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Abstract

Radar cross section (RCS) prediction of full-scale aircraft is of interest to military
planners for a variety of applications. Several computational electromagnetic codes for
RCS prediction are available with differing features and capabilities. The goal of this
research is to compare the capabilities of three computational electromagnetic codes for
use in production of RCS signature assessments at low frequencies in terms of
performance, accuracy, and features: Fast Illinois Solver Code (FISC), Code for
Analysis of Radiators on Lossy Surfaces (CARLOS-3D), and Science Applications
International Corporation Full-wave solver (SAF). The comparison is accomplished
through analysis of predicted and measured RCS of several canonical and simple objects
and a complex target comprised of these constituent objects. In addition to RCS
accuracy, memory requirements and computation time are key considerations for this
code comparison. Verification of code performance in memory and processing time
based on varying levels of unknowns is performed. A 1/36 scale body-of-revolution
missile model is the complex model constructed for measurement and prediction. The
model corresponds to an 18-meter full-scale target and includes a cavity allowing mode
propagation at frequencies of interest. The complex model is simulated at 400 and 500
MHZ corresponding to a 24 and 30 lambda target length, respectively. RCS of each
constituent part of the model is also analyzed to establish a level of confidence in solution
accuracy. Solution convergence is shown using increasing discretization levels. A
comparison is also conducted between measured and predicted results for two PEC
objects coated with magnetic radar absorbent material (MRAM). The RCS for a 12"x12"

MRAM-coated PEC flat plate and a 9"x9" MRAM-coated PEC right circular cone are

v



measured in the Air Force Research Laboratory’s compact RCS/antenna measurement
range and then compared to results from FISC using its impedance boundary condition
(IBC) feature. A physical optics method for predicting RCS of a material-coated PEC
plate is also developed as a third data. The IBC formulation is generalized for
polarization and angle-dependent impedances to investigate prediction improvement.
Results of each part of the comparison are presented as well as the methodology used to

evaluate the codes.
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1 Introduction

Radar cross section (RCS) prediction of aircraft is vital to the United States Air
Force for operational planning and system design. Numerous computational
electromagnetic codes are available to perform this task that offer varying levels of
performance, unique features, and capabilities. The goal of this research is to compare
the capabilities of three computational electromagnetic (CEM) codes for use in
production of RCS signature assessments at low frequencies in terms of performance,
accuracy, and features: Fast Illinois Solver Code (FISC), Code for Analysis of Radiators
on Lossy Surfaces (CARLOS-3D), and Science Applications International Corporation
(SAIC) Full-wave solver (SAF).

Obtaining RCS data can be accomplished via measurement or prediction. There
are tradeoffs for either method of acquiring signature data. Experimental measurement of
RCS is costly and rarely yields complete data sets for every aspect angle and frequency
of interest. RCS measurement also presents a host of complexities and data
qualifications. For example, RCS data customers must decide whether static or dynamic
measurements are desired. Both static and dynamic measurements must contend with the
presence of clutter. With static measurements, clutter can be more precisely
characterized using techniques such as vector background subtraction and careful
attention to target-mount interactions. Dynamic measurements, on the other hand,
include real effects on RCS from rotating turbines, wing flex, and control-surface
movement. RCS CEM prediction is inherently immune to clutter contamination but is
also a static process which neglects the RCS effects of target movement. Radar range

facilities are expensive, have limited availability, and each has a finite measurement
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capability. From an intelligence standpoint, foreign weapons systems are simply not
available for measurement and exploitation. Due to cost, availability, capability, and
many other reasons, RCS prediction is essential to building databases of RCS profiles of
foreign aircraft in support of integrated defense system development and performance of

threat assessment.

1.1 Problem statement

The sponsor for this research, the Signatures Branch of the National Air and Space
Intelligence Center (NASIC/AENS), currently uses FISC to predict RCS for targets of
interest. RCS data is generated for a bandwidth of interest and sector averaging (azimuth
and elevation) is used to provide RCS signatures at certain target aspects. Low frequency
radars play an integral role in ballistic missile defense and integrated air defense systems.
Consequently, NASIC has a growing number of requirements to perform low frequency
radar signature assessments on foreign aerodynamic and ballistic missile systems.
NASIC is interested in using the best suited RCS prediction code to perform these
assessments.

