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The Concurrent Complementary Operators
Method for FDTD Mesh Truncation

Omar M. RamahiMember, IEEE

Abstract—The complementary operators were developed for allows the terminal boundaries to be brought very close
the purpose of truncating the computational domain of finite- to the radiating structure. Despite the COM effectiveness,
difference time-domain (FDTD) open-region simulations. In the - a\etheless, it would still be even more desirable to avoid two
original implementation of the complementary operators method, . d dent simulati . th head . t of
two independent simulations were performed. The solutions from in epen er_l S'_mua'ons' since the overnead requirement o
these two simulations were then averaged to obtain a solution the simulation is then reduced by one half, and further allows
devoid of first-order reflections. In this paper, the complementary for effective modeling of nonlinear media [3]. In a recent
operators are implemented in a concurrent fashion. This new |etter, a new implementation of COM was presented [5]. In
implementation, referred to as the concurrent complementary this implementation, instead of applying each of the operators

operators method (C-COM), requires only one simulation, thus . . .
reducing the operation count by approximately one half. The in a separate simulation, the complementary operators were

implementation for two-dimensional (2-D) space is outlined first applied concurrently. This new implementation is referred to
with emphasis on reducing reflections from corner regions; then as the concurrent complementary operators method (C-COM).

the extension to three dimensions is developed. Numerical results |n this paper, we review the theory of complementary operators
are provided ir] additiqn to an analysis of the source of error that as was originally implemented in the COM method. Next, we
arises from this new implementation. - . .
discuss the implementation and performance of the concurrent
Index Terms—FDTD methods. implementation of the COM in two-dimensional (2-D) space,
followed by an extension to three-dimensional (3-D) space.
Finally, we analyze the source of spurious reflections that arise

~when using the C-COM method.
HE complementary operators method (COM) was orig-

inally introduced as a mesh truncation technique for Il. COMPLEMENTARY OPERATORS METHOD
open-region finite-difference time-domain (FDTD) simulations
[1], [2]. The basic premise of the COM is the cancellation
of the first-order reflection that arises when the computatiorgl

I. INTRODUCTION

The concept underlying the COM method is the application
two independent boundary operators given by

domain is terminated with a single-equation boundary operator N cos ¢

or absorbing boundary condition (ABC). This cancellation ByU =0, H <3x +— Oy +Oci>U= 0 1)
is made possible by averaging two independent solutions to i=1

the problem. These two solutions are obtained by imposing N cos ¢

boundary operators that are complementary to each other. B{U =0, H <aw + T 2 +0‘z‘>U: 0 (@)

i=1

Two operators are considered to be complementary if their
reflection coefficients are equal in magnitude but are°x8@ WhereU is the unknown field on which the boundary condition
of phase. Therefore, the two solutions that are generated friirapplied andc is the speed of light [3]. The parametef
applying each of the two operators separately, when averagedsures the stability of the simulation and has been shown
result in a solution that does not contain any of the firsempirically to depend on the cell size and the dimensionality of
order reflections. The primary strength of the COM is thde problem, and is typically; = 0.02/As anda; = 0.1/As
the cancellation of the first-order reflections takes place féir 2-D and 3-D space, respectively. The anglecan be
any field independent of the wave number, which implies th@ptimized to minimize reflection in a specific propagation di-
effective suppression of the reflections occur whether the fielggtion. In a general application, however, where no advanced
are composed of evanescent or purely traveling waves. —knowledge of propagation is assumefis set to zero.

