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Extension of Berenger's PML Absorbing Boundary
Conditions to Arbitrary Anisotropic Magnetic Media

An Ping Zhao,Member, IEEEand Antti V. Raisanen,Fellow, IEEE

~ Abstract—To simply and effectively absorb waves propagating absorbing boundary conditions can be simply and effectively
in arbitrary anisotropic magnetic media, a material independent  extended to arbitrary anisotropic magnetic media. In particular,
perfectly matched layer (MIPML) absorber is proposed. Within i the nroposed MIPML absorber the conductivities relating

this MIPML absorber, conductivites ¢* and ¢ (instead of .
% and o) are used. This results in that electric fieldE and to E and B (instead ofE and H) are used and, therefore,

magnetic flux density B are directly absorbed by the proposed @ Very simple (material independent) matching condition can
absorber, whereas magnetic fieldH is simultaneously absorbed be derived no matter how complex the permeability tensor

through the relation of B and H. It is shown that, with the help  [,] is. It should be mentioned here that a similar idea for
of this MIPML absorber, Berenger's PML can be simply and  constrycting a kind of material-independent PML absorbers
successfully extended to arbitrary anisotropic magnetic media. . . S . .

_ B _ "~ was proposed in [8] with an application to lossy (isotropic)

Index Terms— Absorbing boundary conditions, anisotropic materials. Furthermore, the way of implementing the MIPML
magnetic media, FDTD. absorber adopted here is similar to that used in the original
Berenger's PML [1], whereas an alternative way was em-

|. INTRODUCTION ployed in [8]. Validation of the proposed MIPML is carried

NCE the perfectly matched layer (PML) absorbing?m through a numerical example.

oundary condition was developed by Berenger [1]
for absorbing waves propagating in isotropic media, much II. THEORY
attention has been paid to its extension to include lossy . .
materials [2], diagonal anisotropic dielectric and/or magneticstjppose_th?t the relat|vt_e perrgaf)!llt);mtenﬁp} qf an
materials [3]-[5], and arbitrary anisotropic dielectric medig' Itrary anisotropic magnetic material in thg-plane 1s
[6]. To further enhance the capability of Berenger's PML

_ 2 2
technique, extending it to arbitrary anisotropic magnetic Haz = H1 COS’2 ¢+ h2 Sm2 ¢ (1.1)
materials obviously needs to be considered. fryy = p18in” @ + po cos” ¢ (1.2)
The matching conditions for the most previously reported Py = fyz = (pi2 — p11) sin ¢ cos ¢ 1.3)

PML'’s [1]-[5] are closely related to the permittivify] and/or

permeability{,:] of the material under consideration. Of coursgyhere is the angle between the material axis andattuérec-

this does not produce any troubles if the material is isotropign. Hence, waves propagating in such an anisotropic medium
or diagonal anisotropic one, because quite simple matchigghin this zy-plane can be categorized into two different
conditions can easily be derived. It is obvious, however, th@ghyes: TE wave (withE,, E,, and H. field components)

if the material is arbitrary anisotropic one, the derivationgng TM wave (withE., H,, and H,, field components). Here

of the PML matching conditions for this material is rathepnly the TM wave will be considered because the TE wave can
complicated, and it was proven that sometimes no matchiggsily be treated. If a variant of Yee’s unit cell (whee and
conditions can be obtained for arbitrary anisotropic medpy locate the same positions &, and H,,, respectively) is

in three dimensions (3-D) [7]. Very recent investigation [6hdopted, then the TM wave in the proposed MIPML absorbers
indicates that the above difficulties can be easily overcomg governed by

if the material-independent PML, instead of the traditional

PML, is employed. However, the MIPML proposed in [6] OE., oF 1 9H,
was restricted to dielectric materials. In this letter, it will be ot Pt = e Oz (2.1)
shown that, by introducing the magnetic flux dendynto the OE oF 1 ol
finite-difference time-domain (FDTD) model, Berenger's PML — 4 Lp,=-——" (2.2)
ot €0 eg Oy
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proposed MIPML absorbers and the matching conditions are g, (x10-% (v/m)
E E
(o} g,
2 =¢B and L = 05. 3) Y

€0 ¥ £0

The expression of the theoretical reflection fadk¢p) for the |
conductivity o ¥(p) is exactly the same as that used in [1].

