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1. Summary 

This final technical report summarizes the results of research performed under Air Force 

Contract No. F49620-95-C-0006 to develop the capability for accurate simulation of the RCS 

measurement process on high-quality radar ranges, and specifically for the RAMS shadow- 

plane range at Holloman Air Force Base, New Mexico. The general goal of such simulations is 

to determine the magnitude of effects due to the range and the target support on the 

measurements, and to evaluate modifications to the range design that can alleviate such effects. 

An approach has been developed that allows detailed simulations to be performed on existing 

massively parallel computers for the RAMS range at radar frequencies up to 600 MHz. 

One paper was published, one has been submitted for publication, and four technical 

conference presentations were made during this effort. Extensive 2D simulations of a shadow 

plane range were performed using a range profile derived from a topographic map of the 

RAMS site provided by the 46th Test Group at Holloman Air Force Base. The first 3D 

simulations of a low-observable target on a pylon in the RAMS shadow pit were carried out 

using a new unstructured-grid time-domain integration scheme developed as part of this 

research. 

It is anticipated that significant applications of this work will be made in the near future 

to support redesign and upgrades for RAMS. Applications to other radar ranges should also be 

pursued. 

2. Introduction 

The large size of far-field radar ranges poses a serious problem for any numerical 

method that seeks an accurate solution to Maxwell's equations for the fields scattered back to 

the radar from the vicinity of the target and its supporting structure. Even compact ranges are 

typically an order of magnitude larger in every dimension than the targets they measure, so that 
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the number of unknowns required for direct numerical solution is two to three orders of 

magnitude larger than that for the target alone. Since numerical techniques have only recently 

advanced to the point where the radar cross-section (RCS) of an isolated low-observable (LO) 

aircraft can be accurately computed at wavelengths shorter than one meter, it is clear that a 

considerable improvement in solution methods will be required. 

The approach taken in the current effort treats separately the processes of radiation from 

the source radar, propagation over the range, scattering from the neighborhood of the target, 

and propagation back to the radar. A unique, general 3D solver for Maxwell's equations in the 

time domain has been developed to determine the scattered fields. This solver is almost ideally 

suited for massively parallel computing platforms, exhibiting linear speedup over two orders of 

magnitude in the number of processors used. 

The specific application driving this research has been the continuing effort to improve 

the capabilities of the RAMS radar range at Holloman Air Force Base in New Mexico. 

Especially for low-observable (LO) targets at frequencies below 600 MHz, there is concern that 

interactions among the target, its support, and the surrounding range modify the target return to 

a significant extent. To address this concern, the 46th Test Group at Holloman is pursuing a 

number of experimental approaches, including the use of a specially-designed LO target. 

Numerical simulation of the range offers a way to compare the benefits of these 

different approaches, and to explore effects within a wide range of experimentally accessible 

conditions. Quantitative studies can reveal the best directions for redesign of the target support 

or the presence of unwanted effects due to modifications of the range profile. 

The particular approach developed in the research reported here employs explicit time 

integration in a finite-volume framework for an unstructured grid [1]. This method, which 

draws heavily on the foundations of similar techniques current in computational fluid 
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dynamics, is an outgrowth of ongoing work at the Rockwell Science Center on time-domain 

computation of radar scattering from isolated targets [2]. 

3. Methods, Assumptions, and Procedures 

3.1 The RAMS Range: Stages of Simulation 

The RAMS range uses a depression in the ground to hide the base of the target support 

from the illuminating radar. As shown in Fig. 1, a steep ridge (known as the diffraction ridge) 

connects the lower ground plane with the upper plane on which the illuminating radar sits. This 

ridge is horizontal, but inclined about 70 degrees from the line of sight between the radar and 

the target. Thus, the simulation of ridge effects is inherently three-dimensional. 

KcX RadarJJne of Sight 

-Secondary Standard 

25% Slope 

*x     20 ft 

SLO 

Fig. 1. Profile of the RAMS shadow-plane range near the target. The upper flat section is 
inclined about 1.4 degrees from the horizontal. 

The simulation of the ridge, the depression, the target support, and the target has been 

divided into two stages. In the first stage, the modifications of the incident plane wave by the 

ridge profile are determined, while in the second stage, this modified incident wave is scattered 
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off the target and its support. The resulting surface currents on the range, the target, and the 

support are then used to calculate the radar return. 

The first stage simulation uses a dense, relatively uniform 2D grid between the ridge 

and the location of the target support in order to minimize any numerical damping of the waves 

that diffract off the ridge and illuminate the target and its support. The target and support are 

not included in the simulation, but the field values at their location are stored for use in the 

second stage. 

