IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 3, MARCH 1998 299

Short Papers

Twofold Mur’s First-Order ABC
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Abstract—In this paper, it is shown that the reflection error of
Mur’s first-order absorbing boundary condition (ABC) can be canceled
effectively by applying the ABC twice to an electromagnetic (EM) field
on two diagonally neighboring nodes on thex—t, y—t, and z—¢ planes.
Following this idea, we have developed a twofold Mur’s first-order ABC
(TMFABC), which is efficient to absorb both propagative and evanescent
EM waves and very convenient for implementation to multilayered
structures. TMFABC improves Mur’s first-order ABC more effectively
at lower frequencies. This is very important because most energy of a
high-speed pulse is concentrated at lower frequencies.
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Index Terms—Absorbing boundary condition, FDTD. Fig. 1. Field nodes of, near the boundary = N,Ax.

I. INTRODUCTION twofold Mur’s first-order ABC (TMFABC) based on an assumption
Solving M " i in the i d . i fhat the reflection coefficients of an EM field due to an imperfect
olving Maxwell's equations in the ime domain 1S a CritiCzge 416 the same on two diagonally neighbor nodes onathe

step in various electromagnetic (EM) problems such as scatterlr%a, and-—t planes. In TMFABC, we apply Mur's first-order ABC

propagation, modeling of microwave components, and high-spe ce to an E-field on two diagonally neighbor nodes such as

|nterconr|1ects (zjf |nt(iﬁrztefd ctlrr]cwts.I Itr_l th(_e p:;ist’ d(:_cideé_];[fhe m Zs&r? Ay, kAz, mAt) and((i — 1)Ax, jAy, kA=, (m — 1)At)
commonly used method for the solution IS Yee's Ninite-allerencs,, o 4 plane. Then the reflection errors are canceled based

time-domain (FDTD) method [1]. For EM problems in open space, ah this assumption. The idea of error-cancellation in TMFABC

tificial absorbing boundary conditions (ABC'’s) have to be |ntroduce|g similar with that in the super-absorbing algorithm in [7], but

to truncate the boundless computation domain. With the tradition1a1l/|FABC has several advantages. First, TMFABC is more simple and
ABC’s such as Mur's ABC's of one-way approximation of a Wavec?nvenient for implementation in three-dimensional (3-D) problems.

equation [2], an accurate solution is available only when the artifici kcond, TMFABC can be applied at all nodes of the entire FDTD

boundary is put sufficiently far away from the scatterer. Recentlx1 . . . : .
; . i . esh while the super-absorbing algorithm fails at some special
two new ABC's have been introduced. One is the dispersive bounde(;]r P g ad P

o . i Jdes near the mesh corners in 3-D problems. Last, we have
condition [3], [4] based on ngdon S ABC [5]. Another is the IDerfeCtIyound that the absorption efficiency of TMFABC is better than that
matched layer (PML) [6], which seems to be the most powerful AB

- f the super-absorbing algorithm of Mur's first-order ABC when

o abs:orb_ propagative waves so far. , . .applied to 3-D microstrips, and that TMFABC is also efficient to
Myrs f'rSt'. an_d segond-order ABC’s have been widely used i bsorb evanescent waves. An application example of microstrip
various applications in the past ten years because these AB frié analysis is given to demonstrate the performance improvement

are well built and very convenient for implementation. Howeverof TMFABC for absorbing EM waves. The example shows that

both Murs f'r.St' anq s_econd-order ABC's are not satisfactory fof FABC improves Mur’s first-order ABC more effectively at lower
absorbing obliquely incident and evanescent waves. Thus, some w, uencies, which is very important because most energy of a

has been done to improve the absorption efficiency [7], [8]. In t gh-speed pulse is concentrated at lower frequencies. The voltage

super-absorbing algorithm [7], an ABC is separately applied to tI’el‘aefinition by linear integration of the electrical field is recommended

E- and H-fleIQS at two nelgh_bor nodes on the boundary, and 30r modeling high-speed interconnects when the TEM model is no
error-cancellation procedure is then used to reduce the reflecti (ﬂiger satisfactory

