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Complementary Operators Method as
the Absorbing Boundary Condition
for the Beam Propagation Method

Yih-Peng Chiou and Hung-chun Changember, IEEE

Abstract—The recently proposed complementary operators Since the impedance is perfectly matched in the PML, the
method (COM) is applied to the beam propagation method spurious reflection can be very small, especially at normal
(BPM). The spurious reflection using the COM can be several jncigence. For radiating waves with sma} or evanescent
orders lower than that using other boundary conditions. S - . .

waves with imaginaryk,, the spurious reflection can not

~ Index Terms—Absorbing boundary conditions, beam propaga- pe effectively suppressed with the original PML, which was
tion method, complementary operators method. later improved by various modified PML’s [4]. Recently,
a uniformly absorbing boundary condition (UABC) [5], or

|. INTRODUCTION Higdon absorbing boundary condition (HABC) [6] in the

HE BEAM propagation method (BPM) [1] is a pc)Werfulfrequency domain, was applied to the BPM. The HABC

computer-aided design (CAD) tool in the study of OptoElsually requires less computation effort (both in time and

. . S “memory) than the PML, but it still has the above-mentioned
electronic devices, which is a one-way or forward propagati

o} -
. : > . drawbacks of the original PML. Such drawbacks can be
method and step-by-step simulates the time-harmonic fleigi]ﬂ?)roved by the generalized HABC [6], [7].

passing through various media. In the modeling using theInthis letter, we apply the complementary operators method
BPM, the actual applications may be in a large or unbound OM) recently proposed by Ramahi [8], [9] to the BPM. Two

open domain. However, the_ Comp“‘er memory 1S limited a complementary operators from the HABC are derived to result
only a comparably small region is usually involved. Therefore

. . 7 . .iN a pair of complementary reflected fields which annihilate
the computation domain has to be finite and an artificia ; . :
X each other by averaging the complementary solutions. Since
boundary must be imposed.

the undesired reflected field using the HABC is suppressed,

Various absorbing boundary conditions (ABC's) have be : .
used in the BPM. To use such boundaries directly, a physi(cat:ﬁﬁ reflection using the COM can be much smaller than that

. L . . using the HABC by several orders. Furthermore, since the first

absorber with complex refractive index is added outside thé '
. : o -~ “ofder reflected field can be cancelled, evanescent waves can

computation domain. The variation of the refractive index

) . -also be absorbed.

should be smooth enough to avoid the spurious reflection

from the discontinuity, which requires large numerical effort

and the error is not easy to estimate. Hadley proposed the Il. THEORY

use of transparent boundary condition (TBC) for the BPM

[2], where the transverse wavevector of the propagation fiedd Higdon Absorbing Boundary Condition

is approximated with that of the previously calculated field The HABC in the frequency domain, or called the UABC in
and the field is allowed to flow out of the boundary onlyjs) is based on one-way differential operators to suppress the
Hadley's TBC works very well if the spatial spectrum of thgeflected field. For a plane wavék,) = exp(—jk.z — jkox)

field is narrow under the paraxial assumption. Neverthelesgd its reflected plane wavg (k,) = R, (k,)exp(—jk.z +

the TBC does not give satisfactory results in cases of Wig%wx) due to the artificial boundary, if the total fielfl+ f,
angle and wide spatial band. Recently, a perfectly matchggkisfies amth-order HABC

layer (PML) [3] in the finite-difference time-domain (FDTD) "

method was developed, which, in the frequency domain, is L, = H <3 + jksin 9i> =0 (1)
equivalent to mapping the original coordindl&z,y, z) to o \9z

an anisotropic complex coordinaté(z’,y/, '), say ' =
2(1— j~). The absorbing coefficient accounts for the decay
ratek,~v of a radiating wave with transverse wavenumbgr

then the reflectivity would be

L kg — jksin6;

Ru(ke)= || 55 ——=—0 (2)
Manuscript received February 17, 1998; revised March 16, 1998. This work i=1 Ik + gk sin 6;
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Fig. 1. Reflectivity of a plane wave from an HABC with = 5, 10, 20, Propagation distance (um)

35, and 55 degrees. Fig. 2. Relative quadratic errors of a single Gaussian beam for the TBC,

HABC, and COM.
Frequently, 5, of the field in the investigated problem is

wide-banded, and the field can be expressed as and
= —gk.z — ; . R, =R, | ——— ~R,_ -1 9
F= [ fesp(-bz - ko) die @) VR ARax (D@
The reflected field can also be obtained as where X is a large number, say 101t can be shown

_ i i . . ] that (F. + F_)/2 does not depend on the choice &fs.
b= / J (ko) B (ko) exp(—ihzz + jha) dhe. (4) Consequently, the problem of choosifigs is not encountered.

