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1 5 =&

A BR 243 (finite-difference time-domain, FDTD) J7 38l %} Maxwell J5 F23E4T i 8] A1 23 1]
B, R O AR AR I Sy SR g R 2 B TS AU, & MR, FDTD ik c )
R R BRI A LR A A S R R Bl R, A48 FDTD Jy kA I ] 5 K 2T 2
Courant-Friedrichs-Lewy (CFL) A&7 M4 A, 1H5 X AR LE RS AR G5 A B, B TR) 25 22 S 38Rk, AT
SHOR R AT HOE N, TR A E R R L

N IRCFL X FDTDR [R5 1 BR#, B 7038 32 7 B4 A2 8 IFDTD vk, Wnss & 77 ke a{
(alternating direction implicit, ADI) FDTD 011 J53#—4k (locally one-dimensional, LOD) FDTD [>9I
M S fBE R (complying-divergence implicit, CDI) FDTD U614 jE4E3K, LOD-FDTD E 4t —
H TS24 G R A5, CDI-FDTD Ui 16 2 HIURE 24 5, 8 G 75 TG U5 DX 480 A A B R A FELAE, AT 5
B LS — SO BB R . X7 I 5N B o i 2B T I A5 BRI, AT ZE — &
FERE B3R 7R, SR, O AR A RS T VA TE AR AN R) 2538 0 5 R e A AH ELAR At U7 72,
BN TR AT, AL, I K AR DDA AT RE BN 3 RO € ORI TR 2, TR T R R T
.

FE S BGRB8 R A A AR R B A7 = TR g g 7200, e X — e, A 7N A 3
T JURR I E, ATERSARIRS 77 1) SR FH e B s, AR o 1 DO (R R S QI AR, 76 T30S T TR A R 1 1 [ B
— R LARAIE TR PR TP . o, IR A B-FE0 (hybrid implicit-explicit, HIE) FDTD /7
VEIE FH FAL—AN 7 [V 70 A 40 WA (1 1 R 21250 3o A 7 R 396 A WU R IHIE-FD TD 7 %5 R AR
SEAULELZHIGE &, 3 — D4R T HOR MR IO 40 45 4 5 . 24 E FRAE RIS J7 1) B AR e RS NS
P, 55264845 (weakly conditionally stable, WCS) FDTDJ7v: 8 i 2429, WCS-FDTDif i %
MK A IO A 7 T R T o X B A, S TR DK 3 S R T TR BT 7 1) Y T A KN R . AR T % A
Fase 7775, WCS-FDTDAY 75 R g4 a7 B2, E VT8 AU RS B 7 TH A — 3.

SRITT, TE SR AR HIASE = k5 40 55 49 [ N, WCOS-EDTDA I R T ERAEAETFAY. — 5T, KR
WA T BA7 i 2 AN R 0 i, RSB R AR BT 7 R AR R EL. 55— 7T, WCS-FDTDYER M
(]2 P9 75 B SRR 2 AN = MR R AR, 3800 TSP T SR Moradi® POV 3k 47 SRARF) — B 1] 25 Py AH EL
SR SEFTTRR, ST B RS NI SR T 2 AR AT 12O IR AR B R N TR, HR W
St S BRIMPLSy fifE, R (H) 3 S8 A5 S8 5 8 e, FLnT Ab B IK T SR BRI A it 25 B AT 52 B Y e R A
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GEURPR . DRI, A 0 BRI FTIE [ 0 A0 S AR & R A BT R SRR Y R e 11 AT WCS-FDTD /7
.