In [8], Mur's second-order ABC is optimized by choosing the
best values for the adjustable parameters in the ABC. Generally
speaking, Mur’'s second-order ABC is more efficient in absorbing
propagative waves, but Mur’s first-order ABC has been used moreThe TMFABC developed in this paper is based on an assumption
frequently in practical applications because it is much easier fihyat the reflection coefficients of an EM field due to an imperfect
implementation and needs no special treatment at corner nodes AR§ are the same at two diagonally neighbor nodes onrtey—,
for multilayered structures. In this paper, we have developed@ddz—t planes. Several nodes df-field E, near the boundary at

2 = N,Az on thez—t plane are shown in Fig. 1. LeE; > © ™™
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When Mur’s first-order ABC is considered,in (1) can be obtained and the right-hand sides of (5) and (6) are also the same, which are
from known E, at inner nodes, shown in (2) at the bottom of thislenoted a%)(w) below. From (5) and (6) we can get
age, where .
- At—A w4y = () e () Y]
cAl — Ax i 3 w1, g,k

/= At+Ar ®) W () = (e KD (1) ®)
in whiche = 00/521{’ is the propagation Ve|0city of EM waves WhichWhere “" denotes a C0n\_/0|utiomj,('t). is the inyerse Fourier transform
is adjustable in Mur's first-order ABC, whereq is the effective Of (<), and the other time-domain terms in (7) and (8) are also the
dielectric constant and is the velocity of light in vacuum. Thus, inverse Fourier transforms of the relevant frequency-domain terms
the value ofE* 7 ¥ ™™ on the boundary can be calculated by N (5) and (6). If the dispersive property of EM wave propagation
is not obvious,Q(w) is nearly independent af and ¢(t) can be
approximated by a delta functiof(¢). Then, from (7) and (8) we
_ /j,(ELl;Vl—‘I J g, k,m—1(1) + pE;,Vl_1 s 7k, m(1) have

A @ W k@ () b g k@) (g
, Tod k() T R (1) ©

Nz, h, k, 1 N, 5, k, 2
Ey BRI m(1) — ’gEU @) m(2)

Note that (1) of the assumption is different from (9). However, if

in which E, = 7% ™) denotes theE)="7* ™ from Mur's first- . . . i
Y Y 9) is a good approximation, (1) will be a better one because in the

order ABC. Equation (4) is just the expression of TMFABC in thi DTD algorithm, the value of an EM field at nodie-1, j, &, m—1)

forE, at the bound ft = N.Az. Th i f. . .
'FI)'T\l/IpFeAr\B(()Zr foyr thhereEl\/(l)l;ire])I(;isryato(;therlbourfdarie(se (?;(r?rszstlj(::i?/e(:j iIS generally closer to the value &, j, k, m) than that at(i —
{], J, k, m) if the EM wave propagates in thez-direction. For other

a similar way. ; ) . .
For any useful ABC,? should have a value of about one. Ourkmds of ABC'’s, the assumption (1) is also found to be reasonable, but

. . . s . not discussed in detail in this paper. From the above discussion we can
experience with various applications suggests that= 1.02 (which ) Vg
. . also conclude that TMFABC improves Mur’s first-order ABC more
means that wher is found to be larger than 1.03, is then set to

1.02) in practical use of TMFABC in order to guarantee its stabilitye.ﬁecwely at lower frequencies. This is very important because most

We have found that if the absolute valuefs allowed to be larger energy of a hlgh-spet_ad pulse IS _concentrated at Iower_ fre_quenmes.
: ; - he reason TMFABC is more efficient at lower frequencies is that at
than 1.5, TMFABC may sometimes be instable. This is because H-Ee . . ) .
. . ) i . ower frequencies the dispersive property of EM wave propagation
denominator of (2) contains transient field values and sometimes can . : : :

. - ) - 1S less obvious and the assumption (1) on which TMFABC is based
be very small (especially at the early period of FDTD S|mulat|o|ns more reasonable
when the physical wavefront has not arrived at the boundary), so ’
may have an extremely large absolute value, which would produce
increasingly large oscillation of the computed EM fields from (4). 1. APPLICATION EXAMPLE