The COM requires two independent solutions of the prob- For a time-harmonic plane wave, the reflection coefficients
lem, which lead to doubling the total operation count in confor By, and By, are given respectively by

parison to the traditional implementation of ABC’s. Despite N ik ‘
this, however, the COM was found to be highly effective and Ry =] ke £ 5k cos ¢ + a 3)
efficient in comparison to other mesh truncation techniques o1 Jke+ gk cos o+
[2]-[4]. This is primarily due to the fact that the COM ﬁ ik + jk cos b+
R[BY] =(-1) o (4)
Manuscript recejved August 19, 1997; revised Jung 5, 1998. i=1 ks + jk cos ¢ +
name,\,? A”tg(l);avﬂtsh/\the Compaq Computer Corporation, PKO3-1/R1, May- Both of these opgrators resul_t in reflection coefficients that
Publisher Item Identifier S 0018-926X(98)07495-X. are equal in magnitude; that iR[By]| = |R[Bf]. The
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Fig. 2. The four different permutations of boundary operators needed to
annihilate corner reflections for 2-D space.
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1st reflection (R1) | 2nd reflection (R2)
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Fig. 1. Multiple reflections due to terminal boundaries, corner regions, and . ; 5
the scatterer (for simplicity, the scatterer is assumed to reflect the field by solution #3 £ —R
a factor a). solution #4 —R —R?

averaging of the two solutions obtained from applying each
of the two operators separately, gives a solution containif
only second-order reflections, including those that arise fro
corner regions. An illustration of the cancellation that tak .
place when these two operators are applied separately to mgectlons. - . .

independent simulations is given in Fig. 1. In this figure, we in the ongma! !mplementgtlon of the CO.M’ the focus
show the reflections that take place when the incident walgs on the ann|h|Iat|on of f|rst-order reflect'|ons and, thus,
interacts with the side boundaries and corner regions. In Fig.oi1Iy two independent simulations were considered. The four

we assume the original radiating pulse has a magnitude of éunon scheme was av0|d_ed because it was believed to
and denote the reflections due 8 by brackets and the ead to an excessive operation count for practical problems

reflections due taBT by parentheses requiring large space and a large number of time steps. The
Clearly visible from Fig. 1 is that second-order reflection§2"cUent |m.plerT1enFat|on of COM is intended to achieve
arising from the corner regions are not annihilated when {hae two objectives: 1) implement the complementary operators

two solutions are averaged. These reflections, although secoWEhm one.smgle smulatlon and 2) allow the annihilation of
order in nature, can be a significant source of error sinE8MMer region reflections.
the fields impinge at the corners at highly oblique angles,
which cause the second-order reflection to remain substantial
in comparison to second-order reflections coming from the
sides. For instance, when using COM4 [employing (1) and (2) The concurrent implementation of the COM involves the
with N = 3], a wave incident at the corner at an angle of 70application of complementary operators at a distance from
comes back into the domain with approximately 1% reflectiothe terminal boundary (into the computational domain) such
To cancel corner region reflections in 2-D space, fouhat the first-order reflections are canceled right before they
independent simulations (instead of two) would be needed. Feenter the computational domain. The implementation entails
each simulation, one needs to impose a unique combinatiordofiding the FDTD computational space into two regions—a
By and BY; over the four sides of the outer boundary aboundary layer and an interior region. The interior region
shown in Fig. 2, where for brevity, we usg to denotij{, includes the scattering object and any localized sources.
and — to denoteBy,. First, we illustrate the application of the C-COM to reduce
Further illustration is shown in Table I. the magnitudes akflections from side boundaries only. To this end, we assign
the first- and second-order reflections due to the upper-righto storage (memory) locations to each nodal field in the

rner (assuming an incident pulse of unity magnitude) for
ch of the four needed solutions. Notice that the average
all the values in the second column eliminates the corner

I1l. CONCURRENT COMPLEMENTARY OPERATORS
METHOD IN TWO-DIMENSIONAL SPACE
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y 4) EY andE® are averaged along the interface connect-
T_” ez > He ARy il boundares ing the two regions (see Fig. 3). The new valuesE&)

and % along the interface are given the value of the
/ average(Eﬁl) + E§2))/2.

5) Advance time by one-half time step.

6) UpdateH, and H, in the interior region. At the in-
terface, H, and H, in the interior region will use
(B + E?)/2 as calculated in (4).

7) In the boundary laye " and H" are updated using
E® and H? and HY are updated using’®.