The incident field input for the first stage simulation is constructed from the 

Sommerfeld half-plane solution for the upper ground plane, and for its reflection in the lower 

ground plane, as sketched in Fig. 2. Subtracting these two fields from the total field restricts the 

source currents for the remainder to the near vicinity of the ridge, where they can be accurately 

resolved by the grid. At the boundary of the computational domain, this remainder field is an 

outgoing wave, so reflections from this boundary are minimized by the methods developed for 

pure scattering problems: stretching of the grid near this boundary and zeroing of the 

combination of field components that represents waves incoming along the normal to the 

boundary surface [2]. 

3D Incident Field: 
Half-Plane over Ground Plane 

x' -■page-diffracted Wave 

i 

V Ridge Profile 

Ground Plane 

Reflected Ridge Plane 

RAMS Top View 

Target 
-*0— 

i Ridge 
i Line 

Fig. 2. 2D idealization of 
the RAMS site showing a 
plane wave scattering off 
the upper half-plane and 
the reflection of this 
solution in the ground 
plane. The insert shows a 
top view of the ridge 
profile and its orientation 
with respect to the line of 
sight between the radar 
and the target. 
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For the second stage of the simulation, a 3D grid clustered about the target and its 

support is constructed. Although a portion of the ridge is included in the grid, it is assumed that 

one can neglect the secondary illumination of the target by waves scattered from the target to 

the ridge and back. The computed values of this minor contribution will be weakened by the 

stretching of the grid away from the target. The current sources for the fields scattered by the 

target and its support will be strong only on the target and support and around the base of the 

support, where the grid is clustered. 

This two-stage strategy greatly reduces the number of grid cells needed to do accurate 

range simulations. The 2D grid, which at 600 MHz extends for perhaps 150 wavelengths along 

the ground plane and 100 wavelengths vertically, should require at most a few million grid cells 

to obtain good accuracy in the fields on the target. The 3D grid, due to clustering around the 

target, is of the same order. These simulations can be run efficiently on 128 nodes of the IBM 

SP2 or any comparable parallel architecture. 

3.2 Numerical Method 

3.2.1 General Considerations 

A principal objective of this research effort is to extend the capability for numerical 

solution of Maxwell's equations through the development of more efficient integration 

algorithms, and specifically algorithms that are robust and accurate on automatically-generated 

unstructured grids. Gridding is a major issue: the application of numerical methods to scattering 

from complex targets has been seriously restricted by the magnitude of the effort that is 

required to develop a discretization of the geometry compatible with the numerical method that 

adequately resolves the significant features of the true solution without creating a numerical 

problem that exceeds the available memory or CPU time. 

A Cartesian discretization is trivial to create, but it replaces the actual target boundary 

with a stair-cased surface that impacts solution accuracy in ways that are difficult to analyze. 

Also, the number of Cartesian cells in the grid scales with the highest resolution required on (or 
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inside) the target, so that electrically large problems incorporating fine detail are beyond the 

reach of today's massively parallel computers. Despite these limitations, it is the basis for the 

most widely exploited time-domain solution method in electromagnetics, the Yee algorithm [3]. 

This algorithm uses two interpenetrating grids in space, one each for the electric and magnetic 

fields, and staggers the field unknowns in time, advancing the solution by the "leapfrog" 

approach. 

Generalizations of the Yee algorithm to non-Cartesian grids have been implemented for 

various types of problems [4-6]. However, the major advantage of simplicity in defining the 

grid is lost, while a theoretical basis for analyzing the stability and accuracy of these schemes 

has yet to be developed. Numerical experiment is required to verify that the solution is not too 

sensitive to details of the grid, so that gridding once again presents a significant bottleneck in 

the use of these methods. 

A quite different approach to the time integration of partial differential equations has 

been pursued in computational fluid dynamics (CFD). Flow around an obstacle is discretized on 

a single volume grid, fitted to the body surface and expanding in cell size toward the outer 

boundary of the computational domain, where an appropriate free-stream condition is imposed. 

(An overlapping grid may also be defined to simplify the propagation of information from one 

densely-gridded region to another.) Originally developed for grids consisting of collections of 

distorted Cartesian blocks, these methods have in recent years been extended to unstructured 

grids [7-9]. 

The present work is based largely on the ideas behind the CFD approach to time 

integration on arbitrary grids. The primary difference in emphasis is that time accuracy is a 

major requirement in integrating Maxwell's equations, while often only steady-state solution 

properties are sought in CFD. Propagating waves accurately between different parts of a target 

is a serious concern in computing the radar cross-section (RCS) of complex targets. It shares 
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many features with the problem of aero-acoustics in CFD, as has been recognized by Roe and 

his collaborators [10]. 

