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Transparent Absorbing Boundary (TAB) for
the Truncation of the Computational Domain

Jian Peng and Constantine A. Balanis

Abstract—A new approach to domain truncation without re- To initiate the formulation of the TAB, auxiliary fields

flection is proposed for finite methods. The open-space Maxwell’'s E(t,7) andH(t,r) are first introduced and defined as
equations, along with boundary conditions, are transformed to an

equivalent system with a homogeneous closed boundary; the lat- E(t,r) = F(r)E.(t,r) (1a)
ter is then solved numerically. Like the popular perfectly matched N ) )
layer (PML), the new method is independent of frequency and H(t,r) = F(r)Ho(t,r) (1b)

incident angle. Its uniqueness is that it does not need the extra . . L . '
absorption region, since the field attenuation takes place in the whereE, (¢, ) andH, (¢, ) are the original physical fields of

domain of the subject. the problem of interestl'(r) is a scalar function that decays
outwardly and becomes zero at the boundary. An equivalence
between the physical and auxiliary systems is then established
by transforming Maxwell's equations for the physical fields
E, and H,, along with the boundary conditions, into the

[. INTRODUCTION governing equations and boundary conditions Forand H.

O TRUNCATE an unbounded space, a variety of techostead of solving Maxwell's equations in the unbounded
T niques have been proposed [1]-[3]. The popular perfecﬁ?ace, one can first solve for the auxiliary fields in the finite
matched layer (PML) [4] provides a virtually reflection-free osed domain. The physical fields interior to the boundary are
truncation that is independent of frequency and incident angigen found with (1). Note that it is not necessary to fiid
However, an absorbing region, additional to the domain ghdH, on the boundary itself. The closed surface over which
interest, is needed in order for the outward-traveling wave #€ equivalence principle is applied to find the far-zdne
be absorbed. andH, can be placed anywhere in the domain (as long as it

The transparent absorbing boundary (TAB) proposed in tifs exterior to the subject of study); usually this is chosen at
letter is a truncation method that forces the fields to dec&j€ Or two cells interior to the truncation boundary.
inside the domain of interest and to become zero at the ASsume that, is the boundary of the subject domain, and
domain’s boundary. The extra absorbing region used in thér) # 0 for r < r,. By expressing[E,, H,) in terms of
PML is thus eliminated. Since the method assumes no infin(t§; H), one finds, from Maxwell's equations, the auxiliary
geometry (i.e., half-space interfaces in PML or plane wavé¥stem’s governing equations fer< r, as
in Mur), it is possible to terminate a domain “conformally,” g 1 1 o F
which makes the computational domain even smaller. Due to 5 = ¢ <V x H— VI X H) - E-—Ji (2a)
its rigorous analytical approach, the method can be directly H

Index Terms—Absorbing boundary, computational domain,
truncation method, equivalent system.

. . . . . 1 1 * F
applied to various finite methods, such as finite difference anda— =—= <V x E— FVF X E) ~TH- —m; (2b)
finite element, in either time or frequency domains. t ’“‘ . ’“‘ ’“‘
V-E=Fp+VF-E (2¢)
N 1
Il. TRANSPARENT ABSORBING BOUNDARY V-H=Fp" +-VI'-H (2d)

Conventional absorption-based truncation methods fOCUS\BHerea, o*, j;, mi, p and p* retain their physical meanings.
the design of absorbers (e.g., the loss mechanism and ) most important feature of (2) is the introduction of the
geometry). However, t_he TAB metho_d primarily empha3|ze§VF « E and %VF x H terms that represent the losses in
the results_of absorption. _The ampllt_udes of_the f|elds_ system of hyperbolic partial differential equations [5], [6].
modulated in the computational domain to achieve reflectiofegardiess of their physical interpretations, it is these terms
free domain truncation. that result in the absorption of energy. Therefore, the TAB

is an absorption-based technique, with the emphasis on the
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Fig. 1. TE (horizontal)-polarized plane wave incident at an oblique angkg. 2. The numerical solutions of thé&, of a plane wave traveling
on an interface. outwardly in both directions.

Apparently, homogeneous boundary conditions can be alhose amplitude is no longer a constant. Other auxiliary fields
tained for the auxiliary system if" is chosen properly. An can be expressed accordingly. The derivation is similar to the
example of such functions over a one-dimensional (1-[pJane wave case in [7]. The continuity boundary condition

domain is derived from (5) leads to Snell's laws of reflection and
2 \"™" transmission for the auxiliary fields
Fz) = [1 - (L_) } (4) 1 1
7 6, =0, and —sinf; = —sinéb, @)
where L, is the length of attenuation path, white and n v V2
should be no less than one. as well as the reflection and transmission coeffici¢htsd 7’
To ensure that no artificial reflection is introduced during

the transformation from the physical system to the auxiliaryp _ 12 €95 0 — m cos 6; and T = 212 cos b;
one, constraints must be imposed updifr). It is well 712 €08 0; + 11 cos by 712 €08 0; + 1 cos by
known that there will be no reflection from an interface if (8)

both the phase velocities and wave impedances are identical . .

across it. Furthermore, the physical reflection at a mediuwwheren; = ||fp-|| andr, = lfﬁll are the wave impedances of
discontinuity will not be affected by a superimposed artificighe auxiliary fields in medium 1 and 2, respectively. Since the
loss mechanism if the boundary conditions (BC), the phapbase velocities (hence, the propagation direction governed
velocities v, and the wave impedancesremain unchanged by Snell's law) and the wave impedances are identical in the

before and after the superposition; i.e., physical and auxiliary systems, the coefficients given in (8) are
equal to those of the physical case given in [7]. Therefore, the

