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The characteristic-based finite-volume time-domain method is applied to analyze the
scattering from conducting objects coated with lossy dielectric materials. Based on
the characteristic-based finite-volume scheme, two numerical strategies are devel-
oped to model the electromagnetic propagation across different dielectric media. One
introduces a connecting boundary to separate the total-field region from the scat-
tered-field region. The other employs the scattered field formulation throughout the
computational dom ain. These two strategies are verified by numerical experiments to
be basically equivalent. A numerical procedure compatible with the finite-volume
scheme is developed to guarantee the continuity of the tangential electric and
magnetic fields at the dielectric interface. Rigorous boundary conditions for all the
field components are formulated on the surface of the perfect electric conducting
( )PEC objects. The numerical accuracy of the proposed technique has been vali-
dated by comparison with theoretical results.

Introduction

The characte ristic-based time-domain method, developed in the computational
( )fluid dynamics community CFD for solving the Euler equations , has been applied

(to solve electromagnetic problems in recent years Shang, 1995a, 1995b, 1996 , 1999;

Shang & Gaitonde , 1995a, 1995b; Shang & Robert, 1996; Shankar , Hall, &
)Mohammadian , 1989; Shankar , Mohammadian , & Hall, 1990 . The basic approach

of the characte ristic-based method is to reduce the three-dimensional system of

equations to an approximate Riemann problem in each spatial direction. The
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sequence of one-dimensional problems is then solved to obtain the solution to the
( )original problem Shang, 1995a . The basic algorithm can be implemented for

either the finite-difference or the finite-volume procedure. The characteristic-base d
algorithm has several advantages over other time-domain methods. First, it can

suppress reflected waves from the truncated outer boundary by simply interdicting

the incoming propagation from the split flux vectors. Second, the governing

equation can be easily cast into a body-oriented curvilinear coordinate system,

which greatly facilitates the computation of electromagne tic fields around a com-

plex scatterer. Third, the equations in flux vector form are split according to the
sign of the eigenvalue s, which enforces the directional propagation of information

for wave motion and hence provides a more robust stability than a central

differencing scheme. In addition, it can achieve a higher order accuracy easily by

using a higher order interpolation or extrapolation technique to construct the flux
( )vector at the cell vertexes or interfaces Shang & Gaitonde , 1995a .

Because of the above advantages , several researchers have pioneered the
application of this method to the analysis of electromagnetic scattering problems
( )Shang, 1995a, 1996, 1999; Shang & Gaitonde , 1995b . However, a survey of

literature reveals that the present effort is focused on the scattering by perfect
( )electric conducting PEC objects, and there is little application of this method to

the scattering by objects coated with lossy dielectric materials. However, this

analysis is of great importance to practical applications , especially the reduction of
( )radar cross section RCS of low observable targe ts. Although the characte ristic-

based method allows the discontinuous data to be transmitte d unaltered through-
( )out the entire computational domain Shang, 1995a , it encounters two difficulties

when it deals with a dielectric interface. First, it exhibits a pronounce d dissipation
( )error afte r a long-time propagation Shang & Robert, 1996 . Second, since the six

components of Maxwell’s equations are placed at the same point , much effort is
needed to enforce the boundary conditions at the dielectric interface.

To solve this problem, two methods are carefully constructed in this paper

based on the finite-volume scheme. One introduces a connecting boundary to

separate the total-field region from the scattered-fie ld region, so that the boundary

conditions can be easily implemented on the dielectric interface , although the

scattered-field data has to be exchanged with the total-fie ld data near the connect-
ing boundary. The other method employs the scattered field formulation through-

out the domain of interest, and hence the data exchange near the connecting

boundary can be avoided. However, more attention needs to be paid to deal with

the dielectric interface. Both of these two methods apply the scattered field at the

truncated outer boundary, which enhances the performance of the compatibility

condition. Numerical experiments indicate that these two methods are basically
equivalent. In order to improve the accuracy of the characte ristic-based algorithm ,

rigorous boundary conditions are derived for all the field components on PEC

surfaces in the generalized curvilinear coordinate system. A numerical scheme to

characte rize the dielectric interface is developed to correctly simulate the wave

propagation across different media. To demonstrate the validity of the proposed

method, a conducting sphere coated with electric or magnetic lossy media is
simulated. The sphere is considered due to the availability of the theoretical

results. It is shown that the present method successfully captures the interaction of

electromagne tic waves with the perfectly conducting surface and the dielectric

interface .
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Formulation

In this section, the basic numerical scheme of the characteristic-base d finite-volume
method is described first. Two methods are then developed to analyze the scatter-

ing from coated objects. Finally, a detailed formulation is presented to characte rize

the PEC surface and the dielectric interface .