We mention here that if the averaging is carried out at an
interface placed within the stencil of the ABC [(1) or (2)],
then the solution becomes unstable as will be explained in the
section on analysis.

The procedure outlined above annihilates reflections arising
from side boundaries. To extend the annihilation to corner
reflections, four storage locations need to be assigned to
stencilfor BY, and B, each field in the boundary layer to ac(t;)ount( ‘;‘or s(e)cond—order
Fig. 3. Boundary layer showing the field locations and the averaging integgﬂecnons' For each field set, I'(.a('EZ.  He ', Hy st =
face. Also shown is the stencil needed to discrefize and B; . » 2,3, 4), one of the ABC combinations shown in Fig. 2

is applied. Then an identical averaging procedure to the one

; : . tlined above is performed, with the exception of having four
boundary layer. (The following discussion focuses only on t
y layer. ( d y geld values to update in the boundary layer and four field

treatment for the TM polarization case; the TE polarization he interf
fully analogous.) We denote the two storage locations assignvt?dues to average at _t € mte_r ace.
In a manner consistent with the nomenclature used for

L @ cimi ; ;

;Onfgasj\jmga;ﬁf‘ H(QS) Ir;rlllj ;I?f)s Ii?,@rrl)er:;;erz?:is;;ﬂw the COM methqd [3], the C-COM employing a fourth-order

Witﬁi'n the intgric;r rggion eaych’ ofyth’e field comp.onentOperator IV'=31n (1) and (2)] will be denoted as C-COM4,
. . . ' X . . or this, the width of the stencil is five cells inclusive of the
!S aSS|gned.a S'”‘%"e, storage location, as 2?) typical (2|§D l?oundary node. Furthermore, we use two additional parameters
|mplementat|o.n. Within the bOP”dafy .IayeEZ 'and.EZ to fully identify the methodology used in terms of doubling
are updated independently using their associdiedields. or quadrupling the fields in the boundary layer and its width.
N%t’ we a}%ply the two boundary operators (1) and (2) {/hen the fields are doubled in the boundary region resulting
EZ” and E.”, respectively. Notice that each set of fields i, the cancellation of side reflections only, we refer to the
thg boundary layer is updateq mdependently of th.e oth.er S§lethod as C-COM4 (2%), whereW indicates the width of
This amounts to having two independent simulations in thge poundary layer. Similarly, when the fields are quadrupled

boundary layer. o _inthe boundary region, annihilating corner reflections, we refer
The next step is to connect the solutions in the two regiong, thne method as C-COM4 V).

This is performed by averaging the two values obtained for 14 gemonstrate the performance of the C-COM4, we first
each field at the interface lying between the interior regiqtynsider an experiment chosen such that the reflections due
and the boundary layer. The exact location of this interfagg ihe sides and corners of the computational domain are

defines the width of the boundary layer. This width directlyjearly distinguished from the incident (reflection-free) pulse.

impacts the additional memory overhead that will be requirgfle consider a space of size 400:x 400 As. The excitation

in comparison to standard ABC implementation. The width 6§ 5 |ine current source (impressed current) located at (100
the boundary layer is required to be at least the width (sizg); 100 As). We consider a uniform mesh in the and y-

of the stencil which is essential for the discretization of thgjrections, with a space step afs = 0.015 m and time step
ABC in (1) or (2). Fig. 3 highlights the corner segment of agf A+ — 0.9A¢, seconds, wherét, is the Courant limit.