[BCla = [BClo, e =v,, and 7, =17, (5) transparent absorbing boundagoes not introduce additional
reflections, regardless of the frequency and incident angle of

where subscript indicates the auxiliary system whiterepre- the waves.

sents the original one. Such a characteristic of zero reflectionl.he absorption in the TAB is shown numerically as follows
is independent of frequency, incident angle, geometry aﬂgsume that a source is located in the middle of a oné—

tmhzdlﬂms'iclz];ll? alrs1 dsgig[i:rndsnOsr;é(:garf;\r/];eir(lj%rnﬁgg;tz;\feﬁ% ed'_mensional unbounded space, and the plane wave propagates
pny st e Y , PEA both directions. Function (4) with: = 4 andn = 1 is
ancesn,(r) = fEtr = =24 = n,(r). Meanwhile, aeal

q Y HE )] |Ho(t:7’)Jd 2l bound gt used to terminate the computational domairjzat= 2 (i.e.,
and continuous /" guarantees identical boundary conditiong _ m). Equations (2a) and (2b) in one dimension are

and phase terms in the two systems. Therefore, no reﬂeaﬁ’gbroximated with the Lax—Wendroff scheme [8]. The Courant

is introduced during the transformation. In other words, ”}‘ﬁjmbem — <8t s chosen to be one, the cell size is 0.825
= & , .

artificial _IOSS seemsransparent Consequently,_ the proposedand the time duration is 400 steps, which is sufficiently long
method is referred to as theansparent absorbing boundary for the waves to bounce back and forth a few times in the

domain. The results are shown in Fig. 2. Dictated by the given
lll. RESULTS F (the dashed line), the magnitude of the auxiliary fiéld

To demonstrate the concept of the TAB, the oblique incithe dot-dashed line) decays outwardly and becomes zero at

dence of a TE-polarized plane wave upon a half-space medilft§ fruncation boundary. The physical fiel} is then found,

is examined analytically. The corresponding auxiliary fielddSing (1a), at all the grid points except the boundary ones
are shown in Fig. 1. The incident “electric” field is in theVheref” = 0. The numerical and analytical solutions &},
form of agree well, as indicated in the figure. It should be pointed out

‘ ‘ o that the singularity ofi/F' at the boundary poses no problem
E' = a,|E'(x, z)|e‘3ﬁ(’C sin ;42 cos ) (6) in the numerical implementation of (1a) and (1b). It is because
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that the testing setup is to isolate the reflection error caused
by the TAB's loss mechanism. In practice, a decayifigs
applied to the interior domain only, as shown in Fig. 2.
Though the TAB is analytically reflection free, its numer-
ical implementation may introduce reflections. When Yee's
algorithm is used to approximate (2), a numerical perfect
magnetic conductor (NPMC) wall is created near the trunca-
tion boundary [11], [12]. The problem is associated only with
spatially staggered finite-difference schemes, such as Yee’s.
Collocated finite-difference schemes like the Lax—Wendroff
scheme display no NPMC problem, as illustrated in Fig. 2.

IV. CONCLUSION

A new analytical approach, th&ransparent Absorbing
Boundary(TAB), has been proposed. The TAB introduces an
artificial loss mechanism that can be mathematically identified.
With the TAB method, a physical problem in an unbounded
space can be solved in a finite closed domain, with the aid
of the auxiliary fields.

Like the popular PML method, the TAB is reflection-free,
independent of frequency, and unconstrained by the incident
angle. The uniqueness of the TAB is that it does not need the
additional absorbing region that is commonly used in the PML.
Besides, the reflection characteristics (i.e., tasparency
of the TAB are independent of the curvature and corners of
a computational domain, and it can be applied to truncate a

Fig. 3. Isolate and measure reflection errors due to the TAB only. (a) Testiag)main that is *

setup. (b) Reflection error along the lisge= 1 m.

conformal” to the shape of the structure. Also,

the simple analytical formulation of the TAB enables it to be
applied directly in time or frequency domains.

the finite difference equations are set up only at the interior
grids whereF # 0.

In the above example, the reflection error of the TAB are
inseparable from the error due to truncated high-order termid!
of the finite-difference scheme. To examine the reflection
characteristics of the TAB numerically, the two-dimensional?]
function

ren=[i- (252 - (452 @

is defined only for the absorbing region, shown in Fig. 3(a),
whose thickness is chosen to be equal to the half dimension &i
the interior region. Such a configuration allows the reﬂectioq6
from the TAB layer to enter deep into the interior region,
before the exterior boundary’s reflection (if any) reaches the
interior boundary. Consequently, the computed reflection ig]
solelydue to the artificial loss mechanism in the TAB. A line [8]
source with TM polarization is placed in the center of the[g]
domain. The local reflection errors are computed in the interior
region, using the methodology suggested by Moore [9]. Yee's
algorithm [10] is used to approximate (2). The cells a@5 (10]
m x 0.05 m. The Courant numbey = cét/A is taken to be

0.7, and the time duration is 100 steps. Double precision wisl
used. The total reflections from the four walls, with various
incident angles and two frequencies, were collected along the
dashed line in the interior region; and the results are showr!
in Fig. 3(b). As predicted, the computed numerical reflections
are very low (i.e., 108 or —160 dB). It should be emphasized

(3]
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