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The Stretched-Mesh Huygens Absorbing
Boundary Condition (SMHABC)

Jean-Pierre Bérengdtellow, Hanan AlmeerfFumie CostenSenior Member

Abstract—The Huygens absorbing boundary condition
(HABC) is a new implementation of the analytical ARCs which
were in common use before the introduction of the ML ABC. In
contrast to the traditional implementation, the HABC allows
analytical ABCs to be combined easily with other ABs. This
opens the way to combinations of two ABCs where the
advantages of both are preserved while their drawhzks are
removed. This is the case with the stretched meshABC which
relies on an analytical ABC for the absorption of taveling waves
and a real stretch of coordinates for the absorptio of evanescent
waves. This paper demonstrates that such a combinat can
achieve a high absorption over the whole frequencgpectrum and
can challenge the PML ABC in wave-structure interation
problems.

Index Terms—FDTD method, finite-difference,
surface, absorbing boundary condition.

Huygens

I. INTRODUCTION
ince its introduction [1], the Perfectly Matched yea

think that the HABC is not an advance in comparisath
analytical ABCs [6]. In particular, the poor penftance of
most analytical ABCs with regard to the absorptioh
evanescent waves is left unchanged. However, cselyeto
the analytical ABCs, the HABC can be placed in ieer
domain, some distance from the outer boundary. ©pi&ns
the way to easy combinatiomgth other ABCs, for example
with a PML [4].

The stretched-mesh HABC (SM-HABC) is such a
combination of the HABC with another ABC, aiming tike
advantage of the specific features of the two AB@sle
removing their drawbacks. More specifically, the Bi&
absorbs the traveling waves, while the other AB&€haded as
SM, absorbs the evanescent waves. The SM ABC, iiexbe
here in the context of the finite-difference timeathin method
(FDTD) [6], is not a really new ABC. It is just draengly
stretched FDTD mesh used to fill a large enowigimain
outside the HABC, in such a way that the evaneseaves
can decrease to a negligible level. Stretched nseskee used
in the past to reduce the overall number of FDTDsaghile
preserving a large physical domain. However, thetahing

(PML) has been the most widely used absorbing baynd was severely limited when using ABCs on the outerridary,
condition (ABC) in computational —electromagneticspecause of the strong reflection of high frequenidiem the
However, some original ideas about ABCs have beggrge cells. Conversely, by placing the HABC innfraf the

published in the past decade. Among them are thiéipheu
absorbing surfaces [2] and the re-radiating boundandition
[3], which were unified and generalized [4, 5] retform of
the Huygens absorbing boundary condition (HABC).

stretched mesh, the high frequency traveling wasees
absorbed by the HABC before entering the stretcamegh.
Only evanescent waves are present behind the HAB@e
stretched domain. Since the evanescent waves ardewof

The HABC consists imanceling the outgoing field leaving frequency, a strong stretch can be applied witpenglty. The

a computational domain by means of equivalent otsréhat
radiate a field equal in magnitude and oppositsigm to the
field to be cancelled [4]. The equivalent curreants estimated
by means of an operator of the same kind as theatupe
previously used with analytical ABCs [6], for inste the
Higdon operators [7, 8]. As a consequence, thecgdin from
the HABC is the same as the reflection from therafoe
implemented as a traditional ABC [4]. From this,eomay
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stretch can be so large that the stretched mesheaaduced
to a few FDTD cells while preserving a large enopblysical

domain. This permits the cost of the absorptioewEnescent
waves to be dramatically reduced.

Initially suggested as a possible idea of new amtple
ABC [9], the SM-HABC has since been investigated 18].
These preliminary studies showed that it can warky wvell,
even better than was hoped initially [9]. The pneseaper
reports more detailed investigations, in the cantéxhe 3D
FDTD method [6]. This paper addresses the intevactf
waves with objects where high frequencies are lirgyavaves
and low frequencies are evanescent waves, whidwsll
strongly stretched meshes to be used. Howevercdhngent
could be applied to other problems as well, sincethie
physical world evanescent waves are only preseniowt
frequency in most problems.