FDTD mesh where, for illustration, we show a five-cell wide The opservation point is at (5Qs, 50 As). The pulse
boundary layer for the TM polarization case. _ is chosen narrow enough to isolate the reflections as stated
The above steps required for the implementation of thejier. The excitation waveform is a compact pulse given by

C-COM are summarized as follows. the convolutiomh(t) xh(t) whereh(t) is defined over the time
1) E., H,, and H, are updated in the interior regioninterval 0 < ¢ < 7 and is given by
according to standard FDTD equations.
2) On the mesh terminal boundary, apghy; on EY and
B} on B, wherer = 1072 andw; = 2mi/7, i = 1, 2, 3.
3) Within the boundary layer£!" is updated fromH{" Fig. 4 shows a segment of the computational domain em-

andH{" and EX? is updated fronH$? and HS?. Both  phasizing the primary reflections that contribute to the signal
sets are updated using standard FDTD equations. level at the observation point. Notice that the sides and

boundary

layer \

Ez fields are averaged ~
along these perimeters

interior region

h(t) = m10*(15 sin (w1 t) — 12 sin(wot) + 3 sin(wst)) (5)
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FDTD computational domain

100 As |

boundary layer

Fig. 4. Part of the 400\s x 400 As computational domain highlighting

source
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dominant reflections arising from side and corner regions.
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Fig. 5. E. field at observation point (5@\s, 50 As) showing side and

corner reflections.
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Fig. 6. E. field at observation point (50xs, 50 As) showing the C-COM4
(4, W) annihilation of side and corner reflections.
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Fig. 7. Effect of varying the width of the boundary layer on accuracy.

the corner region when the COM is applied. (The corner
reflection corresponds to the second glitch in the signal.) Fig. 6
shows how the C-COM4 (4, 10) can be quite successful in
annihilating side and corner reflections, whereas, C-COM4
(2, 10) cannot reduce the corner reflection. For a perspective
on the error levels seen in Figs. 5 and 6, we note that the
maximum amplitude of the solution waveform is 7.2210*

corners that are not shown contribute reflections that wihd it occurs at = 141A¢.
not be present in the solution window that was intentionally A second experiment is provided to show the level of
considered. In Fig. 5, we show the solutions obtained usif@provement achieved when considering a more practical
COM4, B, , and Bf (B, and Bf are referred to in Fig. 5 scenario where the terminal boundary is close to the source
asB~ and B, respectively). A comparison is made with thef radiation. Here, we choose a space of sizeMk 21 As.
reference solution. For this and the following experiments, tfithe boundary layer will then be added to this space as will be
reference solution is a reflection-free solution obtained inshown below. A line current source positioned at (1%, 11
domain large enough such that the boundary reflections do @oi), and an observation point is chosen close to the source
appear in the solution time window.
In Fig. 5, we note that the reflection due to the sides steps are as before. In Fig. 7, we show the effect of varying
clearly visible as it is the first to arrive at the observatiothe width of the boundary layer, from 8-12 cells. Comparison
point. Also shown in the figure is the reflection due t@s made with Higdon's fourth-order ABC. Here, the results are

at (16 As, 16 As) . The excitation waveform, space and time
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260 As
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le-7} :' \ ,/ 7 E Fig. 9. Reflection of waves traveling at near grazing incidence.
- ' ]
le-8 | 1 i . . . .
' [6] employing a quadratic conductivity profile and a normal
1ecs | ! incidence theoretical reflection of 10. In accordance with
X ; [6], the PML solution is denoted as PML (16, 3, 19.
le-10b L l ! | l Comparison is also made to the reference solution, which is
0