CVE W FU 3 T3 B2 1632 1 (message passing interface, MPI), SR X 38 /3 @ fllid F 3y gl fE, sSeil 7
& FDTD X HIE-FDTD /5 1 AT v 5, S R RS i il 1) ) v R Rt 77 A ode i 2729, S5 HIE-
FDTDMEL, WCS-FDTDAXAERE 4 W 4% 77 0 5K FH B ik AR, T 7EKEL DO A 7 1) £ 87 St xS e b, PRI L %
A XA R SEBIMPIIFAT I 26 AF. 25 RE BIAS SR H YW CS-FDTD 5 2E# A 2 4 48 WS 5 1] SR i =
XA TR, A ST VR ORI AR T AE [y 77 160 BEAT — 4 DX A 40 g, A A S MIPTHERR ¥ 08 B 56 BE (¥ a2 7 1) I
Fit, I RESELE A ST 58 =X A SR AR AR DR AE T X s A e L B . 5 OH R
MELRRRIAT I IEA A, ARSI ST X R MPTREFE G RAT . B, @i R e R 40 R MPIHF
FFFDTDRS LY, F5 ARG RN K 22 45 SR, STE BT T L I TSRS B, AT B AT s 9 e g

ARICHRE A ZHWF, FE2W A H WCS-FDTD 7k BEAR A LI EET MPL (547 2B F2,

55379 DA<g e LB, B8 TSR T iR R T SR HEBRPE RO AT ROR, SR4TT R A A

2 Ep 5

2.1 BAWCS-FDTDEAEAAR

ik PUZE H T WCS-FDTD A T A 3R, HrP kAR R BN [ e . A HAE T A2 (a4 B A 2%
FIER R, FHEEW A IA S E RN s, AERESR, FHALCLE —AT 0B B, B3 B e
A LS FE.

AT RS, B AH, S A N

B (i+3,5,k) = CA(i + 5,5, k) E} (i+ 54, k)
Hi+35.)+3.k) - Hi+35.5— 3k
Ay
CB(i+%.:k) [Hy 2430,k +3) —H 2(i+3.5.k—3) o
2 Az
+H;(i+%,j,k+%)—H;L(i—i—%,j,k:—%)
Az )

+ CB(i+ %, 4, k)




Hy 2 (i+5,5,k+3)=CP(i+ 3,5, k+5H, (i+3.5,k+3)

CQUi+ 3,7, k+1)
Az (2)

2

+ .
Az

RAT— 3570 BER) Yee 15 i AL B AL Em, W22 (842 B AR S IIEACR EON

_ a(m)At At
m) — 2e(m) m) = g(m)
CA(m) ol CB(m) | otmAr
2e(m) 2e(m)
- om(m)At At
_ 2p(m) m) = (m)
CP(m) = L Tn(AL cQm) L On(Al
2p(m) p(m)

Hrb e, p, oMoy, 735109 R B3, SRS RS

Fa (2RI (1), IR ERIEL T PR T 2 A o, 75 B 2 77 1 B =0 R T R o T4 [
SEII(, §), IR A 1R — AR £ AR A5 AU B2, IR (4, ) PR 2 X ) = £ 77 R
37

FEH AT LT, BT RRBE,, Bl FREE,, b5 X8 H, A, E A H, fRFE5A
AR AR AR R, E R T SRR E,, BT R E,, A 53R H, AN, 110 E, fH R A
A2 ZILTE M En 4+ 1 21— JOEAR. FiAt Iz 0 8 i B AR S 3T 2 30T el SCRR B kA3 210, X AR
FERHIH.

XFFDTDIN 5, B AR SZ R T CFLAA, HItHy:

1
AtppTp = 5 (3)
2 2
e J@)+ (3) + (&)
AT WCS-FDTD ¥ ] 25 K 3 il ] BUCA:
A
Atwcs—rpTD < Ty (4)

Herhe = 1/ EpNBAES BT IO . W LA HOW A AR (U AE Ty 07 1] ITWCS-FDTD, A%,
207 ARSI S I RE R, AR TFDTD, e fE — 2 REE LI 58 CELAR AR T I R) AR/ R B )
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2.2 EFMPIBHWCS-FDTDH T4

BRI RN, XA M 205 A AE RS A A5 A4 (1 H A, WCS-FDTDR 273 U I PN J7 [ 3R i =% #1
FERETTRE. NPRIEAS HERE BEUS AR ST 5 BT RERSR AR, TH 5L XA e T o Bl J7 R EAT R 23 DRI, AR STy
LA I £E 1R 5 TGS T 5 XS AT — 4E X I, %10 5 1 3 X Fo 4 AN R MPTRERE. TR
T X e B2 25 R R, WOS-FDTD R =50 A5 B 5 R i) AE - 12E RS N SIS SR, To /7
B Uk e A AT S HEREIE S