Governing Equations

( )In a generalized curvilinear coordinate system j , h , z , the governing equation for
( )the total field in a homogeneous medium can be written as Shang , 1995a

 U  F  G  H
( )q q q s yJ. 1

 t  j  h  z

The transforme d dependent variable s U and the flux vectors F,G,H in the above

equation are given by

U s U r V , J s J r V ,

F s j F q j G q j H r V ,( )x y z

G s h F q h G q h H r V ,( )x y z

( )H s z F q z G q z H r V , 2( )x y z

where

BI Kx
B y

Bz
í ý ( )U s , 3

Dx

Dy

J LDz

0 yD r eI K I KD r eI K yz
yD r ez 0 D r ex
D r e yD r ey x 0

í ý í ýí ý ( )F s , G s , H s . 4
0 yB r m B r mz y

B r mz 0 yB r mx

J LJ L J LyB r m B r my x 0

Terms like j are known as the metrics of the coordinate transformation and Vx

represents the Jacobian of the coordinate transformation. They are jointly deter-

mined by the nodes and edges of the elementary cell. Taking the lossy effect into
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consideration , the right-hand side J is expressed as

s B r mI Km x

s B r mm y

s B r mm z
í ý ( )J s . 5

s D r e q Je x x

s D r e q Je y y

J Ls D r e q Je z z

( )Equation 1 can be integrated over an arbitrary volume V to obtain

( ) ( )U d V q F q G q H d V s y J d V , 6H H H H H H H H Ht j h z
V V V

which can be written as

( ) ( )U d V q = ? W d V s y J d V , 7H H H H H H H H Ht
V V V

where

Ã Ã ( )W s Fj q G h q H z . 8Ã

( )Application of the divergence theorem to the second integral in 7 gives

( ) ( )U d V q W ? n dS s y J d V , 9ÃH H H H H H H Ht
V S V

in which n is the unit vector normal to the surface S bounding the volume V . TheÃ
construction of the flux vectors F, G, and H at the interface of each cell adopts the

(concept of splitting introduced by Steger and Warming for CFD Shang & Robert ,
)1996 . If the cell-centered finite-volume scheme is employed, the flux vectors can

be split as

1
q L

1
y R

1F s A U q A U ,i q i q i q2 2 2

1
q L

1
y R

1G s B U q B U ,j q j q j q2 2 2

q L y R ( )1 1 1H s C U q C U , 10k q k q k q2 2 2

where the superscripts L and R denote the reconstructed dependent variable s at

the left and the right sides of a cell interface. Readers can refer to the literature
( )Shang & Robert, 1996 for the detailed formulation of the positive and negative

coefficient matrices. The state s UL and U R at any interface are constructed by a

windward-biased formula:

f
L w ( ) ( ) ( ) ( ) x1U s U q 1 y k U y U q 1 q k U y U ,i q i i iy1 i q1 i

2 4

f
R w ( ) ( ) ( ) ( ) x ( )1U s U y 1 q k U y U q 1 y k U y U . 11i q i q1 i q1 i i q2 i q12 4
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1If k s and f s 1, the algorithm is spatially third-orde r accurate. The fractional-3

( )step method Shang, 1995b or the Runge ] Kutta family of single-step multistage
( )procedures Shang , 1995a, 1999 can be employed to accomplish the time integra-

tion. In this paper, a single-step two-stage Runge ] Kutta scheme is used to

guarantee the second-order accuracy.

When the characteristic-base d finite-volume algorithm is used to analyze a

coated scatterer, a connecting boundary can be introduced to separate the total-fie ld

region from the scattered-fie ld region. The introduction of the connecting bound-
ary provide s two advantages. First, the boundary condition at the dielectric inter-

face can be more easily satisfied by the formulation of the total field. Second, the

application of the scattered field at the outer boundary of the computational

domain enhances the performance of the compatibility condition.
( )Since a connecting boundary is introduced to the finite-volume scheme , 11

needs to be modified near the connecting boundary. Referring to Figure 1 which
1portrays a row of finite-volume cells with the face i q separating the total-fie ld
2

1and the scattered-field regions , the construction of the state s at the cell face i q ,
2

