
high RCS value. The leading edges of the wings create two strong RCS spikes approxi-
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mately 20 degrees around the centerline of the UAV. Two strong returns occur at broad-
Sde a f =90 and f =270 degrees. These are probably due to the fuselage body itself
and the wingtips. Finally, as previously mentioned, the effect of the fuselage base can be

discerned in the large RCS lobe at the back of the UAV.

Although other RCS spikes appear in the graph, these have considerably
lower values (more than 20 dB below the highest value), as indicated in the annotated
graph in Figure 51, which depicts the absolute values of the RCS curve of Figure 50.
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Figure 51. Annotated UAV RCS Plot
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SUMMARY
This chapter presented the improvements and the new functionalities incorporated

in the POFACETS. Specifically, the GUI and model database upgrade, the manua and
graphical model design options, the model import/export capabilities, the model combi-
nation capabilities, the RCS calculation options, and the RCS display options were de-
scribed. The following chapter discusses the new RCS computational capabilities of the

program.
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V. NEW COMPUTATIONAL CAPABILITIESADDED TO THE
POFACETS PROGRAM

This chapter describes the new RCS computation capabilities added to the
POFACETS program as aresult of thisthesis. These include the exploitation of symme-
try planes in models, the calculation of the effects of various materials and coatings, and
the calculation of the effects of the ground on the RCS of the targets. For each case, a
brief rationale is provided regarding the development of the specific capability, followed
by the theoretical background upon which the software is based, the implemented pro-
gram features, and the RCS results obtained.

A. EXPLOITATION OF SYMMETRY PLANES

1. Rationale

As previously mentioned, the main advantage of the Physical Optics method is
that it requires minimum computing resources and results in convenient program run—
times. However, as the number of facets in amodel increases, the run-time increases
proportionally. On the other hand, a larger number of facets may be desirable or even
necessary to model curved surfaces more accurately, as Figures 23 and 24 have illustrated

for the case of spheres.

In order to reduce the total run—time for models with a large number of facets, one
obvious method is to take advantage of existing symmetries in the model. Indeed, for the
monostatic case, the RCS at two observation angles, which are symmetrical relative to
the modd’s symmetry planes, will have the same value. Thus, if the RCS is computed for
one angle, the calculations do not need to be repeated for the symmetric angle, but the

same RCS value can be directly assigned to the symmetric angle.

Therefore, the goal of this effort was to provide POFACETS the capability to de-
fine symmetries in target models and then exploit these symmetries in the calculation of
the monostatic RCS. Symmetry planes were not implemented for the bistatic RCS case.

2. Background
The first step was to determine how to define symmetries for target. An object

may have planes, lines or points of symmetry. For this thesis, it was decided to use planes
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of symmetry, because they could be defined by existing program structures and the basic
mathematical and software formulations for their exploitation were already available in
other program sections. When more complex symmetries are present in atarget, they can

be described by an appropriate combination of fundamental symmetry planes.

Consider the scenario depicted in Figure 52. A wave, whose direction of propags-

tion is represented by the thick blue arrow, is incident from global spherical coordinate
angles q and f . The target has aplane of symmetry defined by points B, P, and R,

(whose coordinates in the global coordinate system are known) and represented by the
shaded purple triangle. The local coordinates of the symmetry plane are defined so that
the plane is identified with the (x&y® plane. Hence, the unit normal vector i of the

plane of symmetry is identified with axis z¢.

Figure 52. Symmetry Plane Scenario — Global Coordinates

Using standard transformations between Cartesian and spherical coordinates, and

vice versa, along with Equation (3.20), it is possible to convert angles g and f from the
global coordinates to the local symmetry plane coordinates. Let the angles of incidence at
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the local symmetry plane coordinates be q® and f ¢. These angles are depicted in Figure

53. The shaded purple triangle is still used to illustrate the symmetry plane, i.e., the
(x¢;y@ plane better.

Figure 53. Symmetry Plane Scenario — Local Coordinates

Let g¢ be the projection of the wave propagation vector on the x@@ plane, as

shown in Figure 53. In order to facilitate the discussion and simplify the graphs, the situe-
tion can now be depicted on the z&¢plane. In this way, the f ¢ angle can be omitted, and

only the angle q® needs to be discussed.
The scenario is now presented in Figure 54. Notice that the symmetry plane is no
longer visible, as this plane is now normal to the plane of the page. Two cases can be dis-

tinguished, based on the value of the q® angle. If q® is between 0 and 90 degrees (Case
1), thisis considered a valid incidence angle and, therefore, normal RCS computations
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can be executed. If q@® is between 90 and 180 degrees (Case 2), this angle is symmetric to
the p - q® angle. Hence, if the RCS for the p - q® angle has been already computed, this
RCS value can be directly assigned to the g @ direction as well.

z" Case 1

Symmetry plane

el

Case 2

Figure 54. Cases of Incidence Anglein Loca Coordinates

It is now possible to outline the process that exploits the symmetry planes of a
model to expedite RCS calculations as follows:

a The program reads the planes of symmetry of amodel, which were previ-
ously specified by the user
b. The RCS computation algorithm starts to execute. For each combination

of angles of incidence g and f , the following steps are executed.