BB DRAE Y 77 17 5 L, AN W%, S5 RSOV P,. &R A BT R R AT s, A
SCR AR B S B U5 3K, 58 251 IX ARy 7 18 BRI IR B et SRR o A A Bl

r = L, mod P,. (6)

X HERESR Srank < rAUERE, Ry T g + 1R, X Frank > r(UEERE, FEyJ5 17 70 B I FRS.
I, Hrank NEERELEY T7 17 L HIAH RIS ENV, (rank)

qg+1, rank <r,
N,(rank) = (7)

q, rank > r.

Srank NHERE T R ) 42 R AG A% 9 5 s (rank )

rank(q + 1), rank < 7,
js(rank) = (8)

r(q+1) + (rank —7)g, rank > r.

FA R 42 JR 2 1R A% 9 5 e (rank ) A

Je(rank) = j4(rank) + N, (rank) — 1. 9)

IR 7 AR ORAUEAE B A IR ARy 7 A B IR RS R 2 22 AN L, AT S B AL A F) B
PO BC. X T AL T A XA S b 3, ASCR B A R, RSB DA Rl 2y T 2
PILPos. izl o Jr 2kt G 1 AR AT HERE B A7l A SE T IR — 32 S il _ B3, B 1 %I B R AR,
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17177 o PRI &0 5 DX 35 0, 15 5 F 1 v 37 -0 i T B 51 A SEDRT B S, A8 T8 — SR A 51 R dd S A5 FL.
i L W IR A, X S A B ATRE R A BB 73 B T3 3, NSRBI Yee MRS ITEROE S, AR
WCS-FDTD J5ikJ5 A KB EH Rk A&,

Computational Domain I? 1 2 3
z
x‘(t—'y
i pundg I pund) I
— —
- - - 241 2 1 1
v ?1 ‘r ?2 ﬂ ?3 1‘ FirstProcedure | mmmm Receive A Hz » Ex |
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Fig. 1. Computational domain partitioning and field-value communication.

FERUX IR 3 J5 , RS HERRA 7 B AR A M DX b 1 s 37 20 &, RS AW CS-FDTDEE
ST A REL SR X IR AL B A ) ZE o B, S B AR y 7 ) B e i ELEAR 22 IX, T
A AR AT HERR AL BB HOIL A I . T 4 e v B0 X s oy S PO 36 R 75 B0 B 5 FL A B HERS NS LA A R i X
W S 5 R 58 45 ULAC 2 (convolutional perfectly matched layer, CPML) B0 B 5, AL AR
I A b DA S N B 4 S 2 5 BEAT B

FATWCS-FDTD M & EHMUT 5 #4758 B SR ED di A b IR . St E 2k
FEA T~ X33k A 52 ORH R R 37 70 PR B oSBT, B e e el St i, A SsE Ot R 0 I ST T it
S SRy 7 [V BEAT 7088, BERE (8] A% 81~ X2 i b ) — b e 3l A5 Bl v wo i _ LRI &

FEFH DT LR, SRR E R ERAME, K. BEa, R 2 MRS, AR H 2 Ak
B, A 25 /e MARARRERE. A MIRERE RN R Z0 R, Se 7 XA A S L B, fH . R SR, R
R e, SRR S H, A, BE)E, BREchMEREAh, REASERER HAT 1L AL ) H A% 3 25 4 )
FHARIERE, T — (8]0 il AL B AL B, (0 B8 SR T 5 208

FEHE AT HESD, KRR RTRAME, KEH. FE, R MRS, SRR e AL
M B AR e e MAHARERE. A2 M EAR A PR B I B, 58 il 1 X 0R T ML B, AN HL, (R SE T, (2 L7 ST
G, SRR HH, M, f)a, BREch MBERESL, S BERR A T AL 1 H AR 3 25 5 N AH &
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BERE, 9T — a2 i S B AL B, B SR R BT A

