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Abstract—A concise current source implementation is pre- current formulations applied ifboth procedures therein are
sented for the unconditionally stable three-dimensional (3-D) simplified, along with further reduction of the floating point
alternating direction implicit finite-difference time-domain (ADI- — 4herations (flops) count for the main iterations. Analytical
FDTD) method. Unlike the conventional implicit symmetric lidati f th ival ti | imolicit
source scheme applied in both updating procedures, the new vall alor_1 0 € equivaience among F:(?nven 'On"?l Imp 'C_'
implementation involves implicit current formulation in the first ~ Symmetric source scheme and our efficient algorithms with
procedure only. Note however that the resultant accuracy does not  alternative current implementations are discussed. Numerical
deteriorate but remains to be identical as before. This is achieved resyults provide closer scrutiny of the asymmetry errors, which

using our recent efficient algorithm for the 3-D ADI-FDTD 4y ofj|| exist even with symmetric source implementation.
method. Moreover, the current formulations applied in both

procedures therein are simplified, along with further reduction
of the floating point operations count for the main iterations. Il. CONCISECURRENT SOURCE IMPLEMENTATION
Analytical validation of the equivalence among conventional im- In this section, we describe the concise implementation of
plicit symmetric source scheme and our efficient algorithms with  cyrrent sources for efficient 3-D ADI-FDTD method. Both
alternative current |mpleme_ntat|ons are discussed. Numer_lcal electric (/) and magnetic /) current sources are considered
results provide closer scrutiny of the asymmetry errors, which . . . . . N

in a lossless isotropic medium with permittivityand perme-

may still exist even with symmetric source implementation. @ - ) )
] S ability . For convenience, we define the notations
Index Terms—Alternating direction implicit finite-difference

time-domain (ADI-FDTD) method, unconditionally stable b At det (1)

method, computational electromagnetics. T2’ T ou

andd,, 9y, 0, denote the spatial difference operators for the
I. INTRODUCTION first derivatives along:, y, z directions respectively. To make

) o _ the algorithm efficient, we also introduce the tilded field, (
There have been several investigations on the excitations e}qsl and auxiliary €, 1) variables. [The former will be related

current source implementations for the unconditionally Strectly to the physical untilded field variable®( H) later.]
ble alternating direction implicit finite-difference time-domaing,o complete algorithm involves two procedures comprising

(ADI-FDTD) method [1]-[7]. Most researchers have agreegl,qicit and explicit (including auxiliary) updatings as follows:
that the current source excitation function should be evaluatﬁqrst procedure from to 1 + 1/2)

at discrete time step + 1/2 rather than at other time steps,

e.g.n + 1/4 and/orn + 3/4. Furthermore, the current terms er=Ep—e % =y, 2
are to be embedded within the implicit (tridiagonal) system in _ fn _ gn—1/2

instead of being incorporated explicitly. While the ADI-FDTD
algorithm comprises two updating procedures, it is found to
be more accurate if the excitations are to be applied in both | cniige 0oz o -
procedures and not just in the first procedure only. Upon using§Ez - 78yEz = ¢, + boyh’
such implicit symmetric source scheme in both procedures, —pJnt/2 bdayM;erl/Q (4a)
the ADI-FDTD method has been demonstrated to be free of
asymmetry error up to the numerical noise level [7]. 1. bd - - ~
In this letter, we present a concise alternative current im- = Ey /% — ?831*7;]“/2 = ¢, +b0.hy
plementation for the source-incorporated ADI-FDTD method. b2 pdg M2 (4b)
Unlike the previous implicit symmetric source scheme [4]-[7], Y 2
our new implementation involves implicit current formulation
in the first procedure only. Note however that the resultant EEHH/? _ %321@"“/2 = &" + bO,h"
accuracy does not deteriorate but remains to be identical2 ~ 2 i Y
as before. This is made possible using our recent efficient —bJI 2 —bdo, MV (4c)
algorithm for the 3-D ADI-FDTD method [8]. Moreover, the
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(Second procedure from+ 1/2 to n + 1) [1l. DiscussiON ANDNUMERICAL RESULT

~n+1/2 n+1/2 ~
62 / :Eg / —6?, é.:xayaz

RV A g,

(6) The concise current implementation above merely involves
source incorporation in the first procedure. There is no current

