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7KH� IUHH�VXUIDFH� K\GURG\QDPLFV� VXEJURXS� RI� RXU
UHVHDUFK� JURXS� LQYHQWV� DQG� LPSOHPHQWV� DOJRULWKPV
XVHG� LQ�ERXQGDU\�HOHPHQW�SURWRW\SLQJ� WRROV�XVHG� LQ
RIIVKRUH� HQJLQHHULQJ��� :RUN� LV� GRQH� RQ� OLQHDU� DQG
QRQOLQHDU� DSSURDFKHV� LQ� WKH� WLPH� DQG� IUHTXHQF\
GRPDLQV��2XU�FXUUHQW�IRFXV�LV�RQ�WKH�DGYDQFHPHQW�RI
KLJKHU�RUGHU� HOHPHQW� WHFKQLTXHV�� DQG� WKH�DFFHOHUD�
WLRQ� RI� VROXWLRQV� E\� VSDUVLILFDWLRQ�� 7KH� KLJKHU�RUGHU
ERXQGDU\�HOHPHQW�DOJRULWKPV�RIIHU�D�FRQWLQXRXV�UHS�
UHVHQWDWLRQ� RI� WKH� VROXWLRQ� DQG� JDLQV� LQ� HIILFLHQF\
RYHU�WKH�ORZ�RUGHU�DSSURDFK��7KH�VSDUVLILFDWLRQ�DOJR�
ULWKPV��ERWK�PXOWLSROH�DFFHOHUDWLRQ�DQG�SUH�FRUUHFWHG

))7� DFFHOHUDWLRQ�� UHGXFH� WKH� FRPSXWDWLRQDO� FRP�
SOH[LW\�RI� WKH�VROXWLRQ�ZKLOH�SUHVHUYLQJ�WKH�DFFXUDF\
ZLWKLQ�DQ�D�SULRUL�WROHUDQFH�

7KH� JURXS� KDV� KDG� FRQVLGHUDEOH� UHFHQW� VXFFHVV� LQ
ERWK�RI�WKHVH�DUHDV��DQG�WKH�SUHVHQW�JRDO�LV�WR�FRP�
ELQH�WKHP�WR�DFKLHYH�XQSUHFHGHQWHG�HIILFLHQF\�LQ�WKH
K\GURG\QDPLF� DQDO\VLV� RI� RIIVKRUH� VWUXFWXUHV�� &XU�
UHQW�DUHDV�RI�UHVHDUFK�DUH������VWDELOLW\�LVVXHV�LQ�WKH
UDQNLQH�HOHPHQW�WLPH�GRPDLQ�VLPXODWLRQ�RI�ERG\�DQG
JUDYLW\�ZDYH�LQWHUDFWLRQ������ODUJH�DPSOLWXGH�PRWLRQV
RI� PXOWLSOH� ERGLHV� IRUFHG� E\� JUDYLW\� ZDYHV� XVLQJ� D
IUHH�VXUIDFH� *UHHQ� IXQFWLRQ� IRUPXODWLRQ�� ���� UHVROX�
WLRQ� RI� FRUQHU� IORZ� VLQJXODULWLHV� E\� JUDGHG� KLJKHU�
RUGHU�PHVKHV��DSSOLFDWLRQ�RI�KLJKHU�RUGHU�HOPHQWV�WR
WKH�VHFRQG�RUGHU�IUHTXHQF\�GRPDLQ�SUREOHP��DQG����
SUH�FRUUHFWHG�))7�DQG�RWKHU�FLUFXODQW�EDVHG�DFFHOHU�
DWLRQ� DOJRULWKPV� IRU� YHU\� ODUJH� K\GURG\QDPLF� SURE�
OHPV�
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0LFURPDFKLQLQJ� WHFKQRORJ\� KDV� HQDEOHG� IDEULFDWLRQ
RI� VHYHUDO� QRYHO� PLFURVHQVRUV� DQG� PLFURDFWXDWRUV�
%HFDXVH�RI�WKH�VSHFLDOL]HG�SURFHVVLQJ�LQYROYHG��WKH
FRVW�RI�SURWRW\SLQJ�HYHQ�VLPSOH�PLFURVHQVRUV��PLFUR�
YDOYHV��DQG�PLFURDFWXDWRUV� LV�HQRUPRXV�� ,Q�RUGHU� WR
UHGXFH�WKH�QXPEHU�RI�SURWRW\SH�IDLOXUHV��GHVLJQHUV�RI
WKHVH�GHYLFHV�QHHG�WR�PDNH�IUHTXHQW�XVH�RI�VLPXOD�
WLRQ� WRROV�� 7R� HIILFLHQWO\� SUHGLFW� WKH� SHUIRUPDQFH� RI
PLFUR�HOHFWUR�PHFKDQLFDO� V\VWHPV�� WKHVH� VLPXOWLRQ
WRROV� QHHG� WR� DFFRXQW� IRU� WKH� LQWHUDFWLRQ� EHWZHHQ
HOHFWULFDO��PHFKDQLFDO��DQG� IOXLGLF� IRUFHV��6LPXODWLQJ
WKLV� FRXSOHG� SUREOHP� LV�PDGH�PRUH� GLIILFXOW� E\� WKH
IDFW� WKDW� PRVW� 0(06� GHYLFHV� DUH� LQQDWHO\� WKUHH�
GLPHQVLRQDO�DQG�JHRPHWULFDOO\�FRPSOLFDWHG��,W�LV�SRV�
VLEOH� WR� VLPXODWH� HIILFLHQWO\� WKHVH� GHYLFHV� XVLQJ
GRPDLQ�VSHFLILF� VROYHUV�� SURYLGHG� WKH� FRXSOLQJ
EHWZHHQ�GRPDLQV�FDQ�EH�KDQGOHG�HIIHFWLYHO\��,Q�WKLV
ZRUN�� ZH� KDYH� GHYHORSHG� VHYHUDO� QHZ� DSSURDFKHV
DQG� WRROV� IRU� HIILFLHQW� FRPSXWHU� DLGHG� GHVLJQ� DQG
DQDO\VLV�RI�0(06��

2XU�PRVW�UHFHQW�ZRUN�LQ�WKLV�DUHD�KDV�EHHQ�WR�GHYHO�
RSH�D�PDWUL[�IUHH�PXOWLOHYHO�1HZWRQ�PHWKRG�IRU�FRX�
SOHG� GRPDLQ� VLPXODWLRQ��� 7KH� DSSURDFK� KDV� PXFK
PRUH�UREXVW�FRQYHUJHQFH�SURSHUWLHV�WKDQ�MXVW� LWHUDW�
LQJ�EHWZHHQ�GRPDLQ�VSHFLILF�DQDO\VLV�SURJUDPV��EXW
VWLOO�DOORZV�XV�WR�WUHDW�WKH�SURJUDPV�DV�EODFN�ER[HV�

2XU�VHFRQG�HIIRUW�LV�WR�ILQG�IDVW�DSSURDFKHV�WR�FRP�
SXWLQJ� JHRPHWULF� VHQVLWLYLWLHV� RI� HOHFWURVWDWLF� IRUFHV
IRU�XVH�LQ�IDVW�FRXSOHG�GRPDLQ�VLPXODWLRQ�DQG�VWUXF�
WXUDO�RSWLPL]DWLRQ���2XU�QHZ�DSSURDFK��EDVHG�RQ�WKH
SUHFRUUHFWHG�))7� DFFHOHUDWHG� DOJRULWKP��� LV� KXQ�
GUHGV� RI� WLPHV� IDVWHU� WKDQ� GLUHFW� FRPSXWDWLRQ� IRU
VWUXFWXUHV�ZLWK�DV�IHZ�DV�WZR�WKRXVDQG�GLVFUHWL]DWLRQ
XQNQRZQV�

2XU� WKLUG� HIIRUW� LV� LQ� DFFHOHUDWLQJ� FRXSOHG�GRPDLQ
VLPXODWLRQ�E\�DOORZLQJ�SK\VLFDO�VLPSOLILFDWLRQV�ZKHUH
DSSURSULDWH��:H�UHIHU�WR�WKLV�DV�PL[HG�UHJLPH�VLPXOD�
WLRQ��)RU�H[DPSOH��VHOI�FRQVLVWHQW�FRXSOHG�HOHFWURPH�
FKDQLFDO� VLPXODWLRQ� RI� 0(06� GHYLFHV� IDFH� D
ERWWOHQHFN�LQ�WKH�ILQLWH�HOHPHQW�EDVHG�QRQOLQHDU�HODV�
WRVWDWLF�VROYHU��5HSODFLQJ�D�VWLII�VWUXFWXUDO�HOHPHQW�E\
D� ULJLG� ERG\� DSSUR[LPDWLRQ�ZKLFK� KDV� RQO\� VL[� YDUL�
DEOHV��DOO� YDULDEOHV�DVVRFLDWHG�ZLWK� WKH� LQWHUQDO� DQG
VXUIDFH� QRGHV� RI� WKH� HOHPHQW� DUH� HOLPLQDWHG�ZKLFK
DUH�QRZ�D�IXQFWLRQ�RI�WKH�ULJLG�ERG\�SDUDPHWHUV��7KH
ULJLG�HODVWLF� LQWHUIDFH� IRUFHV� REWDLQHG� IURP� WKH� ILQLWH
HOHPHQW�VWLIIQHVV�PDWUL[�FRQWULEXWH�WR�WKH�HTXLOLEULXP
RI�WKH�ULJLG�ERG\��%\�DQ�DSSOLFDWLRQ�RI�WKH�FKDLQ�UXOH�
WKH�FRQWULEXWLRQ�RI�WKH�HODVWLF��ULJLG��YDULDEOHV�WR� WKH
�HODVWLF��ERG\�SDUW�RI�WKH�MDFRELDQ�LV�GHWHUPLQHG��7KH
ULJLG�HODVWLF�IRUPXODWLRQ�LV�WKHQ�FRXSOHG�ZLWK�WKH�HOHF�
WURVWDWLF� VROYHU� LQ�D�PXOWLOHYHO� QHZWRQ�PHWKRG��:LWK
WKLV�DSSUR[LPDWLRQ��DQ�HQWLUH�FRPE�GULYH�DFFHOHURPH�
WHU�FDQ�EH�VROYHG�LQ�OHVV�WKDQ����PLQXWHV�FRPSDUHG
WR�DSSUR[LPDWHO\�����PLQXWHV�IRU�DQ�HODVWLF�DQDO\VLV��

��� 6LPXODWLRQ�$OJRULWKPV�IRU�5)�
&LUFXLWV

6SRQVRUV

&DGHQFH�'HVLJQ�6\VWHPV�
+DUULV�6HPLFRQGXFWRU�
0$)(7�&RQVRUWLXP
0RWRUROD�6HPLFRQGXFWRU�

3URMHFW�6WDII

2JQHQ�-��1DVWRY��3URIHVVRU�-DFRE�.��:KLWH

5)� LQWHJUDWHG�FLUFXLW�GHVLJQHUV�PDNH�H[WHQVLYH�XVH
RI�VLPXODWLRQ� WRROV�ZKLFK�SHUIRUP�QRQOLQHDU�SHULRGLF
VWHDG\�VWDWH� DQDO\VLV� DQG� LWV� H[WHQVLRQV�� +RZHYHU�
WKH� FRPSXWDWLRQDO� FRVWV� RI� WKHVH� VLPXODWLRQ� WRROV
KDYH� UHVWULFWHG� XVHUV� IURP� H[DPLQLQJ� WKH� GHWDLOHG
EHKDYLRU�RI� FRPSOHWH�5)�VXEV\VWHPV��5HFHQW�DOJR�
ULWKPLF�GHYHORSPHQWV��EDVHG�RQ�PDWUL[�LPSOLFLW�LWHUD�

3 S. Senturia, N. Aluru, and J. White, "Simulating the Behavior of MEMS Devices: Computational Methods and Needs," IEEE Computat. 
Sci. Eng. 4(1): 30-43 (1997).

4 N. Aluru and J. White, "A Multi-level Newton Method for Static and Fundamental Frequency Analysis of Eletromechanical Systems," 
International Conference on Simulation of Semiconductor Processes and Devices (SISPAD), Boston, Massachusetts, September 
1997, pp. 125-28.

5 J.R. Phillips and J.K. White, "A Precorrected-FFT Method for Electrostatic Analysis of Complicated 3-D Structures," IEEE Trans. on 
Comput.-Aided Des., forthcoming.

6 J. Wang and J. White, "Fast Algorithms for Computing Electrostatic Geometric Sensitivities," International Conference on Simulation of 
Semiconductor Processes and Devices (SISPAD), Boston, Massachusetts, September 1997, pp. 121-24.

7 D. Ramaswamy, "Mixed Regime Simulation for MEMS," Proceedings of the 1998 MIT Student Workshop on High Performance Com-
puting in Science and Engineering.
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WLYH�PHWKRGV�� LV� UDSLGO\� FKDQJLQJ� WKLV� VLWXDWLRQ� DQG
SURYLGLQJ�QHZ� IDVWHU� WRROV�ZKLFK�FDQ�HDVLO\�DQDO\]H
FLUFXLWV�ZLWK� KXQGUHGV� RI� GHYLFHV��:H� KDYH� LQYHVWL�
JDWHG� WKHVH� QHZ� PHWKRGV� E\� GHVFULELQJ� KRZ� WKH\
FDQ�EH�XVHG�WR�DFFHOHUDWH�ILQLWH�GLIIHUHQFH��VKRRWLQJ�
1HZWRQ��DQG�KDUPRQLF�EDODQFH�EDVHG�DOJRULWKPV�IRU
SHULRGLF�VWHDG\�VWDWH�DQDO\VLV��

:KHQ�VLPXODWLQJ�5)�FLUFXLWV��LW�LV�LPSRUWDQW�WR�LQFOXGH
SDUDVLWLFV� DVVRFLDWHG� ZLWK� D� OD\RXW�� +RZHYHU�� PRVW
OD\RXW� H[WUDFWLRQ� WRROV� JHQHUDWH� DQ� HQRUPRXV�QXP�
EHU�RI�UHVLVWRUV��FDSDFLWRUV�DQG�LQGXFWRUV�IRU�D�JLYHQ
OD\RXW��DQG�WKLV�PDNHV�VXEVHTXHQW�VLPXODWLRQ�H[SHQ�
VLYH��7KHUH�DUH�D�QXPEHU�RI�KHXULVWLF�DOJRULWKPV� IRU
UHGXFLQJ�OLQHV�RI�UHVLVWRUV��FDSDFLWRUV�DQG�LQGXFWRUV�
EXW�ZH�KDYH�UHFHQWO\�GHULYHG�DQ�DSSURDFK�ZLWK�D�IRU�
PDO�� EXW� RGG�� RSWLPDOLW\� SURSHUW\�� 7KH� DSSURDFK� LV
EDVHG� RQ� UHFDVWLQJ� WKH� SUREOHP� LQWR� D� SUREOHP� LQ
GHWHUPLQLQJ� WKH� GLVWULEXWLRQ�� ZLWK� UHVSHFW� WR� UHVLV�
WDQFH��RI�WKH�FDSDFLWDQFH�DQG�LQGXFWDQFH��7KHQ��RQH
FDQ�VROYH� WKH� UHGXFWLRQ�SUREOHP�GLUHFWO\�XVLQJ�RSWL�
PDO�*DXVVLDQ�TXDGUDWXUH��

��� 1XPHULFDO�7HFKQLTXHV�IRU�,QWHJUDO�
(TXDWLRQV
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)LQGLQJ� FRPSXWDWLRQDOO\� HIILFLHQW� QXPHULFDO� WHFK�
QLTXHV�IRU�VLPXODWLRQ�RI�WKUHH�GLPHQVLRQDO�VWUXFWXUHV
KDV�EHHQ�DQ�LPSRUWDQW�UHVHDUFK�WRSLF�LQ�DOPRVW�HYHU\
HQJLQHHULQJ� GRPDLQ�� 6XUSULVLQJO\�� WKH�PRVW� QXPHUL�
FDOO\� LQWUDFWDEOH�SUREOHP�DFURVV� WKHVH�YDULRXV�GLVF�
SOLQHV� FDQ� EH� UHGXFHG� WR� WKH� SUREOHP� RI� VROYLQJ� D

WKUHH�GLPHQVLRQDO�SRWHQWLDO�SUREOHP�ZLWK�D�SUREOHP�
VSHFLILF� *UHHQV� IXQFWLRQ�� $SSOLFDWLRQ� H[DPSOHV
LQFOXGH� HOHFWURVWDWLF� DQDO\VLV� RI� VHQVRUV� DQG� DFWXD�
WRUV�� HOHFWUR�� DQG� PDJQHWR�TXDVLVWDWLF� DQDO\VLV� RI
LQWHJUDWHG� FLUFXLW� LQWHUFRQQHFW� DQG� SDFNDJLQJ�� DQG
SRWHQWLDO� IORZ� EDVHG� DQDO\VLV� RI� ZDYH�RFHDQ� VWUXF�
WXUH�LQWHUDFWLRQ�

$OWKRXJK�WKH�ERXQGDU\�HOHPHQW�PHWKRG�LV�D�SRSXODU
WRRO� WR�VROYH� WKH� LQWHJUDO� IRUPXODWLRQ�RI�PDQ\� WKUHH�
GLPHQVLRQDO� SRWHQWLDO� SUREOHPV�� WKH� PHWKRG� EH�
FRPHV� VORZ�ZKHQ� D� ODUJH� QXPEHU� RI� HOHPHQWV� DUH
XVHG�� 7KLV� LV� EHFDXVH� ERXQGDU\�HOHPHQW� PHWKRGV
OHDG� WR� GHQVH� PDWUL[� SUREOHPV� ZKLFK� DUH� W\SLFDOO\
VROYHG�ZLWK�VRPH�IRUP�RI�*DXVVLDQ�HOLPLQDWLRQ��7KLV
LPSOLHV�WKDW�WKH�FRPSXWDWLRQ�JURZV�DV�FXELFDOO\�ZLWK
WKH�QXPEHU�RI�XQNQRZQV� WLOHV�QHHGHG� WR�DFFXUDWHO\
GLVFUHWL]H� WKH� SUREOHP��2YHU� WKH� ODVW� GHFDGH�� DOJR�
ULWKPV� ZKLFK� JURZ� OLQHDUO\� ZLWK� SUREOHP� VL]H� KDYH
EHHQ�GHYHORSHG�E\�FRPELQLQJ�LWHUDWLYH�PHWKRGV�ZLWK
PXOWLSROH�DSSUR[LPDWLRQV��

2XU� PRUH� UHFHQW� ZRUN� LQ� WKLV� DUHD� KDV� EHHQ� WR
GHYHORS� SUHFRUUHFWHG�))7� WHFKQLTXHV� ZKLFK� FDQ
ZRUN� IRU� JHQHUDO�*UHHQV� IXQFWLRQV����7KLV� DSSURDFK
XVHV�DQ�DSSUR[LPDWH� UHSUHVHQWDWLRQ�RI�FKDUJH�GHQ�
VLW\� E\� SRLQW� FKDUJHV� O\LQJ� RQ� D� XQLIRUP� JULG�� $Q
H[WHQVLRQ� RI� WKLV� ZRUN� VKRZHG� WKDW� XVLQJ� GXDO� JULG
�FXEH�YHUWH[��PXOWLSROH�H[SDQVLRQV� LV�PRUH�HIILFLHQW
IRU� D� JLYHQ� UHTXLUHG� DFFXUDF\� WKDQ� HLWKHU� SRLQW�
FKDUJH� RU� VWDQGDUG� �FXEH� FHQWHU�� PXOWLSROH� H[SDQ�
VLRQV��$V�LV�QRW�VXUSULVLQJ��WKH�JDLQ�LQ�HIILFLHQF\�FDQ
EH�DV�PXFK�DV�DV�D�IDFWRU�RI�HLJKW���

$IWHU� D� GHFDGH� RI� UHVHDUFK� RQ� IDVW� QXPHULFDO
VFKHPHV�IRU�SRWHQWLDO�SUREOHPV��D�VRPHZKDW�XQVDW�
LVI\LQJ� SLFWXUH� KDV� HPHUJHG�� 2Q� RQH� KDQG�� VRPH
PHWKRGV� H[SORLW� WKH� IDFW� WKDW� LQWHUDFWLRQV� FDQ� EH
DSSUR[LPDWHG� E\� ORZ� RUGHU� H[SDQVLRQV� LI� WKHLU
VRXUFHV� DUH� VXIILFLHQWO\� VHSDUDWHG� LQ� VSDFH�� $OJR�
ULWKPV� WKDW� DUH� EDVHG� RQ� WKDW� SULQFLSOH� RQO\� JLYH� D
SDUWLDO�VROXWLRQ�WR�GHDO�ZLWK�FRPSOLFDWHG�SUREOHPV��LQ
WKDW� WKH\�DOORZ�SRWHQWLDO�FDOFXODWLRQV� LQ�QHDUO\� OLQHDU
WLPH��+RZHYHU��LW�VWLOO�UHPDLQV�XQFOHDU�KRZ�WR�SUHFRQ�

8 R. Telichevesky, K. Kundert and J. White, "Fast Simulation Algorithms for RF Circuits," invited paper, Proceedings of the Custom Inte-
grated Circuits Conference, San Diego, California, May 1996.

9 K. Nabors, T.-T. Fang, H.-W. Chang, K. Kundert, and J. White, "A Guassian-Quadrature Based Algorithm for RLC-line to RLC-line 
Reduction," Proceedings of the 34th Design Automation Conference, Anaheim, California, June 1997; K. Nabors, T.-T. Fang, H.-W. 
Chang, K. Kundert, and J. White, "An RLC Line Reduction Algorithm with an Odd Optimality Property," Invited Paper, Proceedings of 
Progress in Electromagnetics Research Symposium, Cambridge, Massachusetts, July 1997.

10 J.R. Phillips and J.K. White, "A Precorrected-FFT Method for Electrostatic Analysis of Complicated 3-D Structures," IEEE Trans. Com-
put.-Aided Des., forthcoming.

11 J. Li and J. White, "Approximation of Potentials by Multipole Grid Projections," Topical Meeting on Electrical Performance of Electronic 
Packaging, San Jose, California, November 1997. 
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GLWLRQ�WKHVH�DOJRULWKPV�HIILFLHQWO\��2Q�WKH�RWKHU�KDQG�
D�EHWWHU�PHWKRG�XVLQJ�ZDYHOHWV�DOORZV�QHDUO\�VSDUVH
UHSUHVHQWDWLRQV� RI� LQWHJUDO� RSHUDWRUV�� )XUWKHUPRUH�
WKH�PXOWLOHYHO�VHWWLQJ�RI�ZDYHOHWV�DOORZV�WKH�FRQVWUXF�
WLRQ� RI� HIILFLHQW� SUHFRQGLWLRQHUV�� 6LQFH� ZDYHOHWV� DUH
XVXDOO\� FRQVWUXFWHG� LQ� D� SDUDPHWHU� VSDFH� RI� WKH
ERXQGDU\� VXUIDFH�� WKH\� DUH� LQHIILFLHQW� ZKHQ� WKH
JHRPHWU\� LV� UHSUHVHQWHG� E\� D� ODUJH� QXPEHU� RI
SDUDPHWHU�SDWFKHV�

5DWKHU�WKDQ�XVLQJ�YDQLVKLQJ�PRPHQWV�LQ�WKH�SDUDPH�
WHU�VSDFH��ZH�KDYH�FRQVWUXFWHG�D�ZDYHOHW�OLNH�EDVLV
ZLWK�YDQLVKLQJ�PXOWLSROH�H[SDQVLRQ�FRHIILFLHQWV��WKXV
DYRLGLQJ�WKH�QHHG�RI�D�VXUIDFH�SDUDPHWHUL]DWLRQ��:H
KDYH� REWDLQHG� QXPHULFDO� UHVXOWV� ZKLFK� VKRZ� WKDW
LQWHJUDO� RSHUDWRUV� DUH� QHDUO\� VSDUVH� LQ� WKLV� EDVLV�
HYHQ� IRU� FRPSOH[�� PXOWLSO\� FRQQHFWHG� JHRPHWULHV�
)XUWKHUPRUH�� WKH� SUHFRQGLWLRQHG� V\VWHP� FRQYHUJHV
LQ�D�QXPEHU�RI� LWHUDWLRQV� WKDW� LV� LQGHSHQGHQW� RI� WKH
JHRPHWU\�DV�ZHOO�DV�WKH�GLVFUHWL]DWLRQ�ILQHQHVV����:H
KDYH�DOVR�LQYHVWLJDWHG�LPSURYLQJ�WKH�FRQGLWLRQ�QXP�
EHU�E\�GHYHORSLQJ�VHFRQG�NLQG�IRUPXODWLRQV���

��� (IILFLHQW�7KUHH�'LPHQVLRQDO�
,QWHUFRQQHFW�$QDO\VLV

6SRQVRUV

'HIHQVH�$GYDQFHG�5HVHDUFK�3URMHFWV�$JHQF\�
+DUULV�6HPLFRQGXFWRU�
,%0�&RUSRUDWLRQ�
6HPLFRQGXFWRU�5HVHDUFK�&RUSRUDWLRQ�

3URMHFW�6WDII

,JRU�%DON��0LFKDHO�&KRX��0DWWDQ�.DPRQ��<HKLD�0DV�
VRXG��-RHO�5��3KLOOLSV��'U��-RKDQQHV�7DXVFK��3URIHV�
VRU�-DFRE�.��:KLWH

:H�KDYH�GHYHORSHG�PXOWLSROH�DFFHOHUDWHG�DOJRULWKPV
IRU�FRPSXWLQJ�FDSDFLWDQFHV�DQG�LQGXFWDQFHV�RI�FRP�
SOLFDWHG��'�JHRPHWULHV�DQG�KDYH�LPSOHPHQWHG�WKHVH
DOJRULWKPV� LQ� WKH� SURJUDPV� )$67&$3� DQG� )$6�
7+(15<�� 7KH� PHWKRGV� DUH� DFFHOHUDWLRQV� RI� WKH
ERXQGDU\�HOHPHQW� RU� PHWKRG�RI�PRPHQWV� WHFK�
QLTXHV� IRU�VROYLQJ� WKH� LQWHJUDO�HTXDWLRQV�DVVRFLDWHG
ZLWK� WKH� PXOWLFRQGXFWRU� FDSDFLWDQFH� RU� LQGXFWDQFH
H[WUDFWLRQ� SUREOHP�� %RXQGDU\�HOHPHQW� PHWKRGV
EHFRPH�VORZ�ZKHQ�D� ODUJH�QXPEHU�RI�HOHPHQWV�DUH

XVHG� EHFDXVH� WKH\� OHDG� WR� GHQVH� PDWUL[� SUREOHPV
ZKLFK�DUH�W\SLFDOO\�VROYHG�ZLWK�VRPH�IRUP�RI�*DXVV�
LDQ� HOLPLQDWLRQ�� 7KLV� LPSOLHV� WKDW� WKH� FRPSXWDWLRQ
JURZV�DV�Q����ZKHUH�Q�LV�WKH�QXPEHU�RI�SDQHOV�RU�WLOHV
QHHGHG� WR� DFFXUDWHO\� GLVFUHWL]H� WKH� FRQGXFWRU� VXU�
IDFH�FKDUJHV��2XU�QHZ�DOJRULWKPV��ZKLFK�XVH�.U\ORY
VXEVSDFH� LWHUDWLYH� DOJRULWKPV� ZLWK� D� PXOWLSROH
DSSUR[LPDWLRQ� WR� FRPSXWH� WKH� LWHUDWHV�� UHGXFHV� WKH
FRPSOH[LW\� VR� WKDW� DFFXUDWH� PXOWLFRQGXFWRU� FDSDFL�
WDQFH�DQG�LQGXFWDQFH�FDOFXODWLRQV�JURZ�QHDUO\�DV�QP
ZKHUH�P� LV� WKH�QXPEHU�RI�FRQGXFWRUV��)RU�SUDFWLFDO
SUREOHPV�ZKLFK�UHTXLUH�DV�PDQ\�DV��������SDQHOV�RU
ILODPHQWV�� )$67&$3� DQG� )$67+(15<� DUH� PRUH
WKDQ� WZR� RUGHUV� RI� PDJQLWXGH� IDVWHU� WKDQ� VWDQGDUG
ERXQGDU\�HOHPHQW� EDVHG� SURJUDPV�� 0DQXDOV� DQG
VRXUFH� FRGH� IRU� )$67&$3� DQG� )$67+(15<� DUH
DYDLODEOH�IURP�0,7�

,Q�PRUH� UHFHQW�ZRUN�� ZH� KDYH� EHHQ� GHYHORSLQJ� DQ
DOWHUQDWLYH�WR�WKH�IDVW�PXOWLSROH�DSSURDFK�WR�SRWHQWLDO
FDOFXODWLRQ��2XU�QHZ�DSSURDFK�XVHV�DQ�DSSUR[LPDWH
UHSUHVHQWDWLRQ� RI� FKDUJH� GHQVLW\� E\� SRLQW� FKDUJHV
O\LQJ�RQ�D�XQLIRUP�JULG�LQVWHDG�RI�E\�PXOWLSROH�H[SDQ�
VLRQV�� )RU� HQJLQHHULQJ� DFFXUDFLHV�� WKH� JULG�FKDUJH
UHSUHVHQWDWLRQ�KDV�EHHQ�VKRZQ�WR�EH�D�PRUH�HIILFLHQW
FKDUJH�UHSUHVHQWDWLRQ�WKDQ�WKH�PXOWLSROH�H[SDQVLRQV�
1XPHULFDO� H[SHULPHQWV� RQ� D� YDULHW\� RI� HQJLQHHULQJ
H[DPSOHV� DULVLQJ� LQGLFDWH� WKDW� DOJRULWKPV� EDVHG� RQ
WKH�UHVXOWLQJ��SUHFRUUHFWHG�))7��PHWKRG�DUH�FRPSD�
UDEOH�LQ�FRPSXWDWLRQDO�HIILFLHQF\�WR�PXOWLSROH�DFFHOHU�
DWHG� LWHUDWLYH� VFKHPHV�� DQG� VXSHULRU� LQ� WHUPV� RI
PHPRU\�XWLOL]DWLRQ�

7KH� SUHFRUUHFWHG�))7� PHWKRG� KDV� DQRWKHU� VLJQLIL�
FDQW� DGYDQWDJH� RYHU� WKH�PXOWLSROH�EDVHG� VFKHPHV�
LQ� WKDW� LW� FDQ� EH� HDVLO\� JHQHUDOL]HG� WR� VRPH� RWKHU
FRPPRQ�NHUQHOV��3UHOLPLQDU\�UHVXOWV�LQGLFDWH�WKDW�WKH
SUHFRUUHFWHG�))7�PHWKRG�FDQ�HDVLO\�LQFRUSRUDWH�NHU�
QHOV�DULVLQJ�IURP�WKH�SUREOHP�RI�FDSDFLWDQFH�H[WUDF�
WLRQ� LQ� OD\HUHG� PHGLD�� 0RUH� LPSRUWDQWO\�� SUREOHPV
ZLWK�D�+HOPKROW]�HTXDWLRQ�NHUQHO�KDYH�EHHQ�VROYHG
DW�PRGHUDWH�IUHTXHQFLHV�ZLWK�RQO\�D�PRGHVW�LQFUHDVH
LQ�FRPSXWDWLRQDO� UHVRXUFHV�RYHU� WKH�]HUR�IUHTXHQF\
FDVH�� $Q� DOJRULWKP� EDVHG� RQ� WKH� SUHFRUUHFWHG�))7
PHWKRG�ZKLFK�HIILFLHQWO\�VROYHV�WKH�+HOPKROW]�HTXD�
WLRQ�FRXOG�IRUP�WKH�EDVLV�IRU�D�UDSLG�\HW�DFFXUDWH�IXOO�
ZDYH�HOHFWURPDJQHWLF�DQDO\VLV�WRRO����2XU�ODWHVW�ZRUN
KDV� EHHQ� RQ� H[WHQGLQJ� WKH� DSSOLFDELOLW\� RI� SUHFRU�
UHFWHG�))7� DQG� IDVW� PXOWLSROH� VFKHPHV�� :H� KDYH

12  J.R. Phillips and J.K. White, "A Precorrected-FFT Method for Electrostatic Analysis of Complicated 3-D Structures," IEEE Trans. Com-
put.-Aided Des., forthcoming.

13 J. Li and J. White, "Approximation of Potentials by Multipole Grid Projections," Topical Meeting on Electrical Performance of Electronic 
Packaging, San Jose, California, November 1997.
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FRPELQHG�WKHVH�IDVW�WHFKQLTXHV�ZLWK�QHZ�QXPHULFDOO\
VWDEOH� LQWHJUDO� IRUPXODWLRQV� IRU� SUREOHPV� LQ� HOHFWUR�
TXDVLVWDWLFV� �GLVWULEXWHG� 5&�� DQG� IRU� SUREOHPV� ZLWK
KLJK� GLHOHFWULF� SHUPLWLYLW\� UDWLRV���� ,Q� DGGLWLRQ�� ZH
KDYH� H[WHQGHG� WKH� DOJRULWKPV� LQ� )$67+(15<� WR
LQFOXGH� ILQLWH� VXEVWUDWH� FRQGXFWLYLW\� DQG� XVHG� LW� WR
DQDO\]H� RQ�FKLS� LQGXFWDQFH����:H� KDYH� DOVR� GHYHO�
RSHG�SDUDOOHO�YHUVLRQV�RI�WKH�SUHFRUUHFWHG�))7�DOJR�
ULWKP��DV�ZHOO�DV�SUHFRQGLWLRQHUV�ZKLFK� LPSURYH� WKH
FRQYHUJHQFH� RI� WKH� LWHUDWLYH� VROYHU� XVHG� LQ� )$6�
7+(15<���

5HGXFHG�RUGHU� PRGHOLQJ� WHFKQLTXHV� DUH� QRZ� FRP�
PRQO\�XVHG� WR�HIILFLHQWO\� VLPXODWH� FLUFXLWV� FRPELQHG
ZLWK�LQWHUFRQQHFW��*HQHUDWLQJ�UHGXFHG�RUGHU�PRGHOV
IURP� UHDOLVWLF� �'� VWUXFWXUHV�� KRZHYHU�� KDV� UHFHLYHG
OHVV� DWWHQWLRQ��5HFHQWO\��ZH� KDYH�EHHQ�VWXG\LQJ� DQ
DFFXUDWH� DSSURDFK� WR� XVLQJ� WKH� LWHUDWLYH�PHWKRG� LQ
WKH� �'� PDJQHWRTXDVLVWDWLF� DQDO\VLV� SURJUDP� )$6�
7+(15<� WR� FRPSXWH� UHGXFHG�RUGHU� PRGHOV� RI� IUH�
TXHQF\�GHSHQGHQW� LQGXFWDQFH� PDWULFHV� DVVRFLDWHG
ZLWK�FRPSOLFDWHG��'�VWUXFWXUHV��

7KLV�PHWKRG��EDVHG�RQ�D�.U\ORY�VXEVSDFH�WHFKQLTXH�
QDPHO\�WKH�$UQROGL�LWHUDWLRQ��UHIRUPXODWHV�WKH�V\VWHP
RI� OLQHDU� 2'(V� UHVXOWLQJ� IURP� WKH� )$67+(15<
HTTXDWLRQ� LQWR� D� VWDWH�VSDFH� IRUP� DQG� GLUHFWO\� SUR�
GXFHV� D� UHGXFHG�RUGHU� PRGHO� LQ� VWDWH�VSDFH� IRUP�
7KH� NH\� DGYDQWDJH� RI� WKLV� PHWKRG� LV� WKDW� LW� LV� QRW
PRUH� H[SHQVLYH� WKDQ� FRPSXWLQJ� WKH� LQGXFWDQFH
PDWUL[�DW�D�VLQJOH�IUHTXHQF\��

7KH�PHWKRG� FRPSDUHV�ZHOO�ZLWK� WKH�VWDQGDUG�3DGH
DSSURDFKHV� DQG�PD\� SUHVHQW� VRPH� DGYDQWDJHV�� ,Q
WKH� $UQROGL�EDVHG� DOJRULWKP�� HDFK� VHW� RI� LWHUDWLRQV
SURGXFHV�DQ�HQWLUH�FROXPQ�RI� WKH� LQGXFWDQFH�PDWUL[
UDWKHU� WKDQ� D� VLQJOH� HQWU\�� LI� PDWUL[�YHFWRU� SURGXFW
FRVWV� GRPLQDWH�� WKHQ� WKH� $UQROGL�EDVHG� DOJRULWKP

SURGXFHV�D�EHWWHU�DSSUR[LPDWLRQ�IRU�D�JLYHQ�DPRXQW
RI� ZRUN�� )LQDOO\�� ZH� KDYH� VKRZQ� WKDW� WKH� $UQROGL
PHWKRG�JHQHUDWHV�JXDUDQWHHG�VWDEOH� UHGXFHG�RUGHU
PRGHOV�HYHQ�IRU�5/&�SUREOHPV���

2XU� UHFHQW�ZRUN� KDV� IRFXVHG�RQ� IDVW� WHFKQLTXHV�RI
PRGHO� UHGXFWLRQ� ZKLFK� DXWRPDWLFDOO\� JHQHUDWH� ORZ
RUGHU�PRGHOV�RI�WKH�LQWHUFRQQHFW�GLUHFWO\�IURP�WKH�GLV�
FUHWL]HG� 0D[ZHOO¶V� HTXDWLRQV� XQGHU� WKH� TXDVLVWDWLF
DVVXPSWLRQ��:KHQ�FRPELQHG�ZLWK�ZLWK�IDVW�SRWHQWLDO
VROYHUV�� WKH� RYHUDOO� DOJRULWKP� HIILFLHQWO\� JHQHUDWHV
DFFXUDWH�PRGHOV�VXLWDEOH�IRU�FRXSOHG�FLUFXLW�LQWHUFRQ�
QHFW�VLPXODWLRQ���

7KH� GHVLJQ� RI� VLQJOH�FKLS�� PL[HG�VLJQDO� V\VWHPV�
ZKLFK� FRPELQH� ERWK� DQDORJ� DQG� GLJLWDO� IXQFWLRQDO
EORFNV�RQ�D�FRPPRQ�VXEVWUDWH��LV�QRZ�DQ�DFWLYH�DUHD
RI� UHVHDUFK��GULYHQ�E\� WKH� UHOHQWOHVV�TXHVW� IRU�KLJK�
OHYHO� LQWHJUDWLRQ� DQG� FRVW� UHGXFWLRQ�� $� PDMRU� FKDO�
OHQJH� IRU� PL[HG�VLJQDO� GHVLJQ� WRROV� LV� WKH� DFFXUDWH
PRGHOLQJ�RI�WKH�SDUDVLWLF�QRLVH�FRXSOLQJ�WKURXJK�WKH
FRPPRQ� VXEVWUDWH� EHWZHHQ� WKH� KLJK�VSHHG� GLJLWDO
DQG�KLJK�SUHFLVLRQ�DQDORJ�FRPSRQHQWV��

:H� DUH� ZRUNLQJ� RQ� D� VSDUVLILFDWLRQ� PHWKRG� ZKLFK�
EDVHG�RQ�HLJHQGHFRPSRVLWLRQ��KDQGOHV�HGJH�HIIHFWV
PRUH� DFFXUDWHO\� WKDQ� SUHYLRXVO\� DSSOLHG� PXOWLSROH
H[SDQVLRQ�WHFKQLTXHV��7KHQ�ZH�FRPELQH�WKH�VSDUVLIL