P2 K FIMPI _Sendrecvye MUt SBERE 2 18] 4 FH I & s . AERGEIE T, SRR AL ik
EEARMARE, FI BTy — MR REREAR 1L ) B IAF NGB H IX. 23R SOk 5 R & IR AE R M5 1
P e, e G AT PH 2 R8N SO AN 24 1 7 AL BERE [ A B3 . RE P 2 WINE,, H., E. A H, W &AL
HITH BARRE, LARIEAS 3% 73 B e 1R A b AN, JEAE 52 ioa , #3E R A A 2 [X b B9 120 57 37 £ B
F DX AT S B A ) LR

WCS-FDTD ) e 2 58 B 77 2Rk 8 =) M B 7 F2. AR SCR B Thomas 500 BUSE K. U — 738
Reb (0 B, N, 3R E R4, ), SRIFBRT B =X R 4L, 3 2 5 10 1 =5 iy 7 R 4L m] 8o

Bl = 1)+ BT k) B (kv ) =dp (k=1,2,...,N, — 1) (10)

KL ()N (1) FHEIFHFEZI, aT83 R ay, by, o, AT dy, BATE R AER R, b H
a; =0 MM ey, 1 = 0. Thomas 5% ANHT A To AR [ EIACPAS25 5%

BRIV TCI, X RECEAT 0 AR, & T AR, E R RE o, M d):

/ C1 / dl
= — d = —
cl bl’ 1 bl
/ Ck
= 77 11
x bk - akc;_l ( )
N dk - akd;_l

d, , (k=23,...,N.—1)

N bk — akcﬁcfl
T 1 R RS — AP P08, R UoRAR B2 (k)

BTN - 1) =dy_,

(12)

EMik) =d, — EM (k1) (k=N =2/N. —3,....1)
Wit EIARP BIAT S RSCR A AT P B, 5 . AR (i, 5) RS0 LI =% # 77 24 AH B AT
P T B3 XA AL R BT LE By 7 T Rl 43, RS MPTHEFE Y {5 B 58 B i A2 07 [ A% . PR, Thomas#
VR ) Y TN S ) B4R A 70 A5 R R ) AR Hb 7 X 3k PN 52 K, SR et B A AN FR AT BERE (R AE . AR AR Y

W R R G, A7 X A By E . AR I = R AR R B AL BE 7 7.

FATRE P B BEHATIRFE W R

L. #I4ate MPT FEATHAEE, SREGHERE BB AT A2 g 5

2. MRHERE SN AN S E, wEWRBCL ST, D SR AMEIL 745 T E 58 BRI T FEIX I
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3. ¥y Jr RIS TR, TR AR RS LA S B e A R

4. R RCA I R, TR REAGAUR S

5. AT U T, FHREE SR M Thomas FIE KR E, =X i, IR LA FAEME, . B
JESRIFE, =X T RE, R H,MH,, 538054 H, .

6. 255 AT PR, F R YR Thomas BE R E. I =X 7 fE, AR)E Bl AL E. . B8
JERIRE, =Xt ke, EHH,MNH,, & dfbni,.

7. EEPIT ERWATEIR, B ARTRRROE KRS

8. WA IFF AL A TR HLE 5, BRI EE, 40K MP JF(T 52,

HAEH

SR FH 4 T e A B9 56 T 402 B9 1 U SR B R U810 L M R R an 2R, & J@ AR 1 R
N415.68 mm x 300 mm x 12mm. & J@HR ARG — LR, SR A8 IR RS AN RIS 28
— A HE 58 98.25 mm, K300 mm, HA9mm. H FE Y N4.8 mm, K300 mm, HN4.8mm. WiaTi
I, 55— 5 5 R RE L A () BN 6.48 mm, B AN E 5 T — A AR M 2 1A 9 TR) EE 09 15.12 mm.
W, ARG AW 77 1) () R 3 93465 mm, LA 124 A, B ARAEy 5 A b2 A0, JE i AR SRR 4y,

Az =0.4mm, Az = 0.25mm, Ay = 2mm, FDTDH} A5 K K-

1
Atpprp = =0.70 ps,

c/(1/Ax)2+(1/Ay)? + (1/Az)?