**" devoid of any terminal boundary reflections.
_ _ This numerical experiment demonstrates the effectiveness
Fig. 8. Brror from using C-COM4 (2, 12) and C-COM4 (4, 12). of the C-COM method in predicting solutions with high
degree of accuracy even when the solution is composed of
presented in terms of the normalized absolute error definedvaves traveling at near-grazing incidence to the terminal
ly(t) — y7< (1) boundary. We also see that for OP3, the angle of incidence
Error(t) = “max{yr )] (6) at the boundary is approximately 8&nd for this, both the
axliy PML and the C-COM show higher deviation than what was
where y(t) is the solution that corresponds to the C-COMg@btained when the observation points had lower angles of
or Higdon fourth ABC solutions ang"/(¢) is the reference incidence, which would be intuitively expected. However,
solution. clearly visible from Fig. 10(c) is that the C-COM4 solution
Fig. 8 shows the improvement achieved when using Gtrongly resembles the shape of the reference solution, whereas
COM4 (4, 12) over COM4(2, 12) for the same size geometrjhe PML deviation is observed to be in magnitude as well as
Notice that C-COM4(2, 12) gives a solution very comparablg form.
to COM4 as would be expected. What is important to note Further scrutiny of the PML and the C-COM4 solutions
from these results is that corner reflections comprise a signg- made possible by looking at their respective frequency-
icant portion of the total reflected field. This is in accordancgomain responses. Fig. 11 shows the frequency response of the
with the predictions made earlier about the relatively highML and C-COM solutions for OP3 (8&ngle of incidence).
reflection coefficients arising from waves impinging on thghe frequency response is obtained by performing Fourier
corner regions at highly oblique angles. transformation using 2048 points. (In Fig. 11, the abscissa
Before concluding this section, we present a third numericgbrresponds to the normalized frequency which assumes a
experiment to show the performance of the C-COM methaghity time step.) Fig. 11 shows a maximum error in the C-
in treating waves traveling at near grazing incidence. F@OM 4 (2, 16) solution of approximately 3 dB, which occurs
this purpose, we consider reflection from one side of thg the frequency corresponding to the maximum amplitude in
computational domain. The size of the FDTD domain is 18Gfle reference solution (the numerically exact solution). The
Asx 218 As. A line source is positioned at (3Qs, 18 As)  PML solution, on the other hand, is seen to deviate markedly,
and three observation points, OP1, OP2, and OP3 are situagggecially in predicting the maximum amplitude frequency.
at (450 As, 18 As), (560 As, 18 As), and at (1300As,
18 As), respectively, as shown in Fig. 9. The corresponding
angles of incidence (measured with respect to the normal) at IV.- CONCURRENT COMPLEMENTARY
the terminal boundary for OP1, OP2, and OP3 are 78%°, OPERATORSMETHOD IN 3-D SPACE
and 88, respectively. The FDTD source and space parametersThe extension of the C-COM implementation to 3-D space
are chosen as before. is performed in an entirely analogous fashion to the implemen-
Notice that the domain was chosen such that the ortigtion in 2-D space. To suppress reflections arising from side
artificial reflections that appear in the solution over the timegoundaries (single-reflection), two storage locations need to be
duration of interest arrive from the nearest terminal boundamgserved for each field in the boundary layer. The annihilation
which is the only one shown in Fig. 9. of corner reflections, however, and unlike the 2-D space case,
In this test, we study the behavior of a 16-layer C-COMwvould require a total of eight storage locations for each field
This layer makes the distance between the source or obserthe boundary layer. This is because the cancellation of
vation points and the layer As. Fig. 10(a)—(c) shows the corner reflections requires the imposition of eight possible
pulse as it arrives at the three observation points. Here, weique permutations of (1) and (2) at the boundarie¥,(2
show a comparison between the solution obtained using Where A is the number of sides forming a single corner).
COM4 (2, 16) and a 16-layer perfectly matched layer (PMLWotice that in the computational space, there are two types

1 1
30 60 90 120 150 180 210 240 270
Time step
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Fig. 11. Frequency domain response at OP3 corresponding’tadfle of

incidence at the terminal boundary.

of corners. The first type is a corner formed by two planes;
the second is the one formed by three planes. It can easily
be demonstrated that the cancellation of secondary reflections
arising from either of the two types of corners would require
eight storage locations.

Consistent with the nomenclature for the 2-D space, we
denote C-COM4 (2,W) and C-COM4 (8,W) as corresponding
to the implementation where the fields in the boundary layer
are either doubled or increased eight-fold, respectively.

To test the effectiveness of C-COM4 in space, we consider
the experiment in which a-polarized Herzian dipole is located
in the center of the computational space having uniform space
steps in thez, y, and = directions of As = 0.001 m. Here
we consider a space of size Alsx 21 Asx 21 As inclusive
of the boundary layer to make the point that the observation
point can be positioned within the boundary layer.