Methods for the automatic generation of unstructured grids have primarily been 

developed to support the finite-element solution technique, which is widely popular in 

structural mechanics [11]. This method now has a firm mathematical basis, and it is being 

applied to both fluid dynamics and electromagnetics in a variety of contexts. While recent 

studies of time-accurate integration for electromagnetics are promising [11,12], the sensitivity 

of the finite-element technique to irregularities in the grid remains to be established for wave 

propagation. It is an unfortunate feature of the automatic generation methods that many grid 

cells are created having extreme aspect ratios among the edge lengths of the cell, and such 

irregular cells are often found near the target surfaces. 

The family of time integration methods developed in the present work can be considered 

as finite-volume schemes, in the sense that the basic unknowns represent averages of the 

continuum solution over each cell in the grid. To advance these unknowns to the next time 

level, approximations for the solution at the cell boundary are formed from the neighbor cell 

averages, and these approximations are integrated in a manner consistent with the underlying 

partial differential equation to give an estimate for the time increment in each unknown. 

Predictor-corrector or Runge-Kutta schemes are then used to combine various estimates in such 

a way that the desired degree of accuracy in both time and space is maintained in the final 

update. 

A preliminary study has been made of the accuracy and stability properties of these 

methods for unstructured grids [13]. Results for one spatial dimension indicate that good wave 

propagation characteristics are achievable at moderate average spatial resolution on periodic 

grids that stretch and compress by a factor of four or more. Numerical experiments in two and 

three dimensions confirm these observations, and recent results included in this report show 

that grid sensitivity has been greatly reduced. 



'1* Rockwell 
Science Center 

SC71105 

3.2.2 Finite-Volume Integration 

Maxwell's curl equations for the electromagnetic fields in a material medium can be 

written in SI notation as either local first-order partial differential equations or as integrals over 

an arbitrary volume V bounded by a regular surface dV: 

Differential Form Volume Integral Form 

dB/dt = -VxE, (la) d[JyB dV]/dt = - Jav n x E dS, (lc) 

ÖD/3t = VxH-J        (lb) d[JvD dV]/dt = jav n x H dS - JVJ dV, (Id) 

where B is the magnetic induction, D is the electric displacement, E is the electric field, H is the 

magnetic field, J is the electric current, and n is the outward-pointing unit normal to 8V. These 

equations are supplemented by the conditions VB = 0 and VD = p , where the electric charge 

density p obeys the basic conservation law dp/öt = -VJ. These two relations can be regarded as 

initial conditions, since the curl equations guarantee that the time increments in B and D will 

also satisfy the conditions. 

For purposes of exposition, this section of the report considers propagation in free 

space, where J vanishes, D = e0E, and B = |a0H (where s0 and \Xo are the permittivity and 

permeability of vacuum, respectively). The principles described below apply equally well to 

material media, but the relations among the field variables are generally more complicated. 

It is convenient to write for B and D a single "vector" Q of six field components, and to 

define a tensor flux F(E, H) in terms of which Maxwell's equations can be written in standard 

conservation form: 

Conservation Form 

Q = (B, D) (2a) 

Fx = (ixE,-ixH), Fy = (jxE,-jxH),   Fz = (k x E,-k x H)      (2b) 

dQ/dt + V-F(Q) = 0 (2c) 
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In this way, the set of six equations is cast into the same mathematical structure as conservation 

of charge. 

If one integrates 5Q/St + V-F(Q) = 0 over each grid cell a, the result is: 

dQa/dt = -Jaan-F(Q(r,t))dS/Va, (3) 

where   Q (t) = J  Q(r,t) dV/V   , da is the boundary of cell a, Va is its volume, and n is the 

outward-pointing unit normal to 5a at r. In the present approach, this surface integral is 

implemented as a sum over all faces of the cell. 

Finite-volume schemes differ on how they estimate Q on each face, and on how dQ/dt is 

used to update Q. Integration methods are limited by the accuracy with which the values for Q 

at a cell face are reconstructed from the volume averages Qa. Typical reconstruction schemes 

are second-order accurate on uniform grids. They incur lower order errors on grids where cell 

shapes are irregular. 

3.2.3 Time Integration Alternatives 

3.2.3.1 Taylor Series in Time 

In developing the second-order finite difference scheme that bears their names, Lax and 

Wendroff started from a Taylor series expansion of the solution u(x, t + At) in the time 

increment At and replaced the repeated time derivatives of u in this expansion with space 

derivatives of the flux f(u), where the basic partial differential equation had the form: 

Su/dt + df(u)/dx = 0 . (4) 

The space derivatives were then approximated by central differencing on a uniform grid. The 

values U(XJ, tn) could be regarded either as approximations to the point values of u or as 

averages over each grid cell. 
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Extension of this approach to multidimensional unstructured grids and multicomponent 

unknowns Q is most naturally carried out in terms of cell averages. A Taylor series for Qa(t + 

At) can be written in terms of Eq. (3) and its higher time derivatives. 

