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$QDKWDU 6|]F�NOHU� 7DP EHQ]HúLPOL WDEDND �3HUIHFWO\ PDWFKHG OD\HU–PML), sonlu-IDUNOÕ ]DPDQ-X]D\Õ �ILQLWH-

difference time-GRPDLQ )'7'�� \D\ÕODQ GDOJDODU 
 
 
ABSTRACT 
A new two-dimensional (2-D) implementation of the 
anisotropic perfectly matched layer (PML) as an 
absorbing boundary condition is presented. The 
technique is based on the introduction of a new set of 
intermediate variables to discretized Maxwell’s 
equations in the update process of the field 
components. As a numerical example, an electric line 
source is radiated into free-space to demonstrate the 
new scheme. 
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%HUHQJHU ³7DP EHQ]HúLPOL WDEDND �30/�´ >�@ DGÕQÕ

YHUGL÷L YH VRQOX-IDUNOÕ ]DPDQ-X]D\Õ �)'7'�

X\JXODPDVÕQGD ³HPLFL VÕQÕU úDUWÕ �DEVRUELQJ ERXQGDU\

condition-$%&�´ RODUDN NXOODQÕODELOHQ ELU WHNQLN

JHOLúWLUPLúWLU� %X WHNQLN� HOHNWULN YH PDQ\HWLN DODQ

elemanODUÕQÕQ IDUNOÕ RUWDP SDUDPHWUHOHUL LOH oDUSÕOPÕú

iki alt parça\D E|O�QPHVLQH GD\DQÕU� %|\OHOLNOH

Maxwell denklemleri modifiye edilerek, herhangi bir 
IUHNDQVWDNL YH JHOLú DoÕVÕQdaki elektromanyetik 
GDOJDQÕQ 30/¶GHQ \DQVÕPD NDWVD\ÕVÕQÕQ WHRULN RODUDk 
VÕIÕU ROPDVÕ VD÷ODQÕU 
 
>�@¶GH NDUPDúÕN NRRUGLQDW |OoHNOHPHVL NXOODQÕODQ

DOWHUQDWLI ELU 30/ WHNQL÷L VXQXOPXúWXU� %X PHWRWWD GD

Maxwell denklemleri yerine ölçekleme dikkate 
DOÕQDUDN \HQL 0D[ZHOO GHQNOHPOHUL \D]ÕOÕU� %LU EDúND

yöntem de [3] ve [4]’te sunuldX÷X JLEL 30/¶L ND\ÕSOÕ

WHNHNVHQOL DQL]RWURS RUWDP RODUDN WDQÕPODPDNWÕU�

%|\OHOLNOH NXOODQÕODQ 0D[ZHOO GHQNOHPOHULQL GH

GH÷LúWLUPH\H JHUHN NDOPDPDNWDGÕU� 
 
Anizotrop PML’in dik elektrik (transverse electric-
7(� )'7' X\JXODPDVÕQGD� DODQ ELOHúHQOHULQLQ

güncellHúWLUPHN LoLQ >�@¶WH DUD GH÷LúNHQ RODUDN HOHNWULN

DNÕVÕ NXOODQÕOPÕúWÕU� %L]LP \|QWHPLPL] NXOODQÕOGÕ÷ÕQGD

LVH D\QÕ GXUXP LoLQ JHoLFL GH÷LúNHQ RODUDN PDQ\HWLN

DNÕ WDQÕPODQPDNWD YH EX GD N|úHOHUGHNL 30/ LoLQ

KHVDSODQPDVÕ JHUHNHQ GH÷LúNHQ VD\ÕVÕQÕ D]DOWPDNWDGÕr. 
%X ELOGLULGH� D\QÕ 30/ GLN PDQ\HWLN �WUDQVYHUVH

magnetic-TM) durumu için  FDTD hesaplama 
RUWDPÕQÕ VRQODQGÕUPDN LoLQ NXOODQÕOPÕVWÕU� %X GXUXP

