MockoBCKuU ABUALMOHHbLIN VIHCTUTYT
(HaumoHanNbHbIN NccnepoBaTeNbCKUNA YHUBEPCUTET)

«MeToa KOHEeUYHbIX pa3sHOCTEeMN
BO BpeMeHHoUu o6nactu (FDTD)»



ABYMEpPHbIN MeToA, KOHEeYHbIX
pasHOCTEen BO BPEMEHHOU 061acTi
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3aKkoH AmMnepa
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3akoHbl Papagea n AMnepa B CKaJ/ISpHOM Buge
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Bugbl nonapusauumn An8 ABYMEPHOro

cayyas

™" TE”

Transverse Magnetic Transverse Electric




Bugbl Mo 3/1IEKTPOMArHUTHOW BOJIHbI

* TM - Transverse magnetic — IlomepeuHo-maruuTHass BosiHa. Hert
MarHUTHOM COCTABJISIOI[eN B YKa3aHHOM HaripaByieHuu (E-BosHa).

* TE - Transverse electric — IlonepeyHo-3/1eKTpruyeCcKasi BO/IHA. HeT
37IEKTPUYECKON COCTaBJSIIOIIEM B YKa3aHHOM HaripaBieHuu (H-
BOJIHA).

*TEM -  Transverse electromagnetic —  IlomepeuHo-
5/IEKTPOMAarHuTHasi BOJIHA. HeT 3JIEKTPUYeCKOM M MarHUTHOMU
COCTAaBJISIOIIUX B YKa3aHHOM HarlpaB/IeHUU.

* 'ubpugHble — eCTb W  JJeKTpuyeckas, W  MarHUTHas
COCTaBJIAIOI[ME B YKa3aHHOM HallpaBJ/IeHUH.



ABYMEpPHbIN MeToA, KOHEeYHbIX
pasHOCTEen BO BPEMEHHOU 061acTu
ana nonapusauun TM-
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Monapusauna TM-

Cyl1eCcTBYIOT CJIeIyIoIue
KOMITOHEeHTbI M 1101




Meton FDTD pgna nonapusauunn TM-.

3akoHbl Papagesa n AMnepa B CKaJISPHOM
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AunckpeTtnsauna sennymH E n H

H,(x,y,)=H, (mA,,nA qA)=H'[m
Hy(x,y,t):Hly(mAX,nA‘y,th):Hz[m 1]
E,(x,y,t)=E,(mAnA,,qA)=El[m,n]

m — WH/IEKC T10 IPOCTPAHCTBY BIOJ/Ib OCH X.
N — WHJIEKC I10 IPOCTPAaHCTBY BAOJb OCH Y.
g — WHJIEKC 10 BpEMEHHU.

A, Ay — pa3Mep CeTKHU 110 0CsIM X U Y COOTBeTCTBEHHO.
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KOHeuHO-pa3HOCTHaA annpokcumauusa

ansa 3akoHa Papapes

3anuineM KOHeUHO-Pa3HOCTHYIO allIpOKCUMALUIO IS TOUKU
(mA, (n+ 1/2)Ay, qA)
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KOHeuHO-pa3HOCTHaA annpokcumauusa °

ansa 3akoHa Papapes
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KOHeuHO-pa3HOCTHaA annpokcumauusa °

ansa 3akoHa Papapes

ITogo6HBIM 00pa30M BhIpaXkaem qu “12Im + 1/2, n]:
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KOHeuHO-pa3HOCTHaA annpokcumauusa

ANA 3aKoHa AMnepa

[Toz06HEIM 00Opasom BeipaxkaeM E 97 '[m, n] u3 3akona Amrepa:

oA,
2¢e¢,

OA,
1+
2¢¢,

1 —

E'lm,n|+

1 A
OA, (SSOA |

2¢eg,

H™[m+1/2,n]-H""*[m-1/2,n]}-

1+

A,
seOA

(H*"*[m ,n+1/2]-H""*[m,n-1/2]))



> . D
| SAS SRAS BUASE | A
< < < < < <
o/ —0—/—@—/ @ o,

Monapusauna TM-
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OCo00€eHHOCTU peannsaunu

aBymepHoro metroga FDTD

 Pasmep maccuBa fjist KOMIIOHEHTbI E — M X N
« Pasmep mMaccuBa 1 KomroHeHTel H — M x (N - 1)

» Pasmep maccuBa /st KOMHOHeHTbl H — (M-1) XN
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KOHeuHO-pa3HOCTHaA annpokcumauusa

Ecm A =A = 0, TO MOKHO BBeCTH C/IeyIoIIUe KO3(PMOULIMEeHTHI:

1 OmAt

2 Ul

0, A,
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2U W, md,(n+1/2)9

C,.(m,n+1/2)=

C

(m,n+1/2)=

hxe
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KOHeuHO-pa3HOCTHaA annpokcumauusa

Ecm A =A = 0, TO MOKHO BBeCTH C/IeyIoIIUe KO3(PMOULIMEeHTHI:

1 OmAt

2
Chyh(m+1/2,n): OMXO
1+ m-—t

pATHIN (m+1/2)8,nd

C, (m+1/2,n)=

hye

2 Ug (m+1/2)8 ,nd
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KOHeuHO-pa3HOCTHaA annpokcumauusa

Ecm A =A = 0, TO MOKHO BBeCTH C/IeyIoIIUe KO3(PMOULIMEeHTHI:

[ OA,
2¢e¢
Ceze(m’n)_ O-AO
1+—
880 mo,nd
_ 1 A,
Conlm )= - OA, €€y0
288O mo,nd




23
MporpaMmmMmHas peasin3aums KOHeYHO-

Pa3sHOCTHOW CXeMbl

Hx[m, n] = Chxh[m, n] * Hx[m, n] —

Chxe[m, n] * (Ez[m, n + 1] — Ez[m, n])
Hy[m, n] = Chyh[m, n] * Hy[m, n] +

Chye[m, n] * (Ez[m + 1, n] — Ez[m, n])
Ez[m, n] = Ceze[m, n] * Ez[m, n] +

Cezh[m, n] * (Hy[m, n] — Hy[m — 1, n])-
(Hx[m, n] — Hx[m, n — 1])



CTtaOunNbHOCTL ABYMEPHOro metoaa
FDTD
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Kputepumn yctTonumBOCTMH

KypaHTa-®pugpuxa-/ieeu
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N — pa3MepHOCTb npocTpaHcTBa (1, 2, 3)
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CTaObuNbHOCTb ABYMEPHOro metoaa

FDTD

Kputepuii crabunbHOCTH 17151 N-MepHOro IpoCTPaHCTBa:

Kputepuii cTabUIbHOCTH /151 IBYMEPHOTO
MPOCTPAHCTBA:
pocTp \/ 11
t

—+—<1
2 2
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CTaObuNbHOCTb ABYMEPHOro metoaa

FDTD

Ecm A = Ay = A, 10

SC:vA\/i+i<1 5 s—VAtﬁ

A AYT AN

KpuTtepuii ctabunbHOCTHU /1711 N-MepHOro IpoCTPaHCTBa:

vAt\/N
— A <
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CTaObuNbHOCTb ABYMEPHOro metoaa

FDTD

BeeneM Ko3(hdUIIMEeHT — aHa/IOr 0iHOMepHOoro urciaa KypaHta
IJ1s1 ABYMEPHOTrO Ciyyvas

Kpurepun yCTOMUYUBOCTHU [J1s1 AIByMepHOro FDTD:

A
A<_
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deMOHCTpauna aAByMepHOro metoga
FDTD ana nonsapusauun TM<.
NCTOUYHUK ULMNUHAPUYECKOU BOJIHbI.

fdtd_2d_TM._first.py
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deMOHCTpauna aAByMepHOro metoga
FDTD ana nonsapusauun TM<.
NCTOYHUK N/TOCKOW BOJIHBI.

fdtd_2d_TM_plainwave.py



ABYMEpPHbIN MeToA, KOHEeYHbIX
pasHOCTEen BO BPEMEHHOU 061acTu
ana nonapusaunn TE-
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NMonapusauuna TE-

Cyl11eCTBYIOT CJIeIyroIue
KOMITOHEeHTbI OM 110/14:




3aKoHbl Papaged n Amnepa B
CKanidapHOM Buae
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AunckpeTtnsauna sennymH E n H

E,(x,y,1)=E,(mA, ,na, g4 )=E<[m,n
Ey(x,y,t):Ey(mAX,nAy,th):EZ[m,n]
H,(x,y,t)=H,(mA ,nA,,qA)=H![m,n]

m — WH/IEKC T10 IPOCTPAHCTBY BIOJ/Ib OCH X.
N — WHJIEKC I10 IPOCTPAaHCTBY BAOJb OCH Y.
g — WHJIEKC 10 BpEMEHHU.

A, Ay — pa3Mep CeTKHU 110 0CsIM X U Y COOTBeTCTBEHHO.



KOHeYHO-pa3HOCTHaA cxeMa
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KOHeYHO-pa3HOCTHaA cxeMa
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KOHeYHO-pa3HOCTHaA cxeMa
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NMonsapusauna TE-
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KoHeuyHo-pa3HOCTHaA annpoKkcumMauus

Ecm A =A = 0, TO MOKHO BBeCTH C/IeyIoIIUe KO3(PMOULIMEeHTHI:

OmAt
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C,, (m+1/2,n+1/2)=
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C, (m+1/2,n+1/2)=
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20l (m+1/2)9,(n+1/2)
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KOHeuHO-pa3HOCTHaA annpokcumauusa

Ecm A =A = 0, TO MOKHO BBeCTH C/IeyIoIIUe KO3(PMOULIMEeHTHI:

1_0At
C (m+1/2n)=—5
exe m y11)= OAt
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_ 1 A,
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KOHeuHO-pa3HOCTHaA annpokcumauusa

Ecm A =A = 0, TO MOKHO BBeCTH C/IeyIoIIUe KO3(PMOULIMEeHTHI:

2¢€¢,

C. (m,n+1/2)=
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MporpaMmmMmHas peasin3aums KOHeYHO-

Pa3sHOCTHOW CXeMbl

Hz[m, n] = Chzh[m, n] * Hz[m, n] +
Chze[m, n] * ((Ex[m, n + 1] - Ex[m, n] -
(Ey[m + 1, n] - Ey[m, n]))

Ex[m, n] = Cexe[m, n] * Ex[m, n] +
Cexh[m, n] * (Hz[m, n] - Hz[m, n - 1])
Ey[m, n] = Ceye[m, n] * Ey[m, n] -

Ceyh[m, n] * (Hz[m, n] - Hz[m - 1, n])
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deMOHCTpauna aAByMepHOro metoga
FDTD ana nonsapusauumn TE-.
NCTOUYHUK ULMNUHAPUYECKOU BOJIHbI.

fdtd_2d_TE_first.py



O0beanHeHHast NPOCTPAHCTBEHHAaA 46
ceTKka ana aopymepHoro metoaa FDTD
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