Section Il recalls the nature of the field radiated a
scattering object and Section Il describes thelemgntation
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of the SM-HABC. Section IV presents numerical expents
which demonstrate that the HABC relying on thetfwosder
Higdon operator can be placed close to a radiatbjgct, and
that stretched meshes can achieve high absorption
evanescent waves even with a large stretch. SeXtimports
numerical experiments with various canonical olgjesimilar
to the ones used in [11]. This permits the readecampare
with the most recently optimized CFS-PML. It appetirat the
SM-HABC can challenge the PML ABC in terms of tlaio
between accuracy and computational cost.

Il. PROBLEMS WITH EVANESCENT WAVES AT LOW FREQUENCY
In most problems of electromagnetics, the field

that the characteristic length of the natural deseeof the
evanescent waves is of the order of the sizef the object.
This will permit the numerical reflection to remamall, even
ifthe stretched cells are far larger than thearnif cells in the
object region.

Il THESM-HABC

In principle, a HABC is a closed Huygens surfacech
radiates a field opposite to the outgoing field. [Hpwever,
due to the discontinuities in the estimate of thegoing field
at its corners and edges, additional surfaces bristdded to
the closed surface [5]. These extensions rigorocahcel the

ispurious effect of the discontinuities (see detal$5]). The

evanescent below a certain frequency. This is élse evhen an principle of the SM-HABC is then as depicted in.Flg The
incident wave strikes a perfect electric condu¢REEC) body scattering object is surrounded with a HABC andaegéd
or any other complex object. The field surroundiihg object vacuum ended with a PEC condition is present beltfired
is composed of evanescent waves at low frequenay aclosed part of the HABC. The HABC absorbs the tliage

traveling waves at high frequency, with a transitaboutthe
fundamental resonance of the object. Other probkmmsf the
same nature, such as waveguide problems wheredtesare
evanescent below their cut-off frequency. In théofaing the
features of the evanescent waves present arouriteriog
structures are briefly summarized. They play amrmsd role
in the principleof the SM-HABC.

Let us consider the general solution of the Maxwell

equations in a vacuum, which is a special cas@éefkblution
derived in [12] in a PML. This is a plane wave lire form:

_coshy X

c } —ﬁ)sinh)(Y
e [

jart
Y=y,e n{ @)
wherey is any component dt or H fields, X is the direction
of propagation of the phasey is the direction of the
evanescence of the magnitude (perpendiculaX)to is the
evanescence coefficient, aads the angular frequency. In the

waves while the large vacuum permits the evaneseawes to
decrease naturally to an acceptable level.

no ABC

»~ (PEC)

— HABC
(closed suface)

(™~ HABC
(extension)

special casg = 0, the solution (1) is a pure traveling waverig. 1. The principle of the SM-HABCThe HABC is placediasc from the

Consider now an object of sizestruck by an incident wave.
The field scattered by the object is composed ah@lwaves

(1) where the coefficienyy of each wave depends on the

problem conditions. At low frequency, far from thesonance
corresponding to the largest size of the objegt the

object and the outer PEfec from the object

In this paper the HABC relies on the first ordergthn
operator [7, 8] which absorbs the traveling wavesrbflects
in totality the evanescent waves. It is shown that HABC

coefficient x is connected to the frequency with a simplean be placed close to the object, i.e. the objddC