Evaluating a typical term in this series involves determining values for the function Q 

and its spatial derivatives up to some order at the boundary of the cell. The simplest schemes of 

this type advance only the cell averages to the next time level and approximate, or 

"reconstruct", the variation of Q within a cell from these averages. 

The boundary values of the reconstructed function at the interface between two cells 

will in general differ, depending on from which side the interface is approached. Godunov 

suggested regarding this difference as a discontinuity in the actual solution, and proposed 

calculating the cell averages at the next time level by appropriately propagating this 

discontinuous field. This step involves solving a classical Riemann problem at each interface. 

When F(Q) depends linearly on Q, as it does for Maxwell's equations in the limit of 

weak fields, the Riemann problem can be solved exactly in terms of the eigenfunctions and 

eigenvalues of the Jacobian matrix 3F/3Q. Characteristic combinations of the elements of Q can 

be identified that propagate as simple waves w(n-r ± ct) across the interface. Expressing the 

discontinuity in Q in terms of these waves allows the behavior of Q at the interface for 

infmitesimally later times t + s to be well approximated. Because the data determining this 

behavior are drawn only from the waves that propagate toward the interface from either side, 

this process is called "upwinding." 

3.2.3.2 Upwind Taylor Integration 

It is the upwind values for Q and its derivatives that enter into the surface integrals of 

Eq. (3) and its derivatives in the upwind Taylor scheme. To complete the description of the 

scheme, one needs to specify how Q is to be reconstructed in each cell from its averages. The 

10 



4L* Rockwell 
Science Center 

SC71105 

details of this procedure directly influence both the accuracy and stability of the overall 

algorithm, as well as its computational efficiency. 

In the upwind Lax-Wendroff scheme [1], a linear variation of the solution in each cell is 

determined from upwind values for Q at the cell faces, calculated from the average values in the 

two cells neighboring each interface. This procedure doubles the size of the allowable time 

step, compared to the original Lax-Wendroff scheme, but it limits the accuracy of the 

reconstruction and adds considerable dissipation in cells large compared to the optimum size. 

An alternative reconstruction procedure commonly employed in computational fluid 

dynamics starts from the assumption that the solution is smooth over a region encompassing 

many near neighbors of each cell, with continuous derivatives up to some order. The averages 

over neighboring cells are then expressible in terms of these derivatives, and a collection of 

these expressions is solved for the derivatives [7]. Real discontinuities in the solution, such as 

shock waves, complicate the choice of neighbors and may degrade the accuracy locally. 

In electromagnetics, field discontinuities occur primarily at domain boundaries and 

material interfaces, the locations of which are known in advance. Appropriate boundary and 

interface conditions can be derived from Maxwell's equations, and these conditions can then be 

used to carry information into each cell neighboring such a boundary, provided the boundary is 

smooth. Near geometrical singularities, such as cracks and edges, the representation inside the 

cell may include singular functions. In regions away from physical boundaries it is feasible to 

assume smooth behavior of the fields, and this is the approach that has been followed in the 

current effort 

3.2.3.3 Runge-Kutta Integration Schemes for Maxwell's Equations 

-The dissipation that is an inescapable part of upwinding can effectively be avoided by 

using central estimates for spatial derivatives. While Yee's scheme is the method of this type 

11 
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most well-known to the electromagnetics community, Runge-Kutta central schemes have been 

widely exploited in computational fluid dynamics [9]. 

The essential difference between Lax-Wendroff schemes and those of Runge-Kutta type 

can be understood with reference to equation (3), which expresses the time derivative of the 

volume average Qa in terms of a surface integral of the flux. Rather than directly expanding 

Qa in a Taylor series in time, one regards (3) as a first-order system of ordinary differential 

equations for the set of unknown Qa's. The estimate for Q(r, t) at the cell interface is expressed 

as a linear combination of the surrounding Qa's, closing the system of equations, which can 

now be written 

^Q = H(Q), (5) 

where H is a sum over the flux from each face of the cell, and Q is the set of unknown volume 

averages {Qa} . The lowest-order central estimate for Q at a cell face aß is just (Qa + Qß)/2. 

Note that, in contrast to the upwind Lax-Wendroff scheme, it uses no information about the 

characteristics of the flux. 