C. Angles g and f are converted from global coordinates to local coordi-
nates, resulting in angles q¢ and f ¢.

d. If q@is between 90 and 180 degrees, it isreplaced by q%=p - q4¢.

e Angles q@ and f ¢ are converted back to global coordinates, resulting in
angles g, and f ..
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f. Steps c to e are repeated for all symmetry planes, with each new repetition
being applied to the g, and f . angles that were produced by the previous
repetition. After the process has been repeated for the last symmetry plane,
afina pair of g, and f . angles has been produced from theinitial ¢ and
f angles.

s} If the RCS has aready been computed for the g, and f , angles, that value
isdirectly assigned to the RCSfor incidenceangles g and f .

h. If the RCS has not already been computed for the g, and f . angles, nor-
mal RCS computations are executed.

3. Procedure

The first step for the exploitation of symmetry planesin modelsin the
POFACETS isto allow the user to define the symmetry planes and store them with the
rest of the model data (coordinates, facets, parts descriptions). Appropriate controls were
added to both the Manual Model Design GUI and the Graphical Model Design GUI. Fig-
ure 55 depicts the controls on the Graphical Model Design GUI.

) Graphical Model Design

”Ir =

Figure 55. Symmetry Controls in the Graphical Model Design GUI (circled)
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The user describes each symmetry plane using MATLAB’s array editor by enter-
ing three points for each symmetry plane. Figure 56 depicts an array of points defining
three symmetry planes. Each column represents the coordinates of apoint in X, y, and z
Each row represents a point, and each group of three rows represents a symmetry plane.
The sequence by which each plane is defined follows the right—hand rule, so that the right
hand points to the outward normal of the plane. Up to three symmetry planes can be de-
fined for each moddl.

'} Array Editor: symplanes =] E3

A [ EO L

1]
1
1]
1]
1]
1]
1]
1]
1

o oo ok ok a o
L S e e = = == ==}

Figure 56. Symmetry Plane Definition

Once the symmetry planes have been defined, they are superimposed on the
model display in the form of triangles of different colors. Figure 57 shows the three

symmetry planes for a sphere model with aradius of 3 m and 40 points per circle.
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Figure 57. Symmetry Planes for a Sphere Model
When a modd that contains symmetry planesis loaded for the computation of its
monostatic RCS, the Use Symmetry checkbox in the Monostatic RCS Calculation GUI is
enabled, as shown in Figure 58. If no symmetry planes exist, the checkbox remains dis-
abled.
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Figure 58. Symmetry Selection for Monostatic RCS Calculations (circled)

The user can select to use the symmetry of the model by selecting the checkbox.
Generally, the use of symmetry has significant effects on the program execution time
when amodel consists of alarge number of facets (hundreds of facets or more).

4, Results

The sphere model with aradius of 3 m and 40 points per circle, for atotal of 3120
facets, which is shown in Figure 56, was used as a test—case for the comparison of pro-
gram execution times with and without the exploitation of symmetry planes. The RCS
was computed for 18 GHz, TM polarized wave, with g held constant at 90 degrees and
f varying between 0 and 360 degrees in increments of 4.5 degrees. This value was se-

360 degrees

lected as half of the extent of afacet, whichis
40 facets

=9 degrees/facet .
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Both executions, with and without exploitation of the symmetry planes, gave the
same RCS results, shown in Figure 59. The fluctuations between the two values are ex-
pected, since even and odd multiples of the 4.5 degrees increment step result inslightly

different configuration of facets being illuminated by the incident wave.

target: sphereddR3 solid: theta dashed: phi  theta= 90 wave (m): 0.016667
[ [ [ [ [ [ [
| N y : : ' L .
0 A | -
E , I , ! I ‘ I ,
o 1 ! I
o | | I 1 1
E 1 1 I 1 1
0 | | | | | |
£ | | | | | | |
| e ononeee ros e ros e ARRRELLE FRRREEE FRRERE 1
R o e R oo oo R
- I I I | I | I
0 50 100 150 200 250 300 350
Monostatic Angle, phi (deg)

Figure 59. Monostatic RCS of a Sphere with Radius of 3 m at 18 GHz

When the program was run without exploitation of symmetry planes, it was com-
pleted in 130 seconds. When using the symmetry planes, the RCS comput ations were

executed in 35 seconds, resulting in a decrease of 73% in run-time.

B. EFFECTS OF MATERIALS AND COATINGSON RCS
1. Rationale
The POFACETS 2.3 version alowed the user to use different materials on the

facets of amodel by specifying the value of the surface resistivity R, for each facet. This
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meant that, since the known parameters for any material are its constitutive parameters
(i.e., itsrelative electric permittivity and its relative magnetic permeability), the user
would have to use these parameters to calculate the surface resistivity in order to enter it
in the program. These calculations would have to be performed each time a new material
was used in amodel. Moreover, it would be very difficult to implement more complex

configurations of facet materials, such as multiple layers and coatings on PEC.

Therefore, it was decided to add the necessary features to POFACETS to allow
the user to directly select materials for the facets of the model (utilizing the material de-
scription) and provide different options regarding the application of these materialsto the
model. These options include single composite material, composite material layer on
PEC, multiple composite layers and multiple composite layers on PEC. These are suffi-

cient to account for most of the usual cases of materials on “real—world” targets.

For the convenience of the user, a database of materials has been created that in-
cludes the description of common materials and their constitutive parameters. The user
can also update the database to include new types of material.