LoLQ WDQÕPODQPDVÕ JHUHNHQ DUD GH÷LúNHQOHU YH

GHQNOHPOHU J|VWHULOPLúWLU� >�@¶WHNL \|QWHPOH EL]LP

JHOLúWLUGL÷LPL] PHWRGX NDUúÕODúWÕUPDN LoLQ VRQXoODU

JUDILNOHUGH VXQXOPXúWXU� 
 
���*h1&(//(ù7ø50(�$ /*25ø70$ 6,� 
7HNHNVHQOL DQL]RWURS 30/ LoLQ IUHNDQV X]D\ÕQGD

0D[ZHOO GHQNOHPOHUL ú|\OHGLU� 
 

 [ ] [ ][ ]H jE o Λ−=×∇ ωµ  (1.a) 

 [ ] [ ][ ]E jH o Λ=×∇ ωε  (1.b) 

 
Burada [Λ] matris elemDQODUÕ KHU 30/ LoLQ 30/¶LQ

VRQODQGÕUGÕ÷Õ RUWDPOD EHQ]HúPHVL GXUXPX KHVDED

NDWÕODUDN WHN WHN EHOLUOHQHQ N|úHJHQHO PDWULVWLU� 6DGHFH

x-\|Q�QGH ND\EÕ RODQ ELU 30/ RUWDPÕ LoLQ EX PDWULV: 
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Burada oxoxx jjs ωµσωεσ /1/1 ∗+=+= GLU� øNL

boyutlu TM durumu için Maxwell denklemleri frekans 
X]D\ÕQGD DúD÷ÕGDNL úHNLOGH LIDGH HGLOLU� 
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FDTD metodunda (3.b) ve (3.c)’deki denklemlerin 
diskULWL]H HGLOPHVL GR÷UXGDQGÕU� |UQH÷LQ Hy¶ÕQ )'7'

X\JXODPDVÕQGDNL LIDGHVL 'HQNOHP ���¶WHNL JLELGLU� 
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Ancak, Hx¶LQ EX úHNLOGH GR÷UXGDQ J�QFHOOHúWLULOPHVL

zordur. [4]’teEX ]RUOX÷X DúDELOPHN LoLQ PDQ\HWLN DNÕ

\R÷XQOX÷X WDQÕPODQDUDN LNL DúDPDOÕ ELU yöntem 
NXOODQÕOPÕúWÕU� 
 

 x
x

o
x H

s
B

µ
=  (5) 

 
'ROD\ÕVÕ\OD� PDQ\HWLN DODQÕQ [-ELOHúHQLQL
J�QFHOOHúWLUPHGHQ |QFH� Bx standart FDTD 
DOJRULWPDVÕ\OD J�QFHOOHúWLULOPHOLGLU� 
 
*|U�OG�÷� JLEL EX LNL DúDPDOÕ PHWRWWD Hx ve Bx’in 
JHoPLú GH÷HUOHULQL GHSRODyacak öncekine ek bir bellek 
JHUHNWLUPHNWHGLU� +HVDSODPD DODQÕQÕQ N|úHOHULQH

\HUOHúWLULOHQ 30/ LoLQ KHP σx hem de σy VÕIÕUGDQ

IDUNOÕ ROGX÷XQGDQ� NHQDUODUGDNL 30/¶GHNLQH HN RODUDN

\HQL ELU DNÕ \R÷XQOX÷X By GDKD WDQÕPODQÕU� %XQODUD HN

RODUDN N|úHOHUGHNL Ez’i Q GH LNL DúDPDOÕ PHWRWOD

KHVDSODQPD ]RUXQOXOX÷X� EHOOHN LKWL\DFÕQÕ DUWÕUDQ ELU

DUD GH÷LúNHQ WDQÕPÕQÕ GDKD JHUHNWLULU� 
 
Problemlerin analizinde daha az bellek gereksinimi 
LoLQ EX oDOÕúPDGD IDUNOÕ ELU LNL DúDPDOÕ \|QWHP