The Runge-Kutta schemes for integrating a first-order system of the type (5) are 

explicit, single-step methods that involve constructing a number of intermediate estimates 

Q(v) at time levels between n and n+1. Each intermediate stage has the form 

Q(y) - Qn + ^At HCA-viQ^"1) + A.v2Q(v-2) +•••), (6) 

with Q(°) = Qn , while the final update is written as 

Qn+1 = Qn + At[a0Ho+ cqHi + ... + OK-IHK-I] , (7) 

where Hv = H(X.viQ(v-1) + XV2Q^V_2^ + •••) and K is the number of stages in the scheme. Time 

accuracy up to the order of the number of stages is obtained with appropriate conditions on the 

coefficients [i, X, and a. 

12 
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The advantage of Runge-Kutta schemes of third order and higher for wave propagation 

is that they need not damp oscillatory solutions: their region of stability includes purely real 

frequencies. When H is a linear function of Q, as it is for Maxwell's equations, each eigenvector 

Ex of H will satisfy (5) with a time dependence e~1C0t: 

-icoEx = H(E^) = XE^ , (8) 

where the eigenvalues X are determined by the spatial discretization and the boundary 

conditions. For a central discretization on a uniform grid with periodic boundary conditions, all 

the eigenvalues are imaginary, and the eigenfunctions are in fact simple sinusoidal waves. Also, 

the set of eigenvectors of H spans the complete space of solutions for Q, so that any initial 

condition on Q can be represented by them. 

For a general unstructured grid, the eigenvectors of H are not sinusoids, but a "central" 

discretization can still produce an imaginary eigenspectrum. In such a case, the Runge-Kutta 

methods will preserve the amplitude of any initial wave indefinitely. Its phase, however, will 

not track that of the exact solution, except at wavelengths long compared to the size of the grid 

cells, nor will the form of the wave remain sinusoidal, as the various eigenvectors composing 

the initial wave will have different characteristic frequencies. High-order central discretizations 

will, of course, preserve the phase over longer distances of propagation. 

When high spatial frequencies are present in the initial conditions, for example in 

scattered-field computations with vanishing initial fields except at the target boundary, the lack 

of dissipation for high-frequency eigensolutions poses a problem. Although the behavior of 

these solutions bears very little resemblance to exact solutions of Maxwell's equations at these 

frequencies, they will continue to add unwanted structure to the solution indefinitely. To 

remove this structure, filtering procedures of various forms have been applied, including the 

addition of damping terms in (5) proportional to some high spatial derivative of the solution. 

Filters with very little damping at long wavelengths can be implemented in this way. 

13 
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In the current effort a simple filter implemented by Jameson [9] that models the fourth 

spatial derivatives of the solution has been implemented. On a regular grid, this filter reduces to 

an estimate for V4Q, constructed in a two-step process from the neighbor volume averages. On 

general grids, lower order derivatives contribute significantly to the filter. As part of developing 

the new code UPRCS, the effect of this damping term on stability and accuracy has been 

investigated in a series of numerical experiments, and a suitable range for its magnitude has 

been determined. 

The form of the fourth-order damping term, denoted D4Q, can be represented as a sum 

over all faces of the parent cell a: 

D4Q„ = KS  [D2Qß-D2Qa], (9) 
faces 

where K is a constant determined by numerical experiment, typically 1/256, and D2Q is given 

by 

D2Qa = E[Qß-Qa] (10) 
faces 

This damping term is added to each of the four stages of the Runge-Kutta time integration 

procedure. 

3.2.4 Taylor Series Reconstruction 

Inside Cell a, the fields are assumed to be analytic functions of r: 

Q(r, t) = Q(ra, t) + Zt^1 dy
m d« Q(ra, t)](Ma)Vya)Vza)B/l!m!n! (11) 

lmn 
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where r  is the centroid of cell a and, e.g., d  stands for d/dx. At the cell surface each normal 

and tangential component of these derivatives satisfies a continuity condition involving the 

values of s and \i on either side of the interface. Using these conditions, the variation of Q inside 

each neighbor cell ß can be written in terms of its expansion inside cell a. For simplicity, this 

section considers free space cells, for which there are no discontinuities in the derivatives. 