2. Background
As previously mentioned, the program allows four different types of materia con

figurations for afacet: (1) single composite material, (2) composite materia layer on
PEC, (3) multiple composite layers, and (4) multiple composite layers on PEC. The theo-
retical framework for each of these cases is discussed below. The discussion begins from
the multiple composite layers case and the composite layer on PEC case. The formulas
for the other two cases are derived as special cases of the formulas of the first two cases.
For each case, the goal is to compute the reflection coefficients for parallel and perpen
dicular polarization, so that they can be directly used in Equations (3.30) and (3.31).

Notice that the electric permittivity is
e=e,e =g, (et je®) =¢, (et- jeftand) (5.1)
where e, isthe electric permittivity of free space, ef the real part of the relative electric

permittivity of the material and tand the electric loss tangent of the material. Similarly,
the magnetic permeability of the materia is
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m=mym =m (- jr (52)

where m) isthe magnetic permesbility of free space, nf the real part of the relative mag-
netic permeability of the material and il the imaginary part of the relative magnetic

permeability of the material.
a. Case 1. Multiple Composite Layers

Consider the configuration shown in Figure 60. A wave represented by ¢,

traveling to the positive z direction, isincident on a body comprised of N different layers.
The materia in front of layer 1 is free space. The congtitutive parameters of layer n are

e, (electric permittivity) and m, (magnetic permeability). The thickness of each layer is
t,. Symbols c and b represent the waves incident and reflected at each boundary, respec-
tively. The reflection coefficient between region O (i.e., free space) and region 1 is G,
while the reflection coefficient between region n- 1 and region nis G,. Similarly, the
transmission coefficient between region O (i.e., free space) and region 1is t,, while the

transmission coefficient between region n- 1 andregionnist,,.

—— Ty ___'-"\._.p" ——
Region 1 2 N
3\ ¢ €3 Cn4
d —_— | — —_—
«— | —|+— -
2 3 N+l
I
Ho-8y [ Hy-8) [Ha-82 Hn-En
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I iy [y
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Figure 60. Wave Incident on Multiple Layers (After Ref. 8.)
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Using the formulations of Ref. 8, it is thus possible to write the incident

and reflected waves at the first boundary as

u_ R 16 Gelruée, u, éA; Ap Uyl

s 1=O0—eé _ G a° é U (5.3
Dl atagGe’ e Fr GG A Azl

where

F.=bt = ?tn (5.4)

n
with |, being the wavelength in the layer n. Now, the overall reflection coefficient is

G:ﬁ:ﬂ. (5.5)
G An

When the last layer extends to infinity, as is the case with multiple layers of materials

with free space on both sides, then by,; =0 and we can arbitrarily use F , =0 (Ref. 8).
Notice that formulas (5.3) and (5.5) must be used twice: once for the per-

pendicular polarization case (GA ) and once for the parallel polarization case (ql) The

following formulas give the reflection coefficients at boundary n (boundary between

layer n—1 and layer n) (Ref. 8):

_hycosq; - hy, ; cosg;

G (5.6)
h,, cosg; +h,,_; cosq,
G = h,, cosq; - h,.; cosg; (5.7)
| h,, cosq, +h,,_; cosq,
where
m
ho= (M 5.8
e (5.8)
and

\l M. €n-1 Sinqi = '\/ e, Sith . (5-9)

Figure 61 shows the anglesq; and q; .
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Figure 61. Incidence and Transmission Angles at the Boundary Between Two Layers

b. Case 2: Composite Layer on PEC

Figure 62 depicts a composite layer of thicknesst on a Perfect Electric
Conductor. The following formula gives the reflection coefficient for both the perpen-
dicular and the parallel polarization (Ref. 2):

G= M (5.10)
Z,, +377
where
Z, = \/;E tanh(gt) (5.12)

with g = jw,/ma ,Ww=2pf  andf the frequency of the wave in Hertz. In Equation (5.10)
the value of 377 is the impedance of free space in Ohms. Although Equations (5.10) and

(5.11) are vaid for normal incidence, they are used in the program as an approximation

for all angles of incidence.
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Camposils
Layer

Figure 62. Composite Layer on PEC

C. Case 3. Composite Layer

A single layer of composite material can be considered as a specia case of
the Multiple Layers casewith N =2 (the second layer being the free space at the back—
side of the material). Thus, Equations (5.3) and (5.5) can be applied to compute the re-
flection coefficients for perpendicular and parallel polarizations.

d. Case 4. Multiple Layerson PEC

This case can be considered as a combination of Cases 1 and 2. Assuming
there are N layers of composite material on PEC, Equations (5.3) and (5.5) are used to
compute the overall reflection coefficient of the N - 1 first layers. Let this coefficient be
G¢. Since this reflection coefficient refers to the boundary between free space and the
N - 1 first layers space, an equivalent impedance (Z9 of the N - 1 first layers can be
computed. Specifically:

=28 % 2377 oo cerr=2¢ 377p 20=377 S (5.12)
Z0+z, Z6+377 1- G

where Z,is the impedance of free space, 377 ohms.

The input impedance Z;, of the combination of the last layer and the PEC

is given by Equation (5.11). The reflection coefficient on the boundary between the com-
bination of the N - 1 first layers and the combination of the last layer and the PEC is
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_Z,-Z2¢

Gy = . 5.13
N Z,+2¢ ( )

Now Gy, can be used in Equation (5.3) to calculate the overall reflection coefficient. Of
course, this process is executed once for the perpendicular polarization case and once for
the parallel polarization case.