relationship. This was derived [12] as a conseqeesfcthe
fact that the characteristic length of decay of ¢hvanescent
waves around a scattering object is of the ordésdifize. The
relationship reads
. c
wsinhy=p— 2
W
wherep is of the order of unity. Relation (2) has beeunid to
be fruitful for the interpretation of the numericadflection
from PMLs [12], and it permitted effective CFS-PM& be
designed [11, 13]. More recently, a theoreticalivdgion of
(2) has been achieved in special cases [14]. lticp&ar, with
a symmetrical object (2) holds with= (2m +1) 1, wherem is
a small integer. For the fundamental ware(Q) we havep =
1t In the following, a detailed knowledge of the wavaround
the objects is not needed. What is important iy ¢imé fact
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separationdyagc can be small in comparison with the object
size. To allow the evanescent wave to decrease nto a
acceptable level, from Section Il the separatiprr between
the object and the outer PEC must be of the orflene or a
few object sizesw. If the FDTD cells were uniform in the
domain, the size of the exterior vacuum, in FDTbs¢cevould

be prohibitive. However, only low frequency evaredc
waves are present outside the HABC, and the clearstit
length of their natural decrease is of the ordethef object
size. Therefore, the size of the cells can be gtyoenlarged,
i.e. the uniform mesh can be replaced with a styosigetched
mesh. This is demonstrated in the following sestiop means
of numerical experiments. The consequence is a atiam
reduction of the overall number of FDTD cells inmgmarison
with the same overall volume filled with uniformlise



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation infor|
10.1109/TAP.2014.2314295, IEEE Transactions on Antennas and Propagation

Paper No.: AP1311-1508.

IV NUMERICAL EXPERIMENTS WITH A100-CELL OBJECT

achieved by the HABC, even when it is as close &3D

The SM-HABC could be an effective ABC subject taotw Cells from the object.

conditions:

1/ The HABC must absorb the traveling waves eveanihis
placed close to the scattering object, a few clebsn the
object with the FDTD method. This has never
investigated in the past since with traditional iempentation
the analytical ABCs were far from the object.

2/ The stretch of the mesh must be large, in otdegreatly
reduce the number of FDTD cells in the large vacexterior
to the HABC. In other words, the reflection of egacent
waves must remain small even with large stretches.

The experiments provided in this section with apdem
object show that the above two conditions hold. dbject is a
thin PEC plate of size 100x10 FDTD cells and zéiokness
(Fig. 2). The FDTD cells are 1 cm in size, so theeis 1 m
in length, and the FDTD time step is 18 ps. Resals
provided for two incident pulses, a Gaussian plse-((t-

been

20 |

Unit-Step dPEC = 200 cells

[ —— Reference |
— — dHABC =100 cells
- - - dHABC =30 cells
fffff dHABC = 10 cells
dHABC = 3 cells

Gaussian Pulse

Electric Field normalized to Incident Field

30
Time (ns)

35 40 45 50 55 60

Fig. 3. Electric field on a 100-10-cell plate, atimt 1 in Fig. 2, computed
with the HABC placed 3, 10, 30, 100 cells from fHate, a uniform mesh in

t)/1)°] wheret = 0.25 ns and, = 2.5 ns, and a unit-step pulsethe whole domain, and the outer PEC 200 cells fizarplate.
[1-expt/t;i)] Wheret,e = 1 ns. With both pulses the incident

wave is enforced by means of a Huygens surfacesd6pne
FDTD cell from the object.

Hinc lT} Einc
kinc

3
1

2

1

Fig. 2. The 100-10-cell PEC plate struck by andeat plane wave.

10 cells PLATE

100 cell:

The overall size of the domain is such that theassjpn
between the object and the exterior PEC conditouraks two

To demonstrate that the combination of the HABCh\iite
large outer domain is needed to achieve the resulisg. 3,
two additional calculations were performed. In first, the
HABC was presentjasc = 3 cells), but the outer domain was
reduced @rec = 20 cells). In the second, the HABC was
removed but the domain remained larde£= 200 cells). The
results are reported in Fig. 4 for the unit-stegdant wave.
With the HABC and the small outer domain the lataet
plateau is strongly erroneous, which means thatargel
reflection of low frequency evanescent waves issg@né
Conversely, with the large domain but without HABge
average value of the plateau is correct but spsrimeillations
are present which means that high frequencies ate n
absorbed.