Matching the volume integral of the Taylor expansion over a neighbor cell ß to the 

known volume average Qß gives a condition on the derivatives of Q in terms of the geometric 

moments Mßlmn of the cell about ra: 

Qp(t) = Q(ra, t) + Zt^1 dy
m 5z

n Q(ra, t)] Mß
lmn(ra) /l!m!n!, (12) 

lmn 

where 

Mß
lmn(ra) = Jß (x-xj(y-ya)m(z-zaf dV/Vß (13) 

For any set of neighbor cells, the differences Qß - Qa thus can be expressed in terms of 

these moments and the derivatives of Q at ra: 

Qp(t) - Qa(t) = T[dx
l 8y

m dz
n Q(ra, t)][Mß

lmn(ra) - Ma
lmn(ra) ]/l!m!n!. (14) 

lmn 

Each difference has the form of a scalar product DQaDMß between the unknown derivative 

"vector" [dx
! d m dz

n QJ and a moment "vector" [Mß
lmn - Ma

lmn] determined by the local cell 

geometry. These are vectors in an infinite-dimensional space Q where the scalar product is 

defined as: 
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A • B = Z AlmnBlmn/l!m!n! (15) 
lmn 

The whole set of differences can be regarded as determining the projection of DQa onto 

the subspace of Q spanned by the collection of neighbor moment vectors  {DMP}. The 

components of DQ  that are orthogonal to all the DIVL's are undetermined. 

One can summarize all this by writing 

5x' dym dzn Qa = 2 Aa
ß[Mß

lmn(ra) - Ma
lmn(ra)] + Ra , (16) 

ß 

where R -DMR = 0 for each neighbor ß, and the coefficients A    are linear combinations of the 

differences Qß - Q , found from the known scalar products as: 

Aa
ß = [DMß-DM/1 [Qy - QJ = Zaa

ßy [Qy - QJ. (17) 

y 

In what follows, we will take Ra = 0. More generally, one can choose Ra to satisfy the 

divergence conditions on B and D, while minimizing its total "length," Ra • Ra. 

3.2.5 Evaluating the Face Integrals 

At the interface aß between cell a and cell ß, the flux F(Q(r,t)) will use values for Q 

derived from both sides, i.e., from the two derivative vectors DQa and DQ„. The specific time 

integration scheme will determine a linear combination Q* of the two Taylor series to replace 

Q(r,t) in the argument of F: for an upwind scheme, Q* will be the Riemann combination, while 
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for centered Runge-Kutta schemes, Q* will normally be the arithmetic average. To allow for 

both possibilities, we shall write Q* = caQ  + cßQß with constants c determined by the scheme. 

Since the Maxwell flux is linear in Q, integrating F over the face aß consists of 

integrating each piece of Q* separately: 

jaß n • F(Q*) dS = 

naß- 5F/ÖQlaß{ca[Q(ra, t) + DQa-Dra] + cß[Q(rß, t) + DQß-Drß]} dS,        (18) 

where the "vector" Dr  has components (x-x ) (y-y„) (z-z )n . Integrating Dr 

over the face gives the "vector" of geometric moments of the face, Naß (ra): 

Naßln>a) = 'aß ^a™ dS/Saß = 'aß ^A^"^-*/ dS/Saß ^ 

The flux integral over face aß now reduces to 

laßn.F*dS = 

naß-5F/5Q{ca[Q(ra, t)+ DQa- Naß (ra)] + cß[Q(rß, t) + DQß-Naß (rß)]}Saß , (20) 

where the value of Q at the cell centroid can be obtained from the volume average as: 

Q(ra,t) = Q«(t)-DQa-Ma(ra). (21) 

The face integral can thus be expressed in terms of the known volume averages and the dot 

products DQa- [Naß(ra) - Ma (r^] and DQß- [Naß(rß) - Mß (rß)]. 
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Substituting the representation for each DQ in terms of the neighbor moments and the 

volume averages (from the end of Section 3.4 above), one finally obtains after some collecting 

of terms: 

Jaßn.F*dS = naß.aF/ÖQlwaß
YQy, (22) 

where the weights v/J are calculated from the various geometric moments of the neighbor 

cells and the face aß. 

4. Results and Discussion 

4.1 Incident Field Computation 

As discussed in the Introduction (Section 2), the first stage of simulation for the RAMS 

site is to determine the modifications to an incident plane wave caused by the interaction of the 

wave with the range profile, and specifically with the diffraction ridge leading down to the 

shadow pit. Because there is essentially no variation in the profile along the direction parallel to 

the ridge line, the only physically allowed variation of the fields in this direction is a phase 

factor exp(ikaz), where kz is the component of the incident wave vector k parallel to the ridge 

line and z is distance along the ridge. The variation of the fields in the plane perpendicular to 

the ridgeline can thus be determined separately, as the solution to a two-dimensional boundary 

value problem. 

To accurately simulate this problem within a finite computational domain, one must 

deal explicitly with the incident plane wave and its reflections off the flat sections of the range. 