3. Procedure
The materials database can be accessed through the Utilities GUI. Figure 63 de-

picts the Materials Database Management GUI.

) Materials Database
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Figure 63. Materials Database Management GUI
The user can select a materia by its description in the list box in Figure 63 and
thenview and edit its constitutive parameters, which are comprised of the relative electric
permittivity, the loss tangent, and the real and imaginary part of the magnetic permeabil-
ity. The user can also add new materials to the database through the GUI depicted in Fig-
ure 64.

) Input New Material Data

Figure 64. New Materia Data Input GUI
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The POFACETS 3.0 materials database is aready provided with alibrary of more
than 20 composite materials that are often used in military applications. The user can ap-
ply these materials to the facets of a model by using the Material Application GUI shown
in Figure 65. This GUI can be called from either the Manual Model Design GUI or the
Graphical Model Design GUI.

) Material Selection

Material Type )
First Facet Last Facet

|Composite Leyer on PEC [ il ] [ &l | -

Material Permittivity
IAIumina-aIuminaI Real. Permittivity Loss Tangent Thickress [mm)
[ 37 | [ oms |
Permeability
Real Part Imag. Part
[ 1 | | I |

Figure 65. Material Application GUI

The user selects the type of material configuration that will be applied to the fac-
ets, choosing Composite, Composite Layer on PEC, Multiple Layers, or Multiple Layers
on PEC from the Material Type listbox. Next, the specific Materia is selected from the
Material listbox. For each material selected, its constitutive parameters are displayed, so
that the user can decide whether a certain material is desirable. The thickness of the layer
is also specified in millimeters. The user can also select whether to apply a certain mate-
rial type to al or some of the facets of amodel, by specifying the first and the last facet
number for which this material type is to be applied. At this point, the user may need to
view the descriptions of the major parts to which the facets belong in order to identify the

correct facet numbers to which the materia will be applied.

When a materia or layers of materials have already been applied to a model, the
user can use the Graphical Model Design GUI to view both the application of the mate-
ria and the materials constitutive parameters. Figure 66 depicts the Material View GUI
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that is used to present these data. In this example, the first facet of the model has two lay-

ers of materials, whose constitutive parameters and thicknesses are displayed.

.} Material List for Each Facet

Figure 66. Material View GUI
Once the user has applied the selected material or layers of materials to the modd,

their effects on its RCS can be evaluated by using the RCS calculation GUIs described in
Chapter 1V. The effects of materials on RCS can be computed for monostatic and bistatic
RCS versus angle or versus frequency. Figure 67 depicts the dialog box that prompts the
user to select the type of material to be used during RCS calculations.

Figure 67. Material Type Selection Dialog Box
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The user can either select the surface resistivity values stored in the facet defini-
tion array and ignore the data stored in the material array, or select the data in the mate-
rial array and ignore the surface resistivity values.

4. Results
In order to compare the effects of different materials and material applications on

amodel, the monostatic RCS versus frequency of a1l m by 1 m PEC plate, located on the
(x,y) planefor aTM polarized incident wave from the direction g =0 andf =0 degrees
(i.e., normal to the plate) was computed, as shown in Figure 68. As previously explained
in Equation (4.1), the RCS increases with the square of the frequency.

target: plate solid: theta dashed: phi. Angles phi= 0, theta= 0

RCS (dBsrm)

Frequency (GHz)

Figure 68. RCS vs. Frequency of a1 m by 1 m PEC Plate (normal incidence)

Various materials were applied to the plate and the resulting RCS was computed

versus frequency for the same angle of incidence and polarization. First, a single compos-
ite material with e¢=16, tand =0.275, nf=1, n#=0 and 5 mm thickness was gpplied
to all the facets of the plate.

Figure 69 shows the effects on its RCS.
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Figure 69. RCS vs. Frequency of a1 m by 1 m Plate with One Composite Layer
(normal incidence)

Notice that nulls have appeared in multiples of 7.5 GHz. The wavelength at this
3 10°
7.5 10%feg

wave in the material, indicating that the wave components at the air/material interface

frequency isl = =0.01 m=10 mm, which isequal to the round trip of the

cancel out, yielding reflection coefficients equal to zero and, hence, low RCS values at

this frequency and its harmonics.

Next, two layers of composite materials were applied to all facets of the model.
Both layers were 5 mm thick. The material parameters for the first layer were

ef=2.5, tand =0.00045, nf=1 and mt=0. The material parameters of the second layer
were. e¢=16, tand =0.275, mf=1and n#=0.

Figure 70 depicts the RCS of the plate versus frequency. Since the material of the
second layer is exactly the same as that resulting in the RCS plot of Figure 69, some simi-
larities appear in the plots of Figures 69 and 70. However, in the two—layer case, the first
layer has affected the overall reflection coefficients. Thus, the nulls at 7.5 GHz and its

harmonics have been replaced by a reduction in RCS which varies from afew dBsm at
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approximately 7.5 GHz to aimost 20 dBsm at approximately 15 GHz. Also, notice thet,
due to the added layer, the locations of these low RCS values have been dightly shifted

from their original frequencies.

target: platewlayers solid: theta dashed: phi. Angles phi= 0, theta= 0
50
I I I I I

5 10 15 20 25 30
Freguency (GHz)

Figure 70. RCSvs. Frequency of a1l m by 1 m Plate with Two Composite Layers
(normal incidence)
Next, asingle layer of composite material on PEC was applied to all facets of the
model. The material parameters weree®=16, tand =0.275, nf=1 and nf#=0, while its
thicknesswas 6.25 mm.