object sizew. With the 1-meter 100-cell plate, the physical

dpec in Fig. 1 equals 2 m, which is 200 FDTD cellshiétmesh
is uniform, or obviously a smaller number of céflthe mesh
is stretched. The separatidp=c = 2 w ensures a high natural
decrease of the evanescent waves and then a sfifedtion of
these waves into the inner domain where the oligeatesent.
From (1) and (2) the natural attenuation over ¥ exp(- 4p),
which yields reflections 0.0183 fgr= 1 and 3.5 18forp =1t
(-34.7 dB and -109.2 dB, respectively).

A. Experimentswith a HABC and a large outer domain
filled with a uniform mesh

Calculations were performed with a uniform FDTDI @l

20

SN s T~ — e

[ —— Reference
- -- dHABC =3cells dPEC =20 cells
0 | No HABC dPEC =200 cells |

Electric Field normalized to Incident Field

. . . . . . .
30 35 40 45 50 55 60
Time (ns)

. .
15 20 25

Fig. 4. Electric field on a 100-10-cell plate wiahsmall outer domain and

cm) and a separatiatipec = 200 cells. The results are plottedyjithout HABC. The incident wave is the unit-step.

in Fig. 3 for the two incident pulses, and for fdocations of
the HABC corresponding to separatiahgsc = 3, 10, 30, 100
cells. The field plotted in Fig. 3 is normal to tplate and half
a cell above it, at point 1 in Fig. 2. A referersmution was
computed using a large domain and a thick PML.

As can be observed, all the results are superindposehe
reference solutions. This confirms that the domiaifarge
enough to permit the reflection of low frequencyamrsscent
fields to be negligible. And this clearly demonsgthat a
good absorption of the high frequency traveling @magan be

The need of the combination of the HABC with a &rg
outer domain is also demonstrated in frequency domaFig.
5 where the Fourier transforms of Gaussian pulsalteare
plotted, with the HABC and a small domain, with¢4tABC
and with a large domain, and with the HABC and @yda
domain (the casdyasc = 3 in Fig. 3). Fig. 5 is in accordance
with Fig. 4. With the small domain the frequencimsut and
below the resonance are widely reflected, whilehaeuit
HABC the frequencies about and above the resonanee
reflected in totality. With both the HABC and tharde
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domain, the two reflections are absent or neglgileven in  B. Experimentswith a stretched mesh for the absorption of
the transition region which spans over one decdmbitathe evanescent waves

resonance. In the experiments in Fig. 3, the computational divnis as
large as the domain needed when using the tradition
Reference | implementation of the operator ABC. The basic idéahe

e dHABC =3 cells dPEC =200 cells
- == dHABC =3 cells dPEC = 20 cells
No HABC dPEC = 200 cells

SM-HABC lies in the reduction of the number of FDTEBIls
in this domain while preserving its large physisiale. This is
achieved by using a stretched mesh. In this paperuse
stretched meshes where the FDTD cell grows geocaéyri
with ratio g, as represented in Fig. 6. The mesh is uniform in
the central part, with four cells between the objaed the
beginning of the stretch. The HABC is placed in timéform
. mesh, three cells from the object. The Huygensasarivhich