These waves do not decay with distance from the ridge line, and thus will contribute 

substantially at the outer boundary of the domain. One can remove these contributions from the 

simulation by subtracting from the total field a solution of Maxwell's equations that 

incorporates this far-field behavior. 
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The Sommerfeld solution for scattering from a conducting half-plane provides the 

means to perform this subtraction, giving expressions for the fields in terms of easily evaluated 

Fresnel integrals. Considering the upper flat section from the illuminating radar to the ridge as 

an isolated half-plane, its solution Eu and Hu in the space above the ridge incorporates the 

behavior of the incident wave and its reflection from the upper half-plane (at the near-grazing 

incidence angles of interest for the range, the ground acts as an essentially perfect reflector). 

The reflection of the incident wave from the lower flat section beyond the ridge can be obtained 

from the reflection of the upper half-plane Sommerfeld solution about this lower plane, which 

will be denoted Er and Hr. 

The sum of these two special solutions satisfies the perfectly conducting boundary 

condition n x E = 0 on the lower flat section of the range, but n x Er does not vanish on the 

upper flat section. However, this upper section lies in the shadow of the reflected half-plane 

problem. As a consequence, when this sum is subtracted from the total field, E provides a 

source for the remainder, or diffracted, field on the upper half-plane that decays rapidly in 

strength with distance away from the ridge. 

The other, and primary, source for the diffracted fields is the ridge profile that connects 

the two flat sections of the range. Here both Eu and Er provide strong, non-vanishing tangential 

fields that will modify the plane-wave illumination of the target and its support. Gridding near 

this ridge must be dense enough to achieve accuracy in the phase and amplitude of the 

diffracted fields, and the grid between the ridge and the location of the target complex must be 

capable of propagating these fields accurately to the target site. 

Outside of this critical region, only outgoing waves are present in the diffracted-field 

solution, and these decay in amplitude with distance from the ridge line. In the regions where 

this behavior obtains, grid density can be reduced rapidly without significantly affecting the 
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field values computed at the target site, and the computational domain can be terminated with a 

simple outgoing-wave condition on the fields. 

A detail of the 2D grid near the ridge implementing these considerations is shown in 

Fig. 3. The grid resolution between the ridge and the target site was nowhere less than 20 points 

per wavelength at the simulation frequency of 131 MHz, which is near the lower limit of 

interest for RAMS; about 260,00 triangles composed this grid. Even at this low frequency, 

where diffraction effects are largest, one finds from the 2D simulation that the amplitude of the 

diffracted field at the target site is less than 3 % of the incident-wave amplitude. 

Fig. 3. Unstructured triangular grid in the vicinity of the diffraction ridge 

The qualitative features of the diffracted-field solution are illustrated in Fig. 4. A 

cylindrical wave emanating from the ridge slope and a plane wave from the flat tail of the slope 

are the primary components. The strong cylindrical-wave diffraction off the top edge of the 

ridge has been subtracted out as part of the Sommerfeld solution. It is added back in for the 

second stage of the simulation, where the 3D scattering off the target and its support are 

computed. Its effects are evident in the total-field plot of Fig. 5, where the field is seen to be 

effectively nullified very close to the ridge and near the bottom of the shadow pit. 
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Fig. 4. Snapshot of the numerically generated diffracted electric field, which modifies the two 
half-plane solutions to produce the wave incident on the target and its support. 

Fig. 5. Snapshot of the total electric field for the same conditions as in Fig. 4. 

The final step of the 2D simulation is to store the amplitude and phase of the total 

tangential electric field at the centroid of each surface element on the target and its supporting 

pylon. These data provide the boundary values for the 3D simulation of scattering from the 

whole structure. 

4.2 3D Scattering Simulation: ORCA Target on the RAMS Pylon 

The purpose of these first 3D simulations is to determine the computational resources 

required to obtain results that will be useful for assessing range effects on the measured RCS 
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for Low Observable targets. Such a target has been designed and constructed at RATSCAT, a 

modified almond shape designated the ORCA (for Optimal Radiation Calibration Apparatus). It 

has a very low nose-on RCS over the band of frequencies between 120 and 600 MHz, and its 

return has been measured at RAMS over this band as a function of azimuth angle at zero 

elevation (a waterline cut). Figure 6 shows the ORCA geometry and a typical surface gridding 

for the target. 

Various views of the unstructured 3D range grid generated for this simulation are shown 

in Fig. 6. This grid includes not only the range profile, but also the ORCA and the RAMS 

pylon. It was generated automatically from 2D triangular grids on each section of surface 

enclosing the computational domain, including the outer boundary. A moderate resolution of 

20 points per wavelength was maintained at the target edges, and the minimum resolution 

between the target and the diffraction ridge was 10 points per wavelength. To simplify the grid 

generation for these tests, the vertical plane bisecting the pylon was taken as a symmetry plane, 

with the ridge line reoriented perpendicular to this plane. The resulting grid contained 630,000 

tetrahedral cells in the half-space to one side of the symmetry plane. 