Figure 70 depicts the RCS of the plate versus frequency. At approximately 3
GHz, areduction in RCS of almost 20 dB occurs. At this frequency, the wavelength

sl = 3100
3'10° /¢

which makes it a Dallenbach layer at this frequency. The behavior of a Dallenbach layer

=0.025 m =25 mm. The thickness of the material is equal tol /4,

(Ref. 2) versus frequency closely follows the pattern depicted in Figure 71.
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Figure 71. RCS vs. Frequency of a1 m by 1 m Plate with One Composite Layer on
PEC (normal incidence)

Finally, two layers of composite materials on PEC were applied to all the facets of
the model. The first layer was 5 mm thick and its material constitutive parameters

wereel= 2.5, tand =0.00045, nf=1 and nt=0. The second layer was 6.25 mm thick
and its parameters weree$=16, tand =0.275, nf=1and n##=0.

Figure 72 depicts the RCS of the plate versus frequency. The existence of two
layers significantly affects the RCS of the plate. The reduction in RCS at 3 GHz is now

approximately 15 dB. However, there is a reduction of approximately 25 dB in the RCS
at 9 GHz. The reduction of RCS at this frequency was approximately 5 dB for the single

layer on PEC case.
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Figure 72. RCS vs. Frequency of a1 m by 1 m Plate with Two Composite Layers on
PEC (normal incidence)

C. EFFECTS OF GROUND
1. Rationale

Up to this point, the RCS of the targets was calculated with the assumption that
the target was located in free space and away from the ground. Thisis true only in those
cases where the target is an airborne vehicle flying very high above the ground or an air-
borne vehicle flying near the ground and the radar antennas have high directivity. How-
ever, when airborne targets fly low, as in the case for helicopters and aircraft performing
terrain following, and the radar antennas do not have high directivity, the effects of the
ground must be taken into consideration. In addition, when the targets are located onthe
ground (e.g., ground vehicles, buildings, etc.), or in the case of naval targets, the effects

of the ground or the sea respectively should always be taken into account.

Given that the ground can take many different forms (e.g., woods, deserts, moun
tains, planes, etc.), it was decided not to model it in a unique way, but rather allow the
user to select certain characteristics relating to its reflection coefficients. The same ra

tionale holds true for the sea, since different sea states can demonstrate different scatter-

98



ing behaviors. Thus, the ground or sea beneath the target is modeled as a material whose
relative electric permitivity can be adjusted by the user. In addition, in order to ssmplify
the necessary calculations, the assumption is that the ground or sea always lies on the xy
plane.

2. Background

Consider the situation depicted in Figure 73. A target, represented by the shaded
cyan shape, is located at height h above an infinite ground plane. The radar transmitter
and receiver can be anywhere above the ground plane. If no restriction is imposed on ar+
glef , then angle g can vary from O to 90 degrees for the monostatic case. For the bistatic
case, when this limitation is imposed on the RCS observation angle, the incidence angle
will have no limitationson angle f and angle q can vary from —90 to +90 degrees. The
following discussion uses the monostatic case example, but is also applicable to the

bistatic case.

GROUND PLANE

Figure 73. Target Over Infinite Ground Plane

The presence of the ground plane below the target will affect both the incident
and the scattered radiation. The following equations give the ground reflection coeffi-
cients for the perpendicular and the parallel polarizations (Ref. 8):

_hcosg; - 377cosq,
h cosq; +377cosq;,

G. (5.14)
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_hcosqg, - 377cosq;
h cosq;, + 377cosq;

(5.15)

G

where h =,/mye and angles g; and g, were defined in Figure 61.

Thus, the target is illuminated both by radiation coming directly from the radar
transmitter and by radiation reaching the target after it is reflected on the ground. Simi-
larly, the radar receiver antennais illuminated both by radiation coming directly from the
target and by radiation reaching the receiver location after it is reflected on the ground.

Therefore, four different cases can be distinguished. In the first case, both the in-
cident and the scattered radiation are not reflected on the ground. Thisis depicted in Fig-
ure 74. Obviously, both the angle of incidence and the angle of RCS observation are

equal to . This caseisidentica to the monogatic RCS computation case discussed in
Chapter 111.

GROUND PLANE

Figure 74. Direct Incident — Direct Scattered

In the second case, only the scattered radiation is reflected on the ground, with the
incident radiation coming directly from the radar transmitter with no ground reflection, as
depicted in Figure 75. In this case, the angle of incidence is equal to q, but the scattered

100



radiation must be calculated in the p - g direction, asillustrated in Figure 75. Addition
ally, the scattered radiation must be multiplied by the appropriate ground reflection coef-

ficients.

GROUND PLANE

Figure 75. Direct Incident — Reflected Scattered

In the third case, only the incident radiation is reflected on the ground, with the
scattered radiation reaching the radar receiver with no ground reflection, as depicted in
Figure 76.
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GROUND PLANE

Figure 76.

In an alternate approach using the Method of Images (Ref. 2), this case is replaced
by its equivaent, which creates an “image” target, with the ground plane being the “mir-
ror.” Asevident in Figure 77, in the equivalent scenario, the incident field coming from
angle q must be first multiplied by the appropriate ground reflection coefficients and
then the scattered field can be computed from the image target in the direction of angle

pP-qQ.