1 1( ) ( )i y 1 q , and i q 1 q should be adjusted. As an example , the modified2 2

1formulation of the total field U is given as follows:i q 2

f
L inc( ) ( ) ( ) ( )1U s U q 1 y k U y U q 1 q k U q U y U ,i q i i iy1 i q1 i q1 i

2 4

f
R inc in c( ) ( )1U s U q U y 1 q k U q U y Ui q i q1 i q1 i q1 i q1 i

2 4

i n c in c( ) ( ) ( )q 1 y k U q U y U y U . 12i q2 i q2 i q1 i q1

Another strategy for the analysis of a coated scatterer is to use the scattered

field formulation throughout the computational domain. From Maxwell’s equa-

Figure 1. Geometryof a row of finite-volume cells.
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tions, it can be easily derived that the scattered field satisfies

 U  F  G  H Js s s s m
( )q q q s y , 13w 5J t  j  h  z e

where

D i n c  Bi n c

J s = = q ,m e  t

Bi n c  D in c

( )J s y = = q . 14e m  t

( )Obviously, J and J are nonzero only within the coating layers. In 13 , them e

dependent variable U is made up of the scatte red-fie ld components. The fluxs
( )vectors F , G , and H take the same form as 2 except that they are determined bys s s

the scattered field. When the lossy phenomenon is considered, the right-hand side
( )of equation 13 is correspondingly modified to

D in c  B in c B
J s = = q q s ,m me  t m

Bi n c  D in c D
( )J s y = = q q s , 15e em  t e

where B and D are the total field components. At the dielectric interface as well as
the scatte rer surface , the incident field should be added to the scattered field to

enforce the boundary condition. Since the two strategies basically produce the

same result, the first one , which employs a connecting boundary, is used to

generate numerical examples in this paper.

Boundary Condition Implementation

The correct implementation of boundary conditions is of great importance to the

accuracy of the numerical procedure. It follows naturally from the fact that when

the governing equations are identical, only the different boundary conditions

generate different solutions.

For the analysis of conducting objects coated with dielectric materials , there

are three kinds of boundary conditions involved. One is the PEC boundary,
another is the dielectric interface , the third is the outer boundary where the wave

exits.

On the surface of the perfect electric conductors , in addition to the well-known

boundary conditions

( )E s E s H s 0 , 16h z j



Characteristic-Based Finite-Volume Time-Domain Method 263

the following boundary conditions can be derived from Maxwell’ s equations in a

generalized orthogonal curvilinear coordinate system

( ) h h Eh z j
s 0 ,

 j

( ) h Hh h
s 0 ,

 j

( ) h Hz z
( )s 0 , 17

 j

where h and z are along the direction tangential to the PEC surface , whereas j
< <y1

points to the normal direction outside the PEC conductor and h s = h andh

< <y1h s = z are the scale factors along the h and z directions, respectively. Here ,z

E , H , and H denote the total field components. If the scattered field formula-j h z

tion is used, the incident field should be taken into account to implement the PEC

boundary condition. Since the dependent variables are expressed in the Cartesian
coordinate system, a coordinate transformation needs to be applied to carry out

the boundary condition implementation.
( )At the dielectric interface , 11 should be modified to guarantee the continuity

of the tangential electric and magnetic fields. Referring to Figure 1, assume that
1the cell face i q denotes the dielectric interface ; the following steps can be taken2

to implement the boundary conditions.

v Step 1: Transform the dependent variable s U at cell centers i y 1, i , i q 1,

and i q 2 to U , which is made up of B , B , B , D , D , and D , where thet I J K I J K
Ã Ã Ãunit vectors I , J , and K construct a locally orthogonal coordinate system in

Ã Ã Ãwhich I is normal to the cell interface while J and K lie on the interface.
v

L RStep 2 : Construct U and U at the dielectric interface accordingt , i q1 r 2 t , i q1 r 2

to the following formulation.