The 3D scattered-field simulations could be run efficiently on as few as 8 nodes of an 

IBM SP2, and test runs were made on 8, 16, 32, and 64 nodes to verify that nearly linear 

speedup could be obtained. A typical run on 64 nodes took less than an hour using the current 

version of the unstructured-grid solver UPRCS. This version has not been optimized for the 

application of modified incident fields at the conducting boundaries, and does not yet 

incorporate the high-order corrections outlined in Section 3. It employs fourth-order Runge- 

Kutta time integration. 
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c) d) 

Fig. 6. ORCA and pylon 3D gridding: a) ORCA/pylon geometry; b) Surface grid on ORCA and 
pylon; c) The triangular grid on the symmetry plane behind the pylon; d) Symmetry 
plane grid near the ridge 

Results for the scattered and total electric field parallel to the ridge line are shown in 

Figs. 7 and 8 for the case of a horizontally-polarized 131 MHz incident wave. The ORCA is 

oriented nose-on to the illuminating radar, and the angle of incidence is chosen to place the 

ORCA at the first maximum in the electric field created by the incident plane wave and its 

reflection in the upper half-plane. To derive the radar return from these simulations, one must 

integrate the surface currents induced on the target, pylon, and ground with the appropriate far- 

field Green's function (which includes diffraction off the edge of the upper half-plane). 

However, one can already observe in these figures a definite effect of the pylon on the 
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scattering, which will show up in the measured RCS. A simulation without the pylon, including 

only the ORCA suspended above the shadow pit, would provide a direct measure of the impact 

of the pylon on the RCS. 

Fig. 7. Scattered E field (component parallel to ridge line) within the shadow pit at 131 MHz 
for H-polarized incident wave 

Fig. 8. Total E field (component parallel to ridge line) within the shadow pit at 131 MHz for H- 
polarized incident wave 

4.3 Grid Sensitivity Test: The Business Card 

A major reduction in sensitivity of the solution to details of gridding has been 

demonstrated with the new code UPRCS, which implements an unstructured-grid fourth-order 

Runge-Kutta integration scheme of the type outlined in Section 3.2.3.3. In Fig. 9 results for the 

RCS of a thin rectangular plate illuminated near grazing incidence are plotted for two radically 
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different grids: an unstructured triangular grid extruded into prisms normal to the plate, and a 

structured rectangular grid, extruded in the same way. Both grids have been clustered near the 

edges of the plate to better model the singular behavior of the fields at these edges. The 

dimensions of this plate are those of the Electromagnetic Code Consortium Test Case 4, and the 

conditions match those of the range measurements made at NAWC-China Lake. 

Business Card Flat Plate Business Card Flat Plate 
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Fig. 9. Grid Insensitivity of UPRCS: Comparison of business card RCS results for an 
unstructured and a structured grid with range measurements 

Test Case 4 proved to be difficult for many of the codes tested by the Consortium, 

largely because of the dominant traveling-wave contribution to the RCS near zero azimuth. To 

obtain satisfactory accuracy with the original Rockwell upwind code RCS3D, the clustering of 

structured cells at the plate edges had to approach 50 points per wavelength. In contrast, 

UPRCS achieves the same level of agreement with no more than 30 points per wavelength. Of 

more significance for this study, essentially the same results are obtained for the unstructured 

triangular cross-section grid at the same level of resolution. The first Rockwell unstructured- 

grid solver RCSUN (also employing a pure upwind algorithm) required about three times as 

many cells to obtain a satisfactory result. 
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The algorithm in UPRCS has removed two sources of error present in the earlier codes: 

excessive damping and inaccurate extrapolation to the cell faces. It is anticipated that 

implementing the high-order extrapolations outlined in Section 3 will further improve the 

accuracy of the method at moderate resolution, and will also increase the robustness of the 

results in the presence of irregular grid cells, which are a common feature of automatically- 

generated grids. 

5. Conclusions 

The initial radar range simulation results presented here demonstrate that the methods 

for time-domain integration of Maxwell's equations have reached a stage where present-day 

high performance computers can be used to explore and improve upon range design, based on 

direct computation of the radar return at frequencies below 600 MHz. Opportunities for 

increasing the accuracy and efficiency of the integration methods on unstructured grids have 

also been identified, and these possibilities are being actively pursued. In the long term, 

improvements to the basic algorithms will allow these methods to be applied to more difficult 

optimization scenarios and higher frequencies. In the near term, one can undertake detailed 

studies of many experimental schemes for extending accurate RCS measurements to lower 

frequency on existing radar ranges. 
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