This thesis compares FISC, CARLOS-3D and SAF through RCS prediction and
measurement of several simple, canonical, and complex objects. Accuracy is compared
by quantitative and qualitative comparisons between predicted and measured data.
Memory requirements and computation time are examined for targets of varying sizes. A
1/36 scale body-of-revolution missile is the complex model constructed for measurement
and prediction. The model corresponds to an 18 meter full-scale target and includes a
cavity allowing mode propagation at frequencies of interest. The complex model RCS is

predicted at 400 and 500 MHZ corresponding to a 24-wavelength (1) and 30 4 target



length, respectively. Two constituent parts of the complex model, a cylinder and a cone,
have well-known RCS patterns. RCS of each constituent part of the model is predicted
and measured to establish a level of confidence in solution accuracy. Solution
convergence is shown using increasing discretization levels. A comparison was also
conducted between measured and predicted results for two PEC objects coated with
magnetic radar absorbent material (MRAM). The RCS for a 12”x12” MRAM-coated
PEC flat plate and a 9"x9"” MRAM-coated PEC right circular cone are measured in Air
Force Research Laboratory’s (AFRL’s) compact RCS/antenna measurement range and
then compared to results from FISC using its impedance boundary condition (IBC)
feature. A physical optics (PO) method for predicting RCS of a material-coated PEC
plate is also developed as a third data set. The IBC formulation is generalized for
polarization and angle-dependent impedances to investigate prediction improvement.
Results of each part of the comparison are presented as well as the methods used to

evaluate the codes.

1.2 Thesis Organization

The following section is an overview of the composition of this thesis. Chapter 2
starts with CEM code background information and brief descriptions of FISC, CARLOS,
and SAF. Next, the chapter provides theoretical background information pertaining to
RCS, a brief treatment of the Method of Moments (MoM), and specifics on CEM code
modeling of physical targets. The chapter continues with a derivation of a PO
approximation for a material-coated flat PEC plate, and a discussion of IBCs. Chapter 2
concludes with an explanation of two metrics used to compare the measured and

predicted RCS results. Chapter 3 describes the methodology for characterizing the three



codes through the RCS prediction and measurement of several objects. Chapter 4
discusses results of the characterization described in Chapter 3. Finally Chapter 5
provides conclusions based on the analysis performed in Chapter 4 and recommendations

for future work.



2 Background

This chapter provides a theoretical background for each of the topics discussed in
chapter 3. Sections 2.1 through 2.5 provide background information and brief
descriptions of FISC, CARLOS, and SAF. Sections 2.6 through 2.14 describe terms
pertinent to RCS with some mathematical rigor to establish a basis for discussion and
further development. These sections also describe assumptions made when analyzing
RCS and why the assumptions can be made. Section 2.15 discusses target modeling
requirements and parameters for the CEM codes being considered. Section 2.16 gives a
brief treatment of the Method of Moments for computation of RCS. Sections 2.17 and
2.18 explain resource requirements in terms of memory and processing time. Section
2.19 derives a PO approximation for a material-coated PEC flat plate. Section 2.20

provides a short derivation of impedance boundary conditions.Equation Section 2

2.1 CEM Code Types
Full-wave CEM codes, also known as exact codes, full-wave solvers, or low-

frequency codes, use integro-differential equations, which are based on Maxwell’s
equations, discretized to a specific target geometry to numerically solve for the induced
electrical currents on the surface of arbitrarily shaped targets due to incident
electromagnetic radiation. Approximations are kept to a minimum and are due to:

e the process of converting continuous integro-differential equations into discrete

matrix-vector products, (MoM - directly related to target geometry precision)
e truncation of infinite series representations,

e the numerical precision of the processor,
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and
e the number of operations that must be performed (computational noise increases
with the number of operations).

The other major CEM category is approximate codes, also known as asymptotic
or high-frequency codes. Approximate codes, as the name implies, is based on an
approximation to Maxwell’s equations. Examples include physical optics (PO),
geometrical optics (GO), physical theory of diffraction (PTD), uniform theory of
diffraction (UTD), or hybrid methods to compute RCS. The underlying assumption for
approximate codes is that the target size and curvature is very large compared to

wavelength. Since wavelength, A, is equal to the speed of light divided by frequency, i.e.
A =c/ f, this requirement implies high frequency hence the term high-frequency codes.