L]OHQPLúWLU� %X \HQL \|QWHPGH DUD GH÷LúNHQ RODUDN�

PDQ\HWLN DNÕ \HULQH HOHNWULN DNÕVÕ WDQÕPODQPÕúWÕU� 
 

 zxzx EsD =  (6) 

 
%|\OHOLNOH 'HQNOHP ���¶WHNL LIDGHOHU ]DPDQ X]D\ÕQGD

DúD÷ÕGDNL JLEL \D]ÕODELOLU� 
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'HQNOHP ���¶GHNL LIDGHOHUGHQ DQODúÕODFD÷Õ JLEL Hx’in 
J�QFHOOHúWLULOPHVL LoLQ Dzx¶LQ JHoPLú GH÷HUOHULQH

LKWL\Do YDUGÕU� %X GD Dzx’i daha önceden 
J�QFHOOHúWLULOPH\L JHUHNWLULU� 
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Böylelikle Hx¶LQ \HQL GH÷HUOHUL elde edilebilir: 
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.|úHOHUGHNL WDEDNDODU LoLQ σy GH VÕIÕUGDQ IDUNOÕ

ROGX÷XQGDQ Dzy =syEz denklemi ile ifade edilen yeni 
ELU DUD GH÷LúNHQ GDKD WDQÕPODQÕU� Böylelikle önceki 
PHWRWWD DOWÕ GH÷LúNHQ WDQÕPODQÕUNHQ EL]LP

\|QWHPLPL]OH N|úHOHUGHNL 30/ WDEDNDODUÕ LoLQ

KHVDSODQPDVÕ JHUHNHQ EHú GH÷LúNHQ YDUGÕU� %X GD KHP

ID]OD EHOOHN LKWL\DFÕQÕ� KHP GH VRQXFD XODúPDN LoLQ

JHUHNHQ KHVDSODPD V�UHVLQL D]DOWÕU� 
 
3. SAYISAL SONUÇLAR 
+HU LNL PHWRGX NDUúÕODúWÕUPDN için iki-boyutlu, 
.DUWH]\HQ NRRUGLQDWODUÕQGD NDUH K�FUHOHUGHQ ROXúDQ

ELU )'7' KHVDSODPD DODQÕ anizotrop PML ile 
VRQODQGÕUÕOPÕúWÕU� 
 
30/ WHNQLNOHULQLQ SHUIRUPDQVODUÕQÕ |OoPHN LoLQ

>�@¶GHNL SUREOHPH EHQ]HU ELU SUREOHP NXOODQÕOPÕúWÕU�

7HVW DODQÕ ΩT. olarak 100*50 FDTD hücresi 
NXOODQÕOPÕú YH EX DODQ GH÷LúLN NDOÕQOÕNODUGDNL

30/¶OHUOH oHYULOPLúWLU� 5HIHUDQV DODQÕ ΩR olarak da 
���
��� K�FUHOL VRQODQGÕUÕOPDPÕú ELU )'7' DODQÕ

VHoLOPLúWLU� +�FUH NHQDUÕ ��� FP YH ]DPDQ DUWÕPODUÕ ��

SV DOÕQPÕú� 70 GXUXPXQX LQFHOHPHN için her iki 
DODQÕQ GD WDP RUWD QRNWDVÕQD ùHNLO �¶GH J|VWHULOGL÷L

JLEL GR÷UXVDO ELU HOHNWULN ND\QD÷Õ \HUOHúWLULOPLúWLU�  
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ùHNLO � +HVDSODPD DODQODUÕ  

 
PML-KDYD DUD\�]�QGHNL \DQVÕPDQÕQ KHVDSODQPDVÕQGD

global hata, herbir]DPDQ DGÕPÕQGD WHVW YH UHIHUDQV

DODQÕQGDNL PDQ\HWLN DODQ ELOHúHQL Hx’in farkÕQÕQ
NDUHOHUL DOÕQDUDN WRSODQÕS. KHVDSODQPÕúWÕU 
 
ùHNLO �’de 4-hücreli PML için [4]’teki yöntemle bizim 
yöntemimiz ile hesaplanan global KDWDQÕQ JHQOL÷L