WCS-FDTD I a5 Ky

A
Atwcs—FpTD = ?y = 6.67 ps.
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12mm

415.68mm,

15.12mm
—>

4.8mm
>
1 4.8mm
6.48mm omm
Ead
Air Copper
8.25mm PP
>

2 ERECMEHAMR SRR

Fig. 2. Schematic diagram of the structure and dimensions of the metallic metagrating.

BRI 204 x 294 x 62, S MEELY 371.9 1. BB BABORKITHE AU, XS
[ALAN A A7 BRI SR Y 1 e R, T AR AR T i R AT SR A B R RIS R B 7 5 I PR T SRR AN AT
PIERE ). 10 FICPMLIEAT BT, WIS Z &N 10A WG, FITE— 207 A% 3%, 77 el AR f0 1 T g A7 1

S, B N
[ t—10\>
S(t) = €xXp | — < n > )

Hrg, = VT, to = 3.68t,,, W4 f = 12GHz. idEER LA H Nz = O, &/@iHi Azoy i JH

&, £E(0,0, 20 mm) A E — 38R EE, I IRET 45 RN 1 TR IS HURK T (radar cross section, RCS) 4

HI B3 EIA%5 e, REWSF HUB DG ELOGHZ A (I AU AL e i Re IR FhR 100, 8347 WCS-FDTD A
HATWCS-FDTDHIIE 45 BARK FFDTDHIR 2 81.4%, T34 R R Z R R (13) GH, Hd, N~
IS 18] SRAE S E, moN I RAE U7 5. 29750 = —60°4k, FDTDIZHRCSH K AH H23.54dB, WCS-
FDTDHZEIARCSH KAE N23.63dB, & AH%0.09dB. 45K, BT MIFITWCS-FDTDH S5FDTDE,
R AT, e 08 SRAL G 1T 5 I 3 HOUR R, B8R T BT SR NE MR I S TR, NG—
Rk, AIEMCRH “IFATWCS-FDTD” |, EIZRFH H 12 WP-WCS-FDTD. M#h, P-FDTDZRR I

fTFDTD.

Ny
Erry.,, = ]\1[t Zl |EFDTD(Z;;|£:;;ZS[—)F|‘DTD(7”>| % 100%. (13)
fE4iFDTD, WCS-FDTD, F4TFDTDM 347 WCS-FDTD Y i 50355 (1K) 415 ZL I 1R) 5 Eb i€ 1R, 3
hPRIRMPIIFAT /7. HATFDTDMIFAFWCS-FDTDH K 124N 3. 3 /TWCS-FDTDIE it jik 75 I 1]
K BTSRRI B AA R FDTDI1/3.8, fEAH R FEEC R, HATWCS-FDTD 15 (5] 8 347 FDTDI#1/4.2.
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AL, 47 WCS-FDTD I 50 18] 8 AT WCS-FDTDI{1/11.5, 8% J5 ik G0 (AR FFH 50 2 1) [ e 3k
— BT ACR.
FRIAT R R 245 Y, FRAT R 2 SUN:

S T,
E, = "2 x 100% = 71 x 100%, (14)
p

bip

Heb, B, Fon M p AR FIIFATRCR. B4 I 7 R g b, Hoe SOh:

T
S, =— (15)

H, S, FonfliH] p DMHERERHIIHAT IR L, Ty FoR Bttt A, T, RoRMEH p DBERER T
). BERS AT M S B, S0 TE 32 R AT ROR IREFIEOS % LA L, i Lk 29 30,5, 7RI T 5%
RAUFIIY fett. & TR 2007 SR PR A Linux ik 95 4% L7811k 55 4 e B 9 Filntel Xeon Gold 6248R
3.00 GHzAL 28, JLA8 /M FERZ 00 (96 N B A% 0) , WAFL TiB, #:/E &% A Ubuntu 22.04.3 LTS, K GCC

11.4.0fIMPICH/HYDRA 4.0. & AMMPLHFREH —AMIEZ .