The time step isAt = 0.9At¢. seconds. The excitation
waveform is a Gaussian pulse modulating a sinusoidal signal

f(t) = COS(wt) 6_((T—To)/w)2 (7)

where Ty = 160A¢t, w = 40A¢, andw = 3071019,

The results are presented in terms of the absolute normalized
error [as in (6)] in theE. field at an observation point eight
cells away from the source at (s, 11 As, 19 As). Fig. 12
shows the performance of C-COM4 (2, 8) and C-COM4 (8,
8). Finally, we note that the C-COM4 (8, W) yields a higher
accuracy solution, however, its memory burden is substantial
and, thus, it is recommended that it be reserved for applications
with more stringent accuracy requirements.

V. ERROR ANALYSIS

In this section, we will focus on the error canceling mech-
anism of the C-COM implementation. For illustration and
without any loss of generality, we will only give analysis based

Fig. 10. (a) Solution at OP1 corresponding to ?6dngle of incidence at ; ; ;
the terminal boundary. (b) Solution at OP2 corresponding to &2gle of on reflections from side boundaries.

incidence at the terminal boundary. (c) Solution at OP3 corresponding’to 88

angle of incidence at the terminal boundary.

When the averaging interface is positioned at a distance
from the terminal boundary that exceeds the width of the
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1 The first reflection goes back to the terminal boundary and
is partially reflected, giving rise to a second reflected wave.
The second reflections due to each of the two complementary
operators have equal magnitudes andiarphaseunlike the

first reflections. Consequently, when the second reflections are
averaged at the interface, no cancellation takes place and these

le-1
C-COM4 (8, 8)

C-COM4 (2, 8)

le-2

LU LML LV LG L

UL N L B S N1 S RN 12 R R ™™

N e reflections penetrate into the interior region.
O le-s Therefore, the net effect of implementing the complemen-
H tary operators in a concurrent fashion is to double the order
le-5 of the reflection coefficient of each of the complementary
operators in (1) or (2). More specifically, if the complementary
le-6

ABC's give a reflection coefficient of magnitud®|, then the
C-COM implementation results in a reflection coefficient of
R?, in addition to a propagation delay equivalent to twice the
i ; width of the boundary layer.

0 30 60 S0 120 150 180 210 240 270 300 A gquantitative study of the performance of the C-COM is

Time step performed by analyzing the reflection of a plane wave from the

Fig. 12. Results for the problem of the Hertzian dipole radiating iberminal side boundary. We set up a numerical experiment in
free-space. which we simulate the reflection of a plane wave with varying
angle of incidence. We consider a 2-D space of size 218
1400 As. A perfectly conducting screen is positioned across
the entire computational domain at= 200As. The cell size
and the time step are chosen as before for the 2-D space

LT T e

fuy
i)
I
~
REALLL S R

interior region boundary laver .
experiments.
An incident field is propagated from the left-hand side of the
domain starting at the terminal boundary. The time waveform
[R?) (%) R (R . > 't
-— B'y] of the incident plane wave is given by
R (R ®) F() = (1.0 — e=/T)) sin(er2m /) 8)
-—-----.p— . .
C whereT,, = 20At, T =t — x/c, and A = 36As. This time
s FDTD computational  WVAVETOrm is a sinusoidal signal with a smooth initial transition
Ml () ) boundary to obtain faster convergence.
_% The function f(¢) satisfies Maxwell's equations and it
incident pulse represents a plane wave incident normally at the screen coming
from the left-hand side (negativedirection). To simulate the
effect of a plane wave with an angle of incidence different
from normal incidence, we adjust the anglein Higdon's
averaging ABC operators [see (1) and (2)]. (For this problem, we use a

interf: . . . X
intertace scattered field formulation where the incident wave interacts