YHULOPLúWLU� *|U�OG�÷� JLEL EL]LP \|QWHPLPL]OH

bulunanan hata daha D]GÕU� 
 
ùHNLO �¶WH JOREDO KDWD � K�FUH NDOÕQOÕ÷ÕQGDNL 30/

NXOODQÕODQDN KHVDSODQPÕúWÕU+�FUH NDOÕQOÕ÷Õ DUWWÕNoD KHU

iki metotOD KHVDSODQDQ KDWDODUÕQ DUDVÕQGDNL IDUN GD

DUWPDNWDGÕU� 'ROD\ÕVÕ\OD bellek LKWL\DFÕQÕQ D]DOPDVÕ

\DQÕQGD )'7' DOJRULWPDVÕnda bizim yöntemimizle 
hesDSODQDQ DODQ ELOHúHQOHUL JHUoHN GH÷HUOHULQH GDKD

\DNÕQGÕU. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ùHNLO �. 4-Hücreli PML NXOODQÕODUDN EXOXQDQ hata 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
ùHNLO �� �-hücreli PML NXOODQDÕODUDN bulunan hata 

 
 
4. SONUÇ 
%X oDOÕúPDGD, HOHNWURPDQ\HWLN DODQÕQ )'7'

DOJRULWPDVÕQGD DQL]RWURS 30/ NXOODQÕODUDN

KHVDSODQPDVÕQGD J�QFHOOHúWLULOPH \|QWHPL RODUDN  
eWNLOL ELU LNL DúDPDOÕ PHWRW |QHULOPLúWLU� Bu yöntemle 
|]HOOLNOH N|úHOHUGHNL 30/ için EHOOHN LKWL\DFÕQÕQ

D]DODFD÷Õ J|VWHULOPLúWLU� $\UÕFD \|QWHPLQ OLWHUDW�UGH 
daha once sunulana oranla çok daha iyi performans 
YHUGL÷L J|VWHULOPLúWLU. 
 
 
KAYNAKLAR 
1. J. P. Berenger, “A perfectly matched layer for 

the absorption of electromagnetic waves,” J. 
COMPUT. PHYS., Vol. 114, Oct. 1994, pp. 
185-200. 

2. W. C. Chew, and W. H. Weedon, “A 3D 
perfectly matched medium from modified 
Maxwell’s equation with stretched 
coordinates,” MICROWAVE OPT. TECH. 
LETT., Vol. 7, Sept. 1994, pp. 599-604.  

G
lo

b
a

l H
a

ta
 

=DPDQ $GÕPÕ 

G
lo

b
a

l H
a

ta
 

=DPDQ DGÕPÕ 



3. Z. S. Sacks, D. M. Kingsland, R. Lee, and J. –
F. Lee, “A perfectly matched anisotropic 
absorber for use as an absorbing boundary 
condition,” IEEE TRANS. ANTENNAS 
PROPAGAT., Vol. 43, Dec. 1995, pp. 1460-
1463. 

4. S .D. Gedney, “An anisotropic perfectly 
matched layer-absorbing medium for the 
truncation of FDTD lattices,” IEEE TRANS. 
ANTENNAS PROPAGAT., Vol. 44, Dec. 
1996, pp. 1630-1639 

5. *� g÷�F�� DQG 7� (JH� ³$ QHZ XSGDWH
algorithm in FDTD implementation of 
anisotropic PML as an absorbing boundary 
condition”, PROC. OF 2000 IEEE 
INTERNATIONAL ANTENNAS AND 
PROPAGATION SYMPOSIUM AND URSI 
RADIO SCIENCE MEETING, pp. 1366-1369, 
July 2000, Salt Lake City, Utah, USA 

 


	Gölge ÖÐÜCÜ1	Tuncay EGE2
	ABSTRACT
	
	



	
	
	4. SONUÇ
	KAYNAKLAR