Approximate codes are popular for their ability to rapidly solve (with reasonable
accuracy) problems that are considered too large for full-wave codes. Approximate
codes typically do not calculate second order diffraction mechanisms and yield poor
results for cavities [16]. For low signature targets, these mechanisms become more
important. Also, due to the underlying high-frequency assumption, approximate codes
cannot be used when the target is small with respect to wavelength. Full-wave codes, on
the other hand, take all scattering mechanisms into account, for example, traveling &
creeping waves, tip & edge diffraction, etc. Which category of code is best suited to the
application depends mostly on the electrical size of the object (see section 2.7, Scattering

Regimes).



2.2 Sizing up MoM codes

So what is a large problem, and why do MoM codes require more time and
computer resources? For a given target geometry, the computational requirements in
memory and processing time are proportional to the frequency squared (explained in
detail in section 2.17). For this reason, the computational problem size is often put in
terms of a target’s longest dimension in wavelengths, also known as electrical size.
Problems larger than 30 4 are difficult to solve in a reasonable amount of time without
the aid of parallel processing. Predicting RCS of targets on the order of a full-scale
fighter aircraft at normal operational frequencies such as X-band (8-12 GHz) with a full-
wave code exceeds the capabilities of most supercomputer resources [16]. These initial
roadblocks are just a foreshadowing of the complexity of RCS signature assessment
production. Frequency-averaging of RCS is usually needed over the bands used by
operational radars, thus multiplying the effort of the original task by the number of
individual frequencies required. Nyquist sampling criteria increases the number of aspect
angles required to capture lobing in RCS as targets grow electrically larger, and material
coatings significantly complicate and increase computational requirements. How a
vehicle’s RCS changes with surface variations is also of interest. Given these
multiplicative resource requirements for one target alone, meeting RCS production for a
host of targets can be a daunting task! Time and resource constraints prevent full

exploration of all possibilities of target variations based upon available intelligence data.

2.3 FISC version 1.7

FISC is a method of moments, full-wave CEM code for computing the RCS of

targets that are geometrically discretized using triangular facets. FISC was developed by



the University of Illinois Center for Computational Electromagnetics at Urbana-

Champaign and Demaco Inc. Using the surface equivalence principle, surfaces that
describe the target geometry are replaced by an equivalent electrical current density (J. 5)

to maintain the same fields as those scattered by the object replaced. Surface currents are
computed using surface integrals in the form of an electric field integral equation (EFIE),
magnetic field integral equation (MFIE), or combined field integral equation (CFIE). In
the derivation of the EFIE or MFIE, the boundary condition for either the tangential
electric or magnetic field is enforced. Individually enforcing boundary conditions can
result in incorrect solutions near frequencies where the surface represents a resonant
cavity(a natural solution which is in the null space of the forced solution). At these
frequencies, the solution is not unique. This phenomenon is called the internal resonance
problem of the EFIE and the MFIE [3]. An MFIE can only be used on closed surfaces.
This requirement arises from the MFIE formulation for an open surface giving rise to
both common mode and differential mode currents. This presents an ill-posed problem
where there is one equation with a two unknown currents. This problem is not present
for an EFIE since boundary conditions at a perfect electrical conductor (PEC) interface
require the electric field to be identically equal to zero (leading to a common-mode
current only). Therefore, the EFIE can be used on open or closed surfaces. The
Combined Field Integral Equation, CFIE, was developed to provide unique, stable

solutions for all closed geometries. A CFIE is a linear combination of an EFIE and an

MFIE defined as: ¢EFIE + (1 - a) MFIE where the « parameter determines the ratio of

EFIE to MFIE. The « parameter range is 0 < & <1 and typically is set to 0.5. Setting



a to zero or one reduces the CFIE to an MFIE or EFIE, respectively. Since the CFIE
uses both the MFIE and EFIE it is valid only for closed surfaces.

Once the surface currents are known, the scattered fields can be calculated. Rao,
Wilton and Glisson (RWG@G) basis functions, i.e. expansion functions, are used to
represent the currents along the N shared edges of the triangular facets comprising the
target geometry [13] .