{=u,y,2 (") term needed to be applied in the second procedure. Such

implementation is somewhat similar to the single excitation

1~ bd ., ~ ~ in only the first procedure of [3], [7], but note that the source
Zrm+l TP a2 o4l o sn+1/2 n+1/2 ) i
2Em 2 OB =¢& bd:h, (8a) magnitude need not be doubled. Moreover, for the (electric)
1~ bd _, ~ ~ current source, it is incorporated within the implicit system,
“fmn+l a2+l . sn+1/2 n+1/2 ) ) o :
2Ey 2 0By =¢y boh (8D) ¢, (4). This may be termed implicit current formulation or
EEHH B %82177"“ _ 2 g fntl2 (8o in-m_a'_trix implementatio_n [4], [7], in co_ntrast to the p_revious
9z 9 vz z v explicit current formulation or out-matrix implementation [1],

[3].
Fntl — ofn+1/2 _ gg, fntl (9a) It is interesting to find that our concise current implemen-
f;H ~z+1/2 Y ~Z+1 tation in only the first procedure yields exactly the same
Hy™ =2hy — do.E; (9b) accuracy as that of the implicit symmetric source scheme in
HP L = opntl/2 damE;l“, (9c) both procedures [4]-[7]. In fact, both source-incorporated ADI-
iEDTD methods are equivalent as can be proven analytically

Equations (2)-(9) constitute the main iterations of the effi -
cient source-incorporated 3-D ADI-FDTD method. To deduc® follows. From both (8a) and (9b) (multiplied ky2) taken

the physical fields for output, we simply relate the tilded anat one time step backward, we have

i i i i i 1= b, -~
untilded variables (valld1 at integer and half time steps) as g1z = §Eg + iazH;}- (15)
Be=5Ee (=2 (10) Substituting (15) into the:-component of (2) gives
1~
_: — 1= b, -~
He=gsHe, &=u,yz (11) & = S By — 50.Hy. (16)

Note that such relations are to be invoked only for certain fieF_JI 9 itinlied bv1/9) tak in at i i
components of interest at few desired observation points, Orr0r|1(1 ( 3) Err:m 'plied by { )f %en agbaln a_ttone ime step
they can be omitted via proper initial normalization. When thgaC ward, the:-component of (3) can be written

intermediate magnetic field variables are not to be output (as i lgn B @8 En 17)

is the usual case), the explicit updating equations (5) and (7) 2o07E Y

can be combined to read Applying (16)-(17) into (4a) and recognizing the relations
B;ﬂrl/Q _ BQ + dazE;erl/Q — 2d M1/ (12a) (10)-(11), we obtain
iLZ+1/2:BZ+damE?+l/2_2dM;+l/2 (12b) E;l+1/2_bd8§E;l+l/2:E;z_bazH;1+b8yH?
RETYE = R do, EYTY? — 2d M2, (12c) — bd0,0, B — b7 — bdo, M2 (18)

Similar combination of (9) and (3) (at + 1 time step) leads Thjs can be seen to be the implicit updating equation for the

to intermediate electric field.-component in the conventional
BQ“ _ iLg+1/2 _ dayEgH (13a) ADI-FDTD method with symmetric source implementation.
ﬁzﬂ _ %H/Q —do. Bt (13b) e'tl'o proceed further, we refer to (4a) afig-operated (5c) to
hotl = RIT2 — do, Bt (13c) L. i
Equations (12)-(13) make the main iterations even simpler & = §EQH/2 - §8yH?H/2 + 02, (19)

and more efficient. In particular, when the difference opegubstituting (19) into the:-component of (6) gives
ators above represent specifically the second-order central- )

differencing operators on Yee cells, the total flops count for — gn+1/2 _ - pm+1/2 93 g2 o pgntl/2 (20)
the right-hand sides of main iterations (excluding source) is ¢ 27 279 ¢

found to be only 42. This flops count is much less than th&rom (5b) (multiplied byl /2) and they-component of (7),
(102) of the original 3-D ADI-FDTD method! To recover the . 1. d .

magnetic fields occasionally for output, one just needs to call 7 t'/? = §HZ]H/2 + §3IE2+1/2 —dMyTE o (21)

upon, instead of (11), Applying (20)-(21) into (8a) while noting the tilded and

Hg“ = %(ﬁg“ + f}g“), E=ua,y, 2. (14) untilded variables relationship, we finally arrive at