1.0} FDTD
- P-FDTD
— — WCS-FDTD
o5kl i zmmmeee P-WCS-FDTD
~~
£
> o
0.0
)
0.5 M
0 1 2 3 4 5
Time (ns)

K3 EREICHEE BT R G R X L

Fig. 3. Comparison of near-field probe results for the metallic metagrating case.
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— FDTD

= == P-FDTD
= WCS-FDTD 60°
= === P-WCS-FDTD

90°

5 25

4 &JE B FIZEL0 GHz FIRCSSS Bxtt

Fig. 4. Comparison of RCS results for the metallic metagrating case.

R M) A DR 572k (0 07 A )X B

Table 1. Comparison of simulation time for the four methods in the metagrating case.

7 WA (ps)  THERE] (s)  ®%E (%)
FDTD 0.70 13031.1 -
P-FDTD 0.70 1248.2 -
WCS-FDTD 6.67 3410.0 1.4
P-WCS-FDTD 6.67 295.7 1.4
35
Ideal
30 —--o-- Proposed method "o
25
_g- 20 /;r’
c;)g' 151
10 -
5k
00 110 2]0 310

Processors

K5 SLkAE e Rl e S b i

Fig. 5. Speedup of the method for the metagrating case.

N HE— BRI FT R T IR B T R EE ST, AERE Y AU E A 16 M MPTHERE, 235K, 2R134 it

LA R BEATIAR, dER 3T, AT A BRI i 30, TS A H1223.2 sPRKE89.4 s. AN TR S 163ERE
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® 2 HIAAEEDCHE B P AT AR

Table 2. Parallel efficiency of the method for the metagrating case.

HEFRM SIN () AR E,

1 3410.0 100%
2 1758.1 97.0%
4 883.6 96.5%
8 443.1 96.2%
12 295.7 96.1%
20 177.9 95.8%
32 111.8 95.3%

ZEIL, 3T A ASHERR IR b 2.5, BT AR 83.2%. BE T A NN L M I AT AR Y UL A 163k R 45
NFEAE, FEAT R AR IR L 5715 B L. S5 BRI, BT 5V BRI 2 /N UH B R R T SR B
U, BEANFET B S RBERIAT B ST A, R 3SHn BB s EUE T A IR Se T S0 5E
B BEASTEET SACE — PiHygon C86 T1854bFLAS, 1% 32 M HAZ 0 (64 E Hi A% 0 ) F1251 GIBINAE, 17
i [E K H ConnectX-6 InfiniBand 2% F.# . #:4F 52484 CentOS Linux 7, RHGCC 7.3.1F10pen MPI 4.1 4.
I A7 [ R A8 16> MPTHERE.

R 3 ARFET B RIAT I RE

Table 3. Parallel performance with different numbers of nodes.

Tk MR RN RRERREL PRI (s)  MDWI6HEREANIELL B RACR

1 16 16 223.2 1.0 100.0%
2 32 16 125.2 1.8 89.1%
3 48 16 89.4 2.5 83.2%
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=