MoM converts the continuous surface integral equations into discrete matrix-vector
products. The challenge in using MoM is the computational intensity required to invert a
matrix representing impedance across the surface of the scatterer. Full-matrix inversion

using Gaussian elimination or Lower Upper Decomposition (LUD) requires N’

operations and O ( N 2) in memory to store the matrix. To reduce this computational
complexity, FISC does not invert or store this impedance matrix, but rather solves
iteratively for the surface currents. This iterative process, if Galerkin testing is used,

employs methods such as the conjugate gradient (CG) where the solution is found

through matrix-vector multiplication and residual error reduction. Iterative methods such
as this reduce computational complexity from O ( N 3) operations to O ( N 2) . The total
number of operations for this iterative method is N’ operations to perform each

matrix-vector product times the number of iterations required to reach an acceptable

residual. The Fast Multipole Method (FMM) accelerates the process and reduces

computational complexity to O ( N' ) . The Multi-level Fast Multipole Algorithm

(MLFMA) is an extension of FMM to higher levels and further reduces complexity to

0] ( N logN ) for both memory and solution time. Although FISC is a serial code, a utility
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called Scalable Multipole Engine (ScaleME) has been developed to allow FISC to be
scaled to run on parallel processing nodes. For more information on ScaleME, the reader
is referred to Hastriter [16]. FISC’s MLFMA offers the capability to solve very large
scale problems even when using the serial version of the code. Problem size is limited
only by memory resources and solution time. FISC’s version 1.7 material-handling
capability is limited to integral equation formulations based on impedance boundary
conditions (IBCs), thin dielectric sheets and resistive boundary conditions. Bulk material
capability, i.e. volumetric currents is not supported. Other capabilities include the ability
to produce monostatic or bistatic RCS, far-field or near field solutions, bistatic to
monostatic approximation, and facet output files showing the current distribution across a

surface. Refer to [13] for a comprehensive description of FISC’s capabilities.

2.4 CARLOS_3D_BOR_2D (CFDMAXES/PICASSO) Version 4.4.1™

CARLOS 3D BOR 2D (CFDMAXES/PICASSO) Version 4.4.1™ (hereafter
referred to simply as CARLOS-3D or CARLOS-BOR as applicable) is a three-
dimensional MoM code based on the Stratton-Chu and Maue surface integral
formulations [18]. The software is Boeing proprietary and is subject to export control
laws under the International Traffic-in-Arms Regulations (ITAR). CARLOS is a parallel
code capable of using multiple nodes to reduce solution time. For conducting surfaces,
EFIE, MFIE or a CFIE formulation can be used. A versatile feature offered by CARLOS
is the ability to individually specify the alpha parameter used in the CFIE formulation for
each surface. This capability allows a CFIE to be used for geometries with both open and
closed conducting surfaces. As with FISC, CARLOS has an iterative solver, although

this feature was not exercised in this research. CARLOS offers the ability to handle



materials using IBCs, surface integral equations, and volumetric integral equations and
accepts permittivity and permeability parameters. It supports many geometry types
including triangular facets, quadrilateral facets, two-dimensional bodies of translation,
body of revolution, and mixed BOR/facetized geometries. CARLOS has the ability to
produce monostatic or bistatic RCS, far-field or near field solutions, and output files
listing current distribution across a surface or volume currents along edges in a
volumetric mesh. Another capability of CARLOS is that the impedance matrix for 2D,
BOR, and 3D-PATCH geometries is generated as needed without the need to store the
matrix. This feature reduces the memory requirement. CARLOS version 4.4.1 was used
in this thesis and has a hard-coded 70k edge limit. At the time of publication, CARLOS
version 5.2 was available for use within AFRL. This constraint limits the problem size
for triangular facet files. Therefore, in this research a body of revolution missile model
was chosen so that a BOR model of the missile could be used. CARLOS is non-intuitive
for the novice but a graphical user interface is available to assist with the creation of input
pages. CARLOS does not have FMM or MLFMA functionality and therefore requires
substantial resources in terms of processing nodes, memory and processing time to solve

large-scale problems. Refer to [17,17] for additional information on CARLOS.

25 SAF Version 3.1™

SAIC’s Full-wave solver (SAF) is an extension of FISC. It incorporates all features
of FISC and adds some new capabilities. SAIC currently provides SAF to the
Department of Defense upon request free of charge and like CARLOS, SAF is
proprietary and subject to export control laws under ITAR. SAF offers the capability to

handle mixed geometry types for modeling higher-order surfaces. Triangular facets with



3 or 6 nodes and quad facets with 4 or 9 nodes are accommodated. The higher node
count allows for curvilinear facet edges. Automatic mesh refinement is not available for
curvilinear edges or quad facets. SAF includes the ability to handle bulk materials with
volumetric meshes composed of tetrahedron pyramids or bricks. As opposed to FISC,
SAF will accept permittivity and permeability values for resistive sheets and calculate the
resistance. An exciting feature that has been implemented in SAF is the hybridization of
SAF with Xpatch® (SAIC/Demaco’s high-frequency/asymptotic RCS prediction code)
via a method called “Crossflux”. RCS of grouped targets of varying sizes are addressed
by this hybridization where Xpatch® is used for the larger targets, SAF is used for the
smaller targets and the interactions are computed using the Crossflux formulation. SAF

with Crossflux is not yet publicly available and was not examined in this thesis [19].