Other implementation details may be referred to [8] including E*+1 — pgp? En+! = E;;H/2 + bayHQ“/Q _ bazH;]“/Q
for-looping, tridiagonal system so_lv!r_lg, memory reuse _etc. — bdD. O, BNV — b m 2 4 pdg, M2, (22)
Furthermore, there are other possibilities of implementations, v

including different difference operators, e.g. higher order [9This correspond to the implicit updating equation for the final
parameter optimized [10], etc. electric field z-component in the conventional ADI-FDTD



method with symmetric source implementation. For the other
implicit and explicit updating equations, they can also be
shown to coincide in the similar manner.

With reference to our recent efficient algorithm for ADI-
FDTD method [8], we note that the (electric) current sources
are incorporated therein via explicit (auxiliary) formulation
or out-matrix implementation in both procedures, cf. [8,
egns. (1),(5)]- This has been made simpler and convenient ir
the present work via implicit current formulation or in-matrix
implementation in only the first procedure. Furthermore, the
field and auxiliary variables defined in both algorithms can be
related simply by )
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er =ep —bJIT2 = hp —dMITY? (23)
- 30
e2+1/2 _ é?+1/2, h2+1/2 _ h2+1/2 (24) o v 20
Eg _ Engl/?’ Hg _ %f{?*l/% (25) Fig. 1. Asymmetry errors (26)-(27). (@), g, for ADI-FDTD; (b) 64,5,

for Yee-FDTD; (c)d,, p, for ADI-FDTD; (d) 6,1, for Yee-FDTD.
These relations provide further analytical validation of the

equivalence among various efficient and conventional source- ) ) )
incorporated ADI-FDTD methods implicit symmetric source scheme, our new implementation

For numerical exemplification, let us revisit the free-spad@vowes implicit current formulation in the first procedure

cavity of PEC walls meshed with x 50 x 5 uniform grids in only. Note however that the resultant accuracy does not
[7]. The sourceJ, is located at the center of cavity,, j, k) deteriorate but remains to be identical as before. This has been

with first-order differentiated Gaussian excitation pulse. IAchieved using our recent efficient algorithm for the 3-D ADI-
addition to the asymmetry error defined earlier (in dB) witffDTD method. Moreover, the current formulations applied

respect toF, in both procedures therein have been simplified, along with

|Ex ik — £k
max |E,|

, (26)

[5a7Ezj|i7j =10 1OglO

further reduction of the flops count for the main iterations.
Analytical validation of the equivalence among conventional
implicit symmetric source scheme and our efficient algorithms

we also introduce the asymmetry error (dB) based on théth alternative current implementations have been discussed.

transverse magnetic fields as

| Hoy(i,5,k0) + Hy(oik)]
max||H,|, |H,y|]

Such definition considers that ideally the magnetic field
components curling around the source at the same radigi
distance should have the same magnitude. Fig. 1(a) shows
a snapshot ob, . for our concise current implementation
using At = 6Atcr. after 100 time steps (also tested for
more steps with similar findings). Very low error level can be
observed, which is similar to that using the symmetric sourcl
implementation of [7]. This is expected since both source
implementations are equivalent, and they differ mainly in ouf4l
simplicity (first vs. both procedures) and efficiency (42 vs.
102 flops). Furthermore, our previous current implementatiofs;
[8] also produces the same results, thus their equivalence is
justified again via (23)-(25). On the other hand, the asymmetr%]
error according tdj, g, is not small as shown in Fig. 1(c).
This implies that there may still exist such asymmetry even
with symmetric source implementation of [7] (or equivalently[7
our concise one above or previous one [8]). For comparison,
both asymmetry errors are negligible in Yee-FDTD method a8l
dictated by Fig. 1(b) and (d) after 600 time steps of Courant
step sizeAtcr,. [9]

[5‘17Hf]i,j =101log;, (27)

2]

IV. CONCLUSION
[10]

This letter has presented a concise alternative current imple-
mentation for the 3-D ADI-FDTD method. Unlike the previous

Numerical results have provided closer scrutiny of the asym-
metry errors, which may still exist even with symmetric source
implementation.
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