2.0

Electric Field (arbitrary unit) (
@
T

radiates the incident wave is one cell from theobj
Two stretched meshes have been considered. Figowss
0.0 |, ‘ ‘ . the successive sizes of the FDTD cells with thatioas of the
0.003 0.01 °-°|3:requency ?G1Hz> 03 116 E andH planes (definindgz planes in 3D FDTD as the planes
Fio. 5. Fourier transf  the electric field arl00-10-cell olate. 1/ with holding twoE nodes and onEl node, and vice versa for the
19. o. ourier transtorm o e electric Tield a -10-cell plate, Wi H
HABC and a large domair{asc = 3 cells case in Fig. 3), 2/ with HABC and planes). With mesh 1_’ thel pla”es are centred betwe,En
a small domain, 3/ without HABC. Because the domiinlossless, an Planes so th?lt the ratio of d!StanceS between .twmesswe
apodizatiorwas used to perform the Fourier transform withoABE. planes (the size of half-cells) is not constantthiiiesh 2, the
) ) o ) ratio of distances between successive planes istaaty it
In conclusion to the experiments in Figs. 3-5, ilection  equalsg'? E andH fields are then treated symmetrically. It is
of evanescent waves can be negligible if the donwlarge expected this could result in a better cancellatadnthe

enough, and the HABC relying on the first order #ig opposite numerical reflections produced by tEeand H
operator can achieve a high absorption of the liryevaves, pjanes.

even when it is quite close to the object. Conditid holds.

05 | -

-

-

This may appear as a little surprising since it Waswn that Stretched mesh 1:
the operator ABCs must be placed far away fronottjects to HABi 2 3 ng
: . ; ;19 g g g
obtain correct solutions [6]. In fact, the larggation was — ; - — - ~ '
needed to allow the evanescent waves to decreaisie. the ro-o-of — — - S oG
HABC, the absorptions of traveling waves and eveses Mx=1 7N @agre got g
waves are decoupled. The Higdon operator is onkpigel to 1+9/2 g(1+g)2 + Eplane
th _apsorptlon of Frqv'ellng waves. It does thisyweell, even Asc Stretched mesh 2: - H plane
if it is in the near vicinity of the object. \ > 3 ng
y 1 9 9 g ‘ g ‘
- -—+0-+0-+off-0+—o0—+—0—+——o0——— o |
o B ‘ ‘ _ ‘ PEC
Ax=1 1+ g g\/g gz\/a gng 1\/6
! 2 1+\/§
i 4«—PEC Fig. 7. The two geometrical stretched meshes. Tiffgr with the locations
i of theH nodes.
— o e HABC Results computed with four stretched meshes arersho
obiect ¥ Fig. 8. Parametang is the number of stretched cells. With for
J ek instanceng = 10, the separation between the plate and the
— T T outer PEC is composed of 4 uniform cells and 16tced
cells. The ratiog is selected in order that they cells be
! equivalent to the 200 — 4 = 196 uniform cells. Tb&é be
! achieved using the formula which gives the numiemdorm
! cells equivalent, in length, t@ stretched cells
1-g™
Stretched\x i 4 cell | Stretched\x NQeqy = 9——— 3
with ratiog ool | with ratiog 1-g
(ngcells) UniformAx | (ng cells) Using (3) withnge,, = 196, the values @f corresponding tag

=3, 5,7, 10 are 5.4400, 2.6140, 1.9159, 1.52&&eactively.
The results in Fig. 8 were computed using meshekuRs of
similar calculations with mesh 2 are plotted in.F8y As
expected, the symmetric mesh yields better resilith ng =

Fig. 6. The geometrical stretched mesh outsidéihBC.
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5 the results are about superimposed on the refersyiution.

same stretches of the mesh, but without HABC arttl thie

Even withng = 3 the results may be viewed as acceptable Higdon operator implemented as an analytical ABCtloa

some contexts (electromagnetic compatibility fatamce).

2000

‘ Mesh 1 ‘

| dPEC <=> 200 cells |

1500

1000 Reference

ng = 3 cells
ng =5 cells
ng =7 cells
ng = 10 cells

500

E Field normalized to Incident Field

-500

25 30 35 45 50 55
Time (ns)

40 60

Fig. 8. Electric field on a 100-10-cell plate camgd with the HABC 3 cells
from the plate and four non-symmetric stretchedhessehind the HABC.
In all cases the plate-PEC separation equals 2 iohwh equivalent to 200
uniform cells.