Figure 77.
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Reflected Incident — Direct Scattered Equivalent Scenario
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In the fourth case, both the incident and the scattered radiation are reflected on the
ground, as depicted in Figure 78.

GROUND PLANE

Figure 78. Reflected Incident — Reflected Scattered

Following the same alternate approach as in the previous case, the equivalent sce-
nario is presented in Figure 79. Again, the incident field, coming from angle g, must be
first multiplied by the appropriate ground reflection coefficients. Then, the scattered field
can be computed from the image target in the direction of angle g and also be multiplied

with the appropriate ground reflection coefficients.

Figure 79. Reflected Incident — Reflected Scattered Equivalent Scenario
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Summarizing, the following procedure can compute the approximate effects of
the ground on RCS:
a A symmetric model is created relative to the xy plane.

b. For the incident radiation, the scattered radiation is computed from the
original modd at the g angle (i.e, first case)

C. For the incident radiation, the scattered radiation is computed from the
original model at the p - q angle and multiplied by the ground reflection
coefficients (i.e., second case)

d. The incident radiation is multiplied by the ground reflection coefficients.
The scattered radiation is computed from the symmetric model at the
p - q angle (i.e, third case)

e. The incident radiation is multiplied by the ground reflection coefficients.

The scattered radiation is computed from the symmetric model at the q
angle and multiplied by the ground reflection coefficients (i.e., fourth
case)

f. The scattered radiation from steps b, ¢, d, and e is vector summed.

s} The RCS can be computed

3. Procedure

As previoudly discussed, the ground plane, when used, is aways limited to the xy
plane, indicating that the model must be placed at the desired height over this plane. This
is accomplished by utilizing the Move button in the Graphical Model Design GUI, as de-
scribed in Section D of Chapter 1V.

Once the target is placed at the desired height, the user can select whether to in-
clude the use of ground plane in the computations of monostatic or bistatic RCS versus
angle or versus frequency, or to perform RCS computations neglecting the ground. The
controls by which the user can make this selection are circled in Figure 80, which per-
tains to the calculation of monostatic RCS versus frequency. Similar controls appear in
the GUIs used for the other cases of RCS calculation.
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Figure 80. Ground Plane Controls (circled)

Once the user enables the use of ground plane in the RCS computation, the pro-
gram automatically limits the range of available incidence and reflection angles to the
values described earlier in this section. The user can then select whether the ground plane

will be PEC or enter arelative electric permittivity value for the material of the ground
plane.

4, Results

Figure 81 depictsthe RCS of a1l m by 1 m PEC plate lying parallel to the xy
planeat z=9.25m. When no ground plane is used, the RCS of this plate versus fre-
guency (from 0.3 to 3 GHz) for a TM polarized wave incident from angles g =0 and
f =0 degrees (i.e., normd to the plate) is that depicted in Figure 81. Thisis smilar to
Figure 68, as the position of the plate relative to the origin does not affect its RCS. Notice
that, in that case, the frequency was varied from 0.3 to 30 GHz.
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target: highplate2 solid: theta dashed: phi. Angles phi= 0, theta= 0

e s .

Freguency (GHz)

Figure 81. RCSvs. Frequency of a1l m by 1 m PEC Plate (normal incidence)

Next, the use of ground plane was enabled and the ground plane was also defined

as PEC. Figure 82 shows the resulting plot of RCS versus frequency.

target: highplate2 solid: theta dashed: phi. Angles phi= 0, theta=10
I I I I I

RCS (dBsm)

A0t--1- R e s R SR EEPEEEY FEEEEES EEEEEr S .

0.5 1 43 2 2.5 3
Frequency (GHz)

Figure 82. RCS vs. Frequency of a1 m by 1 m PEC Plate (normal incidence) with
PEC Ground Plane 9.25 m Below the Plate
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It is obvious that once again the maximum value of the RCS is increasing with the
sguare of frequency, following the pattern depicted in Figure 81. However, the vector
sum of the scattered fields from the four cases described previoudly (i.e., Direct Inci-
dent/Direct Scattered, Direct Incident/Reflected Scattered, Reflected Incident/Direct
Scattered, and Reflected Incident/Reflected Scattered) has produced significant variations
in the RCS values.

Indeed, depending on the frequency of the incident wave, those four scattered
fields can have the same phase, resulting in constructive interference. Then, the total scat-
tered field is increased by afactor of four, which increases the total RCS by a factor of
16, since RCSis proportional to the square of the scattered field, as shown in Equation
(2.5). This corresponds to an increase of approximately 12 dBsm. Indeed, a comparison
of Figures 81 and 82 revedls that the difference in the highest RCS values at the same
frequency is approximately 12 dBsm.

For other frequency values, the four scattered fields might cancel each other, re-
sulting in zero total scattered field, which is represented by the nulls that appear in the
RCS plot in Figure 82. Moreover, for other frequencies, the vector sum of the four scat-
tered fields can produce RCS values higher or lower than those depicted in Figure 81.
These are represented by the variations of the RCS in Figure 82 between the maximum
values and the nulls.