. . Moreover, the evanescent waves are also suppressed. The only
The advantages of the HABC include that the spurious reﬂec%sadvantage of the COM, compared with the HABC, is that

FIOI’] IS 'relat|vely low and pred|ctable, that the nume.rlcal co e computation time is twice that of the HABC because we
is relatively low, and that it can be applied to both wide-angle
ave to solveF; and F_ separately.

and wide-spatial-band cases.

However, sincelz,, depends om;’s, choice of propep;’s,
especially the lower bound d’s, is critical. We may resort
to much higher order HABC to avoid such a problem, but Mostly, we use the same parameters as in [6] in the fol-
such a choice would probably result in an instability probledowing numerical examples. A Gaussian beam in the paraxial
[5]. Furthermore, from (2) evanescent waves with = ja approximation of the Helmholtz equation has an analytical
cannot be efficiently suppressed, which may be improved Byrm

I1l. NUMERICAL RESULTS

the generalized HABC [6], [7] wo 22
Pz, 2) = — exp| —— (10)
n 9 w,, w?
G.=1]] <—+jksin97;+a7;) =0 (5) . . _
i \dz where w, is the half-width of the waist andw. =

. ‘;wo —2jz/k is the half width atz. The parameter values
gujtsthe wave behavior must also be known to choose ProREILd are the wavelength = 1 um, k = ko = 27 /), wo =
1.

0.4 um, the discretization stepAz = 0.02 ym and Az =

0.1 um, and the width of the computation windoW = 12

pm, The relative quadratic error between the calculated and
The basic idea of the COM is to find an annihilating opanalytical solutions is defined as

B. Complementary Operators Method

erator to annihilate the undesired reflection from the artificial W2
boundary conditiorl”,.. Assume that the calculated field, |beatcutated (T, 2) — Pexact (7, 2)|? dz
with ABC I', can be expressed as _J_wy2
e(z) = Wz . (11
Fy = Foaer + F; ©®) [ et )2 de
—W/2

where F..act IS the exact solution and;. is the reflected field ) ) ) o
due to the imposing of ., . If a complementary field”_ due Fig. 2 shows:(2) of a single Gaussian beam with its center

for the TBC, the HABC, and the COM, respectively, where
F_ = Fexact — I (7) HABCn and COM: denotenth-order HABC andnth-order

then the exact solution can be found by averaging the t\EOOM’ respectively. For < 20 um, the spatial frequency is

fields, i.e.,(Fy + F_)/2. From (2), by assigning sin 6, = 0 so high thate is mostly due to the discretization error that

and X, respectively, we have two complementary operatorscan be reduced by taking finer meshes._The Hadley TBC can
) be regarded as an adaptive HABC1, which can not accurately
Ry = Ru_y ks =0 _ Ra_y x (+1) (8) Mmodel the radiating waves with wide spatial band. It can be

Jkz+0 seen that the spurious reflection with the COM is much smaller

Authorized licensed use limited to: National Taiwan University. Downloaded on February 4, 2009 at 03:20 from IEEE Xplore. Restrictions apply.



978 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 10, NO. 7, JULY 1998

0.092

. 5
> 3 I
= 0.091] u
[ o =
2 . s
= ',-" Fexact E
=] - >
@ 009 — Fcowmz 4
i Frasc 2
- B =
F+ HA 8 %
. o
0.089 ¢ a 2 o 2 4 6 L
Transverse Distance (um) 0 40 80 120 160 200
() Propagation Distance (um)
Fig. 4. Relative quadratic errors of dual Gaussian beams for the TBC,
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Z o.052f : HABC and the COM are suitable for the simulation of wide-
S B - 1 spatial-band waves, and theis in Fig. 4 reveal to be similar
£ 005 peer F ] to those in Fig. 2.
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) — Fooms We have found that the COM also gives excellent results
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[ o here due to page limits.
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®) We have demonstrated the applicability of the COM for

Fig. 3. Field distributions for HABC8 and COM7 at (a)= 60 um and the BPM. The spurious reflection from the COM can be
(b) 200 pim. much smaller than that from the HABC by several orders.
The application regime of the COM is wider, especially for

than that using the HABC, and what is surprising is that thradiating waves with smalk, and evanescent waves with
reflection using COM4 can be about two orders smaller thémaginaryk,. The excellent performance of the COM for the
that using HABC8. The large difference betweerfor the BPM is validated by the propagation of Gaussian beams.
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