2000 |

Unit-Step [ Mesh2 | [ dPEC <=>200 cells

1500

1000

Reference
ng = 3 cells
ng = 5 cells
ng =7 cells
ng = 10 cells

500

E Field normalized to Incident Field

-500

25
Time (ns)

30 35 40 45 50 55 60

Fig. 9. Electric field on a 100-10-cell plate camgd with the HABC 3 cells
from the plate and four symmetric stretched me$ieésnd the HABC. In all
cases the plate-PEC separation equals 2 m whiduisalent to 200 uniform
cells.

The results in Figs. 8 and 9 show that correctltesan be
obtained with strongly stretched meshes and thmge IRDTD
cells between the HABC and the outer PEC. Consider
instance the casey = 5. With ratiog = 2.614 the outer cell of
the stretched mesh is 122 times larger than theircehe
central part. This is of the order of the objezes{100 cells).
Despite such large cells, the reflection remainalksrithis is
rather better than was hoped. It was expectedhbaitretched
cells could be far larger than the cells in thet@rpart, but
should remain smaller than the object size so asorfroduce
spurious reflection. Such an achievement is probdok, at
least in part, to the cancellation of the opposéélections
from theE andH grid planes.

In order to demonstrate the difference betweenHA8C
implementation of an operator and its
implementation, the experiments in Fig. 9 wereuewith the
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outer boundary. The results are plotted in Fig.Aexpected
the high frequencies are strongly reflected from stretched
mesh before they reach the outer boundary. Congp&im 9
with Fig. 10 clearly demonstrates the dramatic mrpment
achieved by moving the Higdon operator from theeput
boundary to the HABC placed in front of the stretdimesh.

|

—— Reference

— — ng=3cells
--- ng=>5cells
ng = 7 cells

2000

ﬁ{ Mesh 2 ’- dHigdon <=> 200 cells
r

I\ hd

ng =10cells

1500 |

il
I\/H\
‘|\/

i

1000 NV

500

E Field normalized to Incident Field

i v
1! [

| oot

L 1

55 60

-500 |

25 30 35
Time (ns)

Fig. 10. Electric field on a 100-10-cell plate qumed with four symmetric
stretched meshes (the same as in Fig. 9) and ahligderator ABC placed
on the outer boundary. In all the cases the pl&€-Aeparation equals 2 m
which is equivalent to 200 uniform cells.

V NUMERICAL EXPERIMENTS WITHV ARIOUS STRUCTURES

The experiments above have shown that the SM-HABC i
quite effective with the 100-10-cell plate. In tisisction other
experiments are reported with other canonical dbjemamely
a large 1000-100-1-cell plate, a 300-300-300-cele; an
airplane structure 504-632-160 cells in size, angD@-300-
300-cell cube composed of human tissues.

The experiments were performed with two incidenveg
the unit-step used in the sections above, whicthés most
challenging wave for the absorption of evanesceates, and
a double-exponential pulse [exiit)-exp({/tiis)], Which is
more representative of EMC applications, wijth = 1 ns and
tr = 100 ns unless stated otherwise. The cell size Wvam
and the time step 18 ps, except with the airplane.

As in the previous section the HABC is three cklien the
objects which are surrounded by four uniform cellsen, the
mesh grows geometrically farg cells. The stretched mesh is
the symmetrical mesh 2 in Fig. 7 (the better ok physical
separation between the object and the outer PE@Isedwo
times the size of the object, except with the cube.