D. SUMMARY

This concludes the description of the new computational capabilities added to the
POFACETS program. The theoretical background, the implementation and the results for
the exploitation of symmetry planes, the use of different materials and coatings on mod-
els, and the effects of the ground have been presented and discussed. The next and find
chapter summarizes the work of this thesis and suggests further potential improvements

to the program.
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V. SUMMARY AND RECOMMENDATIONS

A. SUMMARY
The objective of this thesis was to improve the existing POFACETS RCS predic-
tion software tool. This objective was achieved by providing new functionalities and add-

ing new computational capabilities to the POFACETS 2.3 version.

The new functionalities include the GUI and model database upgrade, the im-
provement of the manual model design options, the creation of a graphical model design
GUI, the inclusion of capabilities for importing and exporting models conpatible with
commercial CAD programs, the inclusion of capabilities for a combination of existing
models, the computation of RCS versus frequency, and the creation of new options for

the display of RCS results.

The new computational capabilities include 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
approximate effect of the ground on the RCS of a model.

Overadll, 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 an 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 com
putational capabilities, minimal effect occurred to the required program execution time,
while the option 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 the use of the program not only for RCS prediction, but
for RCS analysis as well.
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Finally, 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 real-world RCS prediction and analysis problems.

B. RECOMMENDATIONS

The POFACETS 3.0 program is implemented in the current version of the
MATLAB software. Thus, it can be easily modified and upgraded through the wide vari-
ety of tools that this software package provides. There are two areas of potential im-
provements that could further enhance the value and usefulness of the POFACETS pro-

gram.

The first area pertains to the enhancement of the capabilities for importing models
from other CAD software. Other commercial CAD or RCS prediction software packages
can be considered as candidates for importing models. In addition, the capability to im-
port AUTOCAD standard files, and not just text stereo- lithographic format, would be a

significant addition to the features of the program.

The second area pertains to the limitations in the RCS prediction, which are in-
herent to the Physical Optics method. As previously discussed, certain significant scatter-
ing mechanisms, such as second reflections, diffraction, and traveling waves are not in-
cluded in the calculations. These mechanisms, of course, would have a significant effect
on program execution time, especially on large, complex models. Thus, it would be pos-
sible to implement them in the program as options, allowing the user to decide which of
these mechanisms to enable, depending on model complexity and the desired accuracy of

results.
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APPENDIX. POFACETSFILESAND MODEL DATABASE
STRUCTURE

The purpose of this Appendix is to provide basic information regarding the
framework of the POFACETS 3.0 program and the structure of its data files. This was
necessary, since the new functionalities and computational capabilities added to
POFACETS resulted in a complex program, consisting of 39 MATLAB script files and
16 MATLAB figure files. The following information provided aims mainly to help the
reader understand how the program operates, rather than serve as a user manual, since the
program itself incorporates detailed user instructions either through dialog boxes or
through help screens.

The Appendix consists of three parts. The first part presents the general frame-
work of the program, providing information about the interconnections between the vari-
ous script and figure files. The second part contains an aphabetical list of the script and
figure files comprising POFACETS 3.0, along with a brief description of the functions
performed by each file. The third part contains the description of the data structures in the
model database files and in the materials database file.

A. POFACETS FILE FRAMEWORK

The complete file framework of POFACETS 3.0 is presented in graphical form in
Figures 83 through 89. Each script file is represented by a cyan box, which contains the
name of the file. Each figure file is represented by a yellow box, which also contains the
name of the file. When a script and afigure file with the same name are attached, this
means that they comprise a pair of files which implements a GUI form. For each file or

pair of files, abrief description of its functionality is provided.

Execution flows from the top to bottom of the figures. Files are interconnected
through blue and red lines. Blue lines indicate that a script file is executed or afigure is
activated, as aresult of an action in the higher—level file (e.g., a button is pressed). Red
lines indicate that one or more functions of the lower—level file are caled from the

higher—levdl file.
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Figure 83. POFACETS Main Screen File Framework
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Manual Model

Design GUI
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Figure 84. Manual Model Design File Framework
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Graphical Model

Design GUI Model Display
graphworks fig Plotmodel.m
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Figure 85. Graphical Model Design File Framework
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Figure 86. Monostatic RCS Calculation File Framework
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Figure 87. Bistatic RCS Calculation File Framework
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Figure 88. Utilities File Framework
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B. POFACETSFILE DESCRIPTION
The following list contains all the script and figure files used in the POFACETS

3.0 program. The help files are not included in this lit.

about.fig: Thisfile creates the GUI form that presents information about the con-
tributors to the POFACETS program

angledata.m: This function computes the direction cosines of an angle

bistat.m: This program implements the functionalities of the Bistatic RCS Calcu-
lation GUI

bistatic.fig: Thisfile creates the Bistatic RCS Calculation GUI
CalcBistat.m: This file computes the bistatic RCS of atarget model versus angle

CalcFreg.m: This file computes the monostatic or the bistatic RCS of a target

model versus frequency

CalcMono.m: This file computes the monostatic RCS of atarget model versus an
gle

cart2sphere.m: This function converts Cartesian coordinates to spherical coordi-

nates
design.fig & design.m: This pair of files creates the Manual Model Design GUI

dsgnFN.m: This file performs data initialization of variables for the manual crea-

tion of a new model

facetRCS m: This function calculates the scattered and diffuse field from a single

facet for a given set of incident wave parameters
fact.m: This file implements the factoria function