For B and B :J K

1 f
L ( )1U s U m q m r m qt , i q t , i l r l2 2 8

v ( ) w ( ) ( ) x= 1 y k U m q m r m y U m q m r mt , i l r l t , iy1 l r l

( ) w ( ) ( ) x4q 1 q k U m q m r m y U m q m r mt , i q1 l r r t , i l r l

For D and D :J K

1 f
L ( )1U s U e q e r e qt , i q t , i l r l2 2 8

v ( ) w ( ) ( ) x= 1 y k U e q e r e y U e q e r et , i l r l t , iy1 l r l

( ) w ( ) ( ) x4q 1 q k U e q e r e y U e q e r et , i q1 l r r t , i l r l
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7

For B and D :I I

f
L w ( ) ( ) ( ) ( ) x ( )1U s U q 1 y k U y U q 1 q k U y U , 18t , i q t , i t , i t , iy1 t , i q1 t , i

2 4

where the subscripts l and r denote the left and right sides of the dielectric
interface. The transforme d dependent variables at the right side of the

dielectric interface , UR , can be constructed based on the same princi-t , i q1 r 2

ple.
v

L RStep 3: Recover U and U , which is made up of B , B , B , D , D ,i q1 r 2 i q1 r 2 x y z x y

and D , from U L and U R constructed in the locally orthogonalz t , i q1 r 2 t , i q1 r 2

Ã Ã Ãv 4coordinate system I , J, K .

The compatibility condition at the outer boundary can be easily accomplished
( )by setting the incoming fluxes to be zero Shang , 1995a . If one of the transforme d

coordinate s is aligned with the direction of wave propagation , the exact no-reflec-

tion condition can be achieved.

Numerical Examples

The numerical procedure described above has been implemented. In this section,

several examples are considered here for validation purposes.

The first example is a coated conducting sphere with a radius of one free-space

wavelength. The relative permittivity of the coating is 2.56. The thickness is 1 r 30

dielectric wavelength. The connecting boundary is placed at two grids away from
the coating surface. The outer boundary is placed at three wave lengths away.

Including the discretization within the coating, in total 41 grids are used along the

radial direction, generated by hyperbolic stretching. The surface density is chosen
(to be 25 grids per wavelength. The Stratton ] Chu formulation see Crispin &

)Seigel, 1968 is employed for the transformation from the near field to the far field.

Figure 2 shows the calculated bistatic RCS of the sphere under the H-polarized
plane wave incidence. It agrees well with the solution from the Mie series. Next,

the lossy effect of the dielectric medium is considered. In this case , the relative

permittivity becomes a complex number, which is assumed to be 2.56 y j4.0,

indicating the conductivity to be 4 v e , where v is the angular frequency. From0

Figure 3, it can be seen clearly that the present scheme capture s the lossy

phenomenon successfully. In order to make the validation more persuasive , next
we double the coating thickness to 1 r 15 dielectric wavelength. The complex

permittivity is still assumed to be 2.56 y j4.0. Figure 4 gives the resultant bistatic

RCS. Obviously, it agrees very well with the Mie series.

The second example is a conducting sphere coated with a magnetic material.

The coating layer is 1 r 30 dielectric wavelength thick with a relative permeability

2.3. For lossy coating, the complex permeability is chosen to be 2.3 y j4.0. Figure 5
shows the calculated bistatic RCS with and without loss under the H-polarized

plane wave incidence. It is evident that the numerical results agree very well with

the Mie series. Note that the lossy and lossless cases differ greatly from each other.

Figure 6 gives the V-polarized bistatic RCS. Similarly, the agreement between the

numerical and the theoretical results is satisfactory.
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Figure 2. Bistatic RCS of a conducting sphere coated with a lossless dielectric medium,

R s l , e s 2.56, dielectric thickness s l r 30.0 r

Figure 3. Bistatic RCS of a conducting sphere coated with a lossy dielectric medium,

R s l , e s 2.56 y j4, dielectric thickness s l r 30.0 r
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Figure 4. Bistatic RCS of a conducting sphere coated with a lossy dielectric medium,

R s l , e s 2.56 y j4, dielectric thickness s l r 15.0 r

Figure 5. Bistatic RCS of a conducting sphere coated with a magnetic dielectric medium,

R s l , dielectric thickness s l r 30, HH-polarization, m s 2.3 for lossless coating, m s 2.30 r r
y j4 for lossy coating.
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Figure 6. Bistatic RCS of a conducting sphere coated with a magnetic medium, R s l ,0

dielectric thickness s l r 30, VV-polarization, m s 2.3 for lossless coating, m s 2.3 y j4 forr r

lossy coating.

Conclusion

In this paper, the characteristic-base d finite-volume method is extended to the

analysis of scatte ring from conducting objects coated with lossy dielectric materials.

A numerical scheme is presented to enforce the boundary conditions at the

dielectric interface. Rigorous boundary conditions on the surface of perfect con-

ductors are developed to improve the accuracy of the numerical procedure.

Numerical results are presented to validate the proposed method.
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