Like in the super-absorbing algorithm [7], the basic idea in In this section, an application example of microstrip line analysis
TMFABC to improve an ABC is error cancellation by using the ABGs given to illustrate the absorption efficiency of TMFABC. The strip
twice. However, the procedure of error cancellation in TMFABC igvidth is 0.15 mm, dielectric thickness is 0.1 mm, and dielectric
much simpler than that in the super Mur’s first-order ABC, especiallyonstant is 13.0. In the FDTD solution, we skt = Ay = 0.025
for 3-D problems. On the other hand, from (2), (4), and Fig. 1, wem, Az = 0.05 mm (the z-axis is along the longitudinal direction
can see that TMFABC can be applied at any node of the FDTD mesgifi.the microstrip line) and\t = 0.5Az/co, and set) =< 3 <=
This is true even for inhomogeneous structures such as multilayened2 for TMFABC. The excitation signal is a Gaussian pulse. The
microstrip lines. microstrip line is so long that the reflective waves from the far-end

The absorption efficiency of TMFABC depends on the reliability ohoundary do not reach the near-end boundary before the rear tail
the assu_mption on which TMFABC is based. Suppd@se” "'“)(w) of sampled EM fields vanishes. On the side boundaries and the far-
and ¥" 7 ) () are the EM field atv = iAz, y = jAy, and end boundary, Mur’s first-order ABC, TMFABC, and super Mur’s
z = kAz in the frequency domain obtained by Fourier transform dfrst-order ABC are separately used, but on the top boundary near
the FDTD simulation result and by Fourier transform of the resulfhich the EM fields are mostly evanescent, only TMFABC is used

from an ABC, respectivelyR" 7 *(w) is the reflection coefficient of because other ABC’s cannot efficiently absorb evanescent waves.

the ABC at angular frequency, where we have The average reflection coefficients of the voltage (defined as the
Wi k) () o integration of £, under the metal strip center) due to these ABC's
T (0 =1-R"""w) (5) in the frequency range df ~ 200 GHz are shown in Fig. 2 as
410 k), functions of the effective dielectric constapts ). It is recommended
v (w) — 1 _ pitliakg, to use the linear electrical-field integration definition instead of the
it 7, k(1)(w) 1-R (w). (6)

power—current definition for the voltage when modeling microstrip
We know that the reflection coefficient of Mur’s first-order ABClines used as high-speed interconnects in integrated circuits for three
is (1 — cos(8))/(1 + cos(8)), whered is the incident angle of the reasons. The first reason is that the voltage definition for interconnects
EM waves to be absorbed. Usually, the space-stepin FDTD is must be the same as that for lumped circuit elements. Certainly the
much shorter than the wavelength even at the highest frequeniayear electrical-field integration definition gives more physical insight
so the incident angle@ at spatial points(iAz, jAy, kAz) and about the behavior of lumped circuit elements such as MOS. The
((i4+1)Ax, jAy, kAz) can be considered approximately the samegecond reason is that for multiconductor interconnects, it is difficult

Np—1,7, k, m—1(1)
g = E,

)

E;V;,;*Z,j, k, m—2(1) + p(Eé\"a,-fZ, Jok,m—1(1) Eé\’l-fl, i, k, 77172(1))
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Fig. 2. Average reflection coefficients of three ABC’s as functions of th

adjustable effective dielectric constant in the example.
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ﬁig. 4. Comparison of£, from four ABC’s applied on the top boundary
with the accurate result in the example.

nodes on ther—t, y—t, and z—t planes. The reflection error due to
Mur’s first-order ABC is canceled in TMFABC, thus the absorption
efficiency is greatly improved. TMFABC is efficient for absorbing
not only propagative waves, but also evanescent waves, and is very
convenient for implementation to multilayered structures. It improves
Mur’s first-order ABC more effectively at lower frequencies. The

performance improvement of TMFABC over some existing ABC's

has been highlighted by an application example.
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showing that TMFABC is efficient to absorb evanescent waves, but

the other three ABC'’s are not.

IV. CONCLUSION

In this paper, we developed a twofold Mur’s first-order ABC by

applying Mur's first-order ABC twice on two diagonally neighbor