G.m: This file implements the gamma function described in equations (3.47) and
(3.48)

graphworks.fig & graphworks.m: This pair of files creates the Graphical Model
Design GUI

hlpgui.fig: This file creates the GUI used to present help to the user
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LinearPlot.fig & LinearPlot.m: This pair of files creates the GUI used to display
two—dimensional RCS graphs and select the dynamic range of these graphs

mainscreen.fig & mainscreen.m: This pair of files creates the GUI activated upon

program execution

MaterialDB.fig & MaterialDB.m: This pair of files creates the GUI used to edit
the materials database

materials.mat: This file contains the data of the materials database

Material Select.fig & MaterialSelect.m: This pair of files creates the GUI that al-

lows the user to select different materias or layers of materials for the facets of a model

MatList.fig & MatList.m: This pair of files creates the GUI that allows the user to

view the materials or layers of materials of a model

mfreq.fig & mfreg.m: This pair of files creates the RCS Calculation versus Fre-
guency GUI for both the monostatic and the bistatic cases

modl.m: This file implements the functionalities of the GUI that displays a model
in the manual design case

mono.m: This file implements the functionalities of the Monostatic RCS Calcula-
tion GUI

monofreg.m: This file implements the functiondities of the RCS Calculation ver-

sus Frequency GUI for both the monostatic and the bistatic cases
monostatic.fig This creates the Monostatic RCS Calculation GUI
Mplot.fig: Thisfile creates the GUI used for contour plots

Plotmodel.m: This file displays a model in either the manual or the graphical de-

sign case
poboxes.m: This file creates the model of a box
pocones.m: This file creates the model of a cone

pocylinder.m: This file creates the model of a cylinder
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pofacets.m: This file must be executed to run POFACETS. It performs the initiali-

zation of variables and activates the program’s main screen
pofuselage.m: This file creates the model of a fuselage

Polardb.m: This file converts data so that they can be displayed in polar coordi-

nate form

Polargraph.fig & Polargraph.m: This pair of file creates the GUI used to present
the RCS plotsin polar form

poogive.m: This file creates the model of an ogive
posphere.m: Thisfile creates the model of a sphere or an ellipsoid
potrapezoids.m: This file creates the model of atrapezoid

Rclayers.m: This function calculates the reflection coefficients for layers of mate-

rias

Refl Coeff.m: This file creates the reflection coefficients from a surface for a given

angle of incidence

showmodel.fig: This file creates the GUI used for model display in the manual de-
sign case

spher2cart.m: This function converts spherical coordinates to Cartesian coordi-

nates

spherglobal2local.m: This function converts global spherical coordinates to local
facet spherical coordinates

spherlocal2global.m: This function converts local facet spherical coordinates to
global spherical coordinates

transfmatrix.m: This function calcul ates the transformation matrices of a facet
utilities.fig & utilities.m: This pair of file creates the Utilities GUI

xysymmetric.m: This function creates an “image” model, which is symmetric to

the original model relative to the (x,y) plane
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C. POFACETSDATA STRUCTURES DESCRIPTION
POFACETS uses two types of data files: the model files and the material database
file described below.
1 Model File Structure
Each model file is comprised of the following data structures.
a. Coord
Thisis adata array that contains the coordinates of the vertices of the
model. Each row corresponds to a vertex. The first field in each row represents the x co-
ordinate of the vertex, the second field represents y and the third represents z
b. Facet
Thisis adata array that contains the definition data for the facets of the
model. Each row corresponds to a facet. The first three fields in each row represent the
facet’s vertices. The sequence of the vertices defines the norma to the facet according to
the right hand rule. The fourth field in each row indicates whether a facet can only be il-
luminated from its front side (when it contains a 1) or from both its back and front side
(when it contains a 0). The fifth field in each row is the surface resistivity of the facet
normalized to the impedance of free space (377 ohms).
C. Scale
This field stores the scale of the model
d. Symplanes
Thisisadata array that contains the points that form the symmetry planes
of the moddl. If no symmetry planes exist, the array smply holds one row with three
fields equal to zero. If symmetry planes exist, each symmetry plane is defined by three
points represented by three consecutive rows. Each row contains the coordinates (X, Y, 2)
of each point. The sequence of the points defines the normal to the symmetry plane ac-
cording to the right hand rule. Up to three symmetry planes (i.e., nine rows) can be
stored.
e Comments
Thisisacell array that contains the description of the parts of the model to

which the facets belong. Each row contains the parts description for one facet.
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f. Matrl

Thisisacell array that contains the material of the facets of the model.
Each row of the cell array corresponds to one facet. The first cell of the array contains the
description of the type of the material used on the facet. The available options here are:
“PEC”, “Composite”, “Composite Layer on PEC”, “Multiple Layers’, and “Multiple
Layerson PEC”. The second cell is a one—row vector. For each layer of materia used, 5
columns are included in the vector. Thus, if three layers are used, the vector will have 15
columns. In each layer, the first column is the relative eectric permittivity, the second
column is the loss tangent, the third column is the real part of the relative magnetic per-
meability, the fourth column is the imaginary part of the relative magnetic permeability,
and the fifth column is the thickness of the layer in millimeters.

2. Material Database File Structure
The material database file contains a struct array called materials.mat, which is

comprised of the following fields.

a. Name

This field holds the name of the material.

b. er

This field holds the relative el ectric permittivity of the material.

C. tande

This field holds the loss tangent of the material.

d. mpr

Thisfield holds the real part of the relative magnetic permeability of the

material.

e m2pr

Thisfield holds the imaginary part of the relative magnetic permeability of

the material.
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