C. A1000-cell Plate

The object is a plate as in Fig. 2, but of size(@Q00 cells
and of thickness one cell, that is a 1000-100-Laigkct. The
E field normal to the plate is plotted in Fig. 11tlatee points.
The results are shown for four stretched meshds 3vit5, 7,
10 cells, respectively, which replace 2000-4=19%foumn

traditionatells. Using (3) this is realized with ratigs= 12.240, 4.339,

2.779, 1.995, respectively. As can be seen, thétsemre close
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to the reference solution even witly = 5. In that case, the of the evanescent waves is similar to that of a dfiject 2w

outer PEC is only 4 + 5 = 9 cells from the object.

a) UNIT-STEP INGIDENT PULSE
[ Reference |

o 100 | Paint 1 - - ng=3cels
= dPEC <=> 2000 cells T no-5eels
= --=-- ng =7 cells
g 80 L = ng =10cells |
2
2 60 L] \ f N g Tt T T oo o
8
H
(]
£ 40
Q
(=D e U T A W i e, e ey
=z 20
2
W Point 3

0 L L L

1] 100 200 300 400 500
Time [ns)
%0 b) DOUBLE-EXPONENTIAL 100-NS INCIDENT PULSE
k=) . —— Reference |
Point 1

2 " dPEC <=> 2000 cells - - ng=3cels
RO --- ng=5cels
% ----- ng =7 cells
£ | ng = 10cells )
350 | . ;
g
E 1000-100-1-Cell Plate
]
2
=]
2
w

Time (ns)

Fig. 11 Electric field on the surface of a 100@18cell PEC plate with the
SM-HABC of 3, 5, 7, 10 stretched cells. Points 1,32are at locations
represented in Fig. 2. The incident wave is eithanit-step (upper part) or a
double-exponential pulse (lower part).

Comparing Fig. 11 with Fig. 8 in [11] shows thateth
computational requirements of the SM-HABC are simtio
those of the optimized CFS-PML. Consider for instaithe
cases with the 5-cell PML and timg = 7 SM-HABC which
yield similar results (both are superimposed onrtéference
solution). With the PML there are 2 + 5 = 7 celtsund the
plate (the PML is 2 cells from it), and with the B&, 4 + 7 =
11 cells. However, since the cost (CPU time and amgjrof
one cell of PML is larger than the cost of one oélvacuum
(or stretched mesh), the costs of the two techsiqag
simulation of free space are quite similar.

D. A300-cell Cube

From previous researches on ABCs [11]-[13], theecig
one of the most challenging structures for the giism of
evanescent waves. Results of experiments with ac8D@ube
are provided in Fig. 12 with stretched meshes oftles 3, 5,
and 7 cells.

Converse to previous experiments whesg- between the
object and the outer PEC was two object simein Fig. 12
deec = 4w, which is equivalent to 1200 uniform cells. Iniiya
the calculations were performed withzc = 2 w. The results
slightly differed from the reference solution, espdly the
plateau of the unit-step solution, even when widetyeasing
the numbemg of cells of the stretched mesh. This is becau
the distance between the centers of the opposits if the

in size. Calculations were re-run withzc = 4 w and 6w. As
expected, the solution approaches the referenca ddae is
growing. Withdeec = 4 w (Fig. 12) it is quite close to the
reference.

300-300-300-Cube
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Fig. 12. Electric field on the surface of a 300-celbe for the unit-step and
double-exponential pulses whepec = 4 w. The fields at points 2 and 3 are
multiplied with 2 and 20, respectively.

Finally, even if a larger separatiakec is needed for the
cube than for the plate, again accurate solutioas be
obtained with a few stretched cells, rendering $hvd-HABC
close to the CFS-PML in terms of computational regjuents.
This can be seen by comparing with Fig. 9 in [11].

E. A504-632-160-cell Airplane Sructure

This experiment is with an airplane structure ofesi
31.5x39.5x10.0 meters discretized with FDTD celis6®5
cm. As with previous objects, the HABC is 3 cellenfi the
airplane and there are four uniform cells arounel dject
(more precisely around the parallelepiped that fiist the
airplane). However, even with only four cells betwethe
stretched mesh and the end of the wings, the fyselnd the
drift, there is an important amount of vacuum betwenost of
the PEC surface and the stretched mesh. This etimit
evanescent waves to decay before striking theckgdtmesh.
thus, we expect better results than in the caststivé plate

cube equalsv2+w+w/2. The period of resonance is then clos8" the cube. This is well verified in Fig. 13. larficular, even

to that of a thin object of length\&. Therefore, the decrease
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with a 3-cell stretched mesh the results matchréierence
solution with the double-exponential pulse.