However, because within the proposed MIPML absortigrs
(instead ofH) is directly absorbed, updating equations used 2|
for B are slightly different from those used fdad [1]. For b
example, inside the MIPML absorbers equation (2.4) should s _ ]
read ’

Byt03(i 4+ 0.5, 5) _4l MiPML MIPML
B =Y/ —05/- .
— e % (z+0.o)AtB;L O.O(,L + 05’]) J
(1 — o (i+0.5)At) -5 L . L L al L !
[En (L +1 J) 1 6 1 16 21 26 31 36 41
cB(i +0.5)Ax o ’ Grid position in x direction

+ EZ, (i +1,4) = EL(i,j) — EZ, (i, 5)]. (4) Fig. 1. E. field profiles of the wave along linér, 11), where the dashed
. . line is the reference solution and the solid line is the solution obtained with
From the above discussion one can see that once the c@B-proposed MIPML.

ductivity o is replaced by the conductivity?, the proposed

MIPML (for both the interfaces and corner regions) can simply
be constructed in a similar manner as that used in Berenger’s_,  Local Reflection (dB)
PML [1] for isotropic media. In addition, the relationship

_65 L
betweenH and B in the proposed MIPML absorbers (also _,
inside the anisotropic medium) is -75L

Ho (waﬂyy - ny) Ho (Nma}ﬂyy - ny) -85

(5.1) -90

H, = ee B, - Poy B, ~9%
Ho (waﬂyy - Nmy) Ho (waﬂyy - Nmy) -100

(5.2) -105
-110
Equations (5.1) and (5.2) indicate thH can be calculated _,,5

from B by using an averaging (with respect to the locations_,,q | ]

of the field components aB) scheme. This also means that _;,g ! L ‘ | . ! . L .

inside the MIPML theH, and H, field components can be 1 13 15 17 19 21 23 25 27 29 31
concurrentlyabsorbed while thé3, and B, field components Grid position in x direction

are directly absorbed by the MIPML absorbers. Fig. 2. Normalized local reflections for tii8. field component of the wave

along line(x, 11) againstg, where curves 1-5 represept= 0°, 30°, 45°,

(e} (e} H
lI. NUMERICAL VALIDATIONS 60, 90°, respectively.

To validate the theory developed above, the TM wave

propagating in an arbitrary anisotropic magnetic medium (witthe reference FDTD solution was computed using a much
py = 2.0 and py = 3.0) is studied. For all simulations, |arger computational domain. To demonstrate how the wave
the following parameters are used: the total computatior@ = 30°) is absorbed by the MIPML, the reference solution
domain (including the MIPML) is 40< 40, the space stepsynq the solution obtained with the MIPML for the. field

are Az = Ay = 6 mm, the time step is\f = 12.5 ps, the  ¢omponent of the wave along lirfer, 11) (i.e., the interface
number of the MIPML cells (in both the andy directions) is  peyeen the anisotropic medium and the MIPML) are shown
N = 10, a cubic distribution of the conductivity“(p) with in Fig. 1. It can be seen from Fig. 1 that this wave is

a normal theoretical reflectioR(0) = 0.001% in th-e MIPML effectively absorbed by the proposed MIPML absorbers. To
is used, and the results are recorded at 150 time steps.l

o i ited b ith th t oulse locat urther evaluate the performance of the MIPML absorbers,
system Is excited by, wi @ smooth compact puise 10Cateqy, 5 g6y the normalized (with respect to the peak values of
at the center of the domain. Especially, the pulse Iocatedt

. R Re reference solution along the lige, 11)) local reflections,
the center point (21, 21) of the domain is against¢, caused by the proposed MIPML for the, field

E.(21,21) = i(10 — 15c0s(2 x 10°7¢) component of the wave along the interface. From Fig. 2, one
2 o o can see that the proposed MIPML performs quite well (better

+ 6 cos(4 x 10°wt) — cos(6 x 10°wt)) (6.1) than 60 dB) for all these different anisotropic cases. Besides, it

E.(21,21) =0, if £ > 80AL. (6.2) is not surprising that due to the anisotropy, different absorbing
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performances are observed since in the construction of the
MIPML absorber same parameters were used for different
values of¢. In addition, it is anticipated that a better absorbing[l]
performance can be obtained if an optimization procedure op]
selection of the parameter of the MIPML absorbers is adopted.

IV. CONCLUSION (3]

To extend Berenger’s PML to arbitrary anisotropic magnetic
media, a material-independent PML absorber is proposed 6?/]
introducing theB field into the FDTD model. Due to the
fact that inside the proposed MIPML absorbers the con-
ductivities ¥ and o® (instead ofs¥ and o) are used,
the absorbers developed in this letter have the property of
material independence. Extension of the proposed MIPML t&!
3-D cases is straightforward. Furthermore, due to the special
feature (i.e., material independence) of the proposed MIPMI7]
absorbers, it can also be applied to structures consisting
of arbitrary anisotropic magnetized ferrites, nonlinear, ancfg]
dispersive materials with slight modifications.
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