only with the screen.) Next, we apply C-COM2 (2, 20) and
Fig. 13. lllustration showing the cancellation mechanism of the C-COIQbserve the. maX|rr_1um magnitude of the reﬂeclted pu.Ise at
method. an observation point located at (30, 700). This particular
location of the observation point ensures that the reflections
. . . . . from the horizontal side boundaries do not interfere with the
ZFencnt.nee_tdeq 0 f(;llsi.retllze the f‘%c tat\;]lrtugltorfnonpr\l/y\//i|c lution which is observed over the first 1500 time steps. The
Iscontinurly 1S efiectively created at his interface. €B.com2 instead of the C-COM4 was chosen to allow for

the fields (corresponding to each of the two field sets. N theaar guantization of the reflection. Had we applied C-COM4,
boundary layer) are reflected off the boundary, each will hayge refiections would be very difficult to isolate considering

an error which is opposite in phase but equal in magnitude §Q. artifacts of the simulation (for instance, &t = 30°,

the other. Averaging these two solutions leaves the field in t?&C-COM4) — 137 x 10—7.

interior region with no error. In other words, the nonphysical Fig. 14 shows the reflection coefficient calculated using
boundary results in a reflection back into the boundary laygigdon’s first-order ABC and the C-COM2 solution as ob-
of the first rel_‘lection. The complete refle_ction of the firs_t—ordqgined numerically and as predicted (calculated) from theory.
error at the interface must take place in order to satisfy ti excellent match is observed between theory and experiment
continuity of the field at the interface. An illustration of thesgince | R(C-COM2)| = |R (Higdon’s first-order ABC)P.
reflections is shown in Fig. 13 where the reflection that occursAn additional factor that further reduces the reflection coef-
whenBj,; is enforced is shown in brackets while the reflectionficient in practical applications and is more difficult to quantify
due to BY, are shown in parentheses. is attributed to the delay that the reflected waves experience
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1.0 : . . : . : : : in the 2-D space. In the 3-D space, the annihilation of corner
oo reflections levies a heavy memory burden and it is, therefore,

c-comz_(theory) reserved for applications in which substantial computational
0.8} Higdon 1st ARC (theory) overhead justifies the desired accuracy.
C-COM2 (experiment) ;

The performance of the C-COM has been proven highly
| effective yielding unprecedented levels of suppression of spuri-
1 ous terminal boundary reflections. The strength of the C-COM
| method was especially demonstrated for waves incident at
terminal boundaries at near grazing incidence. This makes

Reflection coefficient
<
w

o 1 the C-COM well-suited for FDTD studies of atmospheric
0.3 1 propagation. Finally, we note that unlike the COM method,
o the C-COM extends the scope and applicability of the comple-
| mentary operators theory to the efficient treatment of nonlinear
o.1f {4 media.
0.0 1 L . ]
0 10 20 30 40 50 60 70 80 90

Angle (degrees)
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during their multiple reflections within the boundary layer.

Such delay causes the second reflected wave that penetrates

into the interior region to be diminished in magnitude. This1
delay can be interpreted as a virtual enlargement of thb]
computational space. This is a significant advantage when the
fields contain sufficient energy in the evanescent spectrum. 2]
This analysis also explains why the averaging interfacé
cannot be positioned within the stencil needed B or By
(see Fig. 3). The stencil defines the domain of application %]
Higdon ABC, which is constructed based on the one-way wave
equation in a uniform and homogeneous space. The averagitfy
of the fields at the interface creates a discontinuity of the
reflected fields, which is equivalent to positioning a sources]
at the interface. Such source cannot be allowed within the
stencil of the ABC. Numerical experiments have shown thafg
the solution grows without bound within several time steps
after the field reaches the terminal boundary.

VI. SUMMARY

A novel implementation of the complementary operato
method is presented. This new implementation is based
the application of complementary operators at a distance frtl
the terminal boundaries such that first-order reflections &
annihilated before they enter the computational domain. T,
method is very simple to implement since it is based on t
one-way wave equations such as Higdon’s boundary operatc

The major accomplishment of the C-COM method is thg , thor ofEMIEMC
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