Again, comparing Fig. 13 with Fig. 10 in [11] shothat the
SM-HABC can achieve a similar accuracy as the CN&-P
with similar computational requirements. For insg&nthe
cases with the 4-cell PML in [11] and with the 3lc8M-
HABC here (6 cells and 9 cells in total, respedgivbut cells
with the SM-HABC are less costly).

504-632-160-Cell Airplane
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Fig. 13. Electric field on the surface of a 504-8%D-cell airplane with SM-
HABC of 3, 5, 7 stretched cells, for a unit-stepd an double-exponential
pulse.

F. A human-tissue 300-cell cube

In this experiment, the scattering structure iseagtrable
object composed of human tissues. The object i8Gcell
cube of Fat surrounded with a 10 cell thick laykeBkin. This
forms a 300-cell cube of size 60 cm (2-mm and 3.6-pTD
steps). The human tissues are assumed as Debya wieglie
the relative permittivity reads:

Eg— & o
tjwr jew
where €5, €,, T, 0, are the static permittivity, the optical
permittivity, the relaxation time, and the conduityi.

In the Debye media, the FDTD solution [15] consists
solving the Maxwell equations fdd and H fields and then
obtaining theE field from D at everyE-D node by discretizing
the time domain counterpart of (4).

& (w)=¢, + 2 4+ (4)

(c) 2013 Crown Copyright. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieet

The incident wave was the pulse 100 [exp5t)/7)?] V/m
with T = 0.5 ns, striking the cube as in Fig. 12. Fig.shéws
the E field parallel to the incider at the center of the cube,
computed withdeee = 2w and 3, 5, 10 stretched cells. As with
PEC objects, the solution rapidly tends to a liasihg grows.
This suggests that a small number of stretched pelimits the
correct simulation of free space to be achievedurato
penetrable objects. However, the structure of tenescent
fields around such objects is not as well knowthas around
PEC objects [14]. Therefore, further studies rem@inbe
performed to confirm such preliminary results.

E field at the center of a skin and fat 300—cell cube

— —— ng=3cels
ng =5cells
ng =10 cells

Electric Field (V/m)

T T T T
6 000 8000 10000 12000

Time (ps)
Fig. 14. Electric field at the center point of a03tell cube composed of Skin
(es = 47.93,e,, =29.851= 4.36 10'' s, 0 = 0.541 mho/m) and Fatq=
5.53,8, =4.00,T = 2.36 10'' 5,0 = 0.037 mho/m).
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VI. CONCLUSION

The HABC concept [2-5] has revolutionized the ué¢he
analytical ABCs as it permits easy combinations aof
analytical ABC with any other ABC. The SM-HABC, whi
combines a Higdon operator with a real stretchoofrdinates,
is just one of the numerous combinations that eaimagined.
It has been demonstrated in this paper that itacdieve high
absorption of electromagnetic waves over the wkpkxtrum,
including low frequency evanescent waves. lIts éffeness is
close to that of the optimized CFS-PML ABC in wave-
structure interaction problems.

Even if its performance is high, further improverseto the
SM-HABC are currently under investigation. Theselude
the replacement of the first order Higdon operatgth a
higher order operator to improve the absorptiortrafeling
waves, and the optimization of the profile of theeteh of
coordinate to further reduce the reflection of esment
waves. Moreover, application of the SM-HABC to athe
problems can be envisaged. It is obvious, for exentpat the
SM-HABC is well suited to the termination of wavédgs
where evanescent waves are only present at lowdrezies.
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