4 K%

AR SLER X AN 2 1] 7 i) A7 FE A 2 45 ) 1 K RASE = 4 LR 07 0 1), 4 RSBl 7 — R T MIPT (193¢
4T WCS-FDTD J7i%k. ¥ WCS-FDTD IR RS L, A SCR B IUAR J5 1] (18— 24 DX dslc o) 23 SR 4 B A
TR X3R5 A 2 AT XIFFE A BL4E A R MPL 3R, 5 3R 7 AR X 3 P9 ST 58 Bt 5 58 8, (A AH 4D
T X B FAL AT L E gy A, TR S AT IR AR, LG G S5 A D), X T 5 (kG A
RBORBAT T BAIE. et 45 R RCS 453K W], JFT WCS-FDTD J5ik 548 FDTD J5 i 847
WCS-FDTD J7ikW)& REF, W% IFAT SERR WS (R EF AT WCS-FDTD JjvE T SAE . TS ()% tb
KW, WCS-FDTD e il 5 i 5] 25K 3 kb 1 07 AR, 15747 WCS-FDTD fELERAE Bt — 55Tt T
THERE. FEAR R 23R 24, HATWCS-FDTD RIS BT 7] 24295.7 s, 2253 TFDTDUH A ] ]1/4.2,
TR A IO EMPIHAT, K B WCS-FDTDXAE 41 S i 1] 25 K BRI 8. 72323 FE T,
P& 771 NIk EE ik 30,5, FEAT R N95.3%. HE— B IS5 sllarh, #7150 1 F 16 MPTHERE, 2
THEAT S IANME I ZE3ANES, TR A E223.2 sPRIKEE89.4 s, XTI L A2.5, B5T5 s ak% h83.2%. Lik
GEIRR, FTHETVE RN R TH SR S B O A A 2 ANV R A, B X T R SRR IR AT 1
RIS AHEY e Be

SRR
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An MPI-Based Parallel Three-Dimensional

WCS-FDTD Method*

NAN Qin  CHEN Juan! MOU Chunhui FAN Kaihang

( School of Information and Communications Engineering, Xi’an Jiaotong University, Xi’an

710049, China)

Abstract

For large-scale three-dimensional electromagnetic problems with fine structures in two spatial direc-
tions, the Courant—Friedrichs—Lewy (CFL) condition imposes a severe restriction on the finite-difference
time-domain (FDTD) method. Tts time step is limited by the smallest grid size, resulting in low compu-
tational efficiency. The weakly conditionally stable FDTD (WCS-FDTD) method relaxes this restriction
through implicit field updates. However, large tridiagonal systems must be solved repeatedly at each
time step. These solutions impose substantial computational and memory demands on a single computing
node. To overcome these limitations, an MPI-based parallel three-dimensional WCS-FDTD method is
proposed for distributed-memory platforms.

The field components along the two finely discretized directions are updated implicitly. Therefore, the
time step is determined by the grid size in the coarsely discretized direction. The computational domain
is decomposed one-dimensionally along this coarse-grid direction. As a result, each MPI process retains

complete grid lines in both implicit directions. It independently solves the local tridiagonal systems using
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the Thomas algorithm. No interprocess communication is required during the implicit solutions. After the
corresponding field updates, neighboring processes exchange only the required boundary field components
through MPI_Sendrecv. This strategy combines the enlarged time step of WCS-FDTD with process-level
parallelism. It also distributes the computational workload and field data across multiple nodes.

A metallic metagrating is used to evaluate the accuracy, computational efficiency, and parallel scala-
bility of the proposed method. The calculated near-field probe responses agree closely with those obtained
using the conventional FDTD and serial WCS-FDTD methods. Close agreement is also observed for the
far-field radar cross sections. For this example, WCS-FDTD increases the time step from 0.70 ps to 6.67 ps.
It reduces the serial runtime by a factor of 3.8 relative to conventional FDTD. When the same 12 MPI
processes are used, parallel WCS-FDTD is 4.2 times faster than parallel FDTD. It is also 11.5 times
faster than serial WCS-FDTD. With 32 processes, the parallel WCS-FDTD method achieves a speedup
of 30.5 and a parallel efficiency of 95.3%. Multi-node tests are also performed using 16 MPI processes per
node. Increasing the number of nodes from one to three reduces the runtime from 223.2s to 89.4s. This
corresponds to a relative speedup of 2.5 and a cross-node parallel efficiency of 83.2%.

These results demonstrate that the proposed method preserves the accuracy of WCS-FDTD and
substantially improves computational efficiency. It also effectively exploits the aggregated computing and
memory resources of multiple nodes. Therefore, the method is well suited to large-scale three-dimensional
electromagnetic simulations involving fine structures in two spatial directions.

Keywords: finite-difference time-domain method, weakly conditionally stable finite-
difference time-domain method, domain decomposition, parallel computing
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