2.6 Radar Cross Section

This section will provide the theoretical background for discussion of RCS (o).

Consider the target acquisition radar illuminating a target in Figure 2-1.

Range, R > © 1 Far Zone * Range, R — 1 Far Zone

(@) (b)

Figure 2-1: (a) Plane wave incident on target (b) Target captures a portion of the
incident power o o and reradiates with scattered fields (depicted by the arrows)

dependent on target shape and material properties.
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The radar and target are assumed to be distant from one another so that the wavefront
incident upon the target is approximately uniformly planar. RCS is the equivalent
aperture surface area of a target which captures a portion of the incident field and would
produce an equivalent scattered field at the receiver if radiated isotropically. The
aperture surface area can be thought of as the surface area of an equivalent sphere

radiating the same scattered field back to the receiver as the target.

% A
W,
A F
A
Koyt
(b)

o = o

farget equivalent sphere

Figure 2-2: (a) Target re-radiating captured energy (b) Equivalent sphere radiating to
produce an equivalent scattered field at the receiver.

RCS is defined in units of square meters as follows [4]:

& = power scattered toward source/unit solid angle (2.1)
incident power density/4

More often, RCS is defined in terms of the scattered and incident fields:

8.El (2.2)

S
‘42 4
1

o = lim 47R?

Ry =

where R is the range to the target, ES is the electric field strength scattered from the

target back to the receiving antenna, E, is the electric field strength incident upon the

target and € is the unit polarization vector of the receiving antenna. Polarization is



defined in section 2.10. As alluded to above, RCS is a far-field quantity, meaning that R

is sufficiently large that the wavefront of the incident electromagnetic wave is considered

approximately planar rather than spherical. As an example, Figure 2-3 shows an RCS

range employing a rear reflector to achieve a planar wave front versus use of a single

microwave antenna to transmit a spherical wave front. See section 2.9 for further

discussion of plane waves.

Spherical wave (spreads oc %)

R @ //\{Iane Wave (no spZeading) @

»
»

Spherical wave |
(spreads oc ?)

Figure 2-3: Spherical wave spreading versus plane wave propagation

Monostatic RCS, developed below, assumes that the transmitter is collocated with the

receiver. For this thesis, only monostatic RCS signatures are considered. For a treatment

of bistatic RCS of complex objects see Eigel [9].

Monostatic

Configuration p
— Z
TXRX [ J‘ T m -
Bistatic
Configuration
— |
T L “ |'| > -

Figure 2-4: Monostatic versus bistatic geometry
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2.7 Radar Range Equation and RCS Definition

Given that the transmitted wave is planar because the target is located sufficiently
far from the receiver, a simple derivation of the RCS definition given in equation (2.2)
can be shown [6]. The meaning of ‘sufficiently far’ is given in section 2.11, Far-Field
criterion. The power transmitted by the radar, measured in watts is given by:

P (Watts). (2.3)

Power density transmitted by an isotropic antenna is the transmitted power divided by
47 steradians and by the inverse square of the distance from the transmitter to the target:

(2.4)

. o . P
Transmitted power density (isotropic) = p — (Watts/m?),
T

where a steradian (Sr) is the unit of solid angle. Solid angle is defined as the area
subtended by a cone centered at the origin of a sphere divided by the square radius of the

sphere. An entire unit sphere has a solid angle of 47 steradians.

Area Subtended
by Cone

Figure 2-5: Steradian definition

For a non-isotropic or directional antenna, the transmitted power density is:
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PG,

2.
Transmitted power density (directional) = 4‘— 2.5)
V2

(Watts/m?),

2

where G, is a unitless quantity describing the gain of the transmit antenna. Equation

(2.5) gives the power density transmitted by the antenna, now we must consider how
much of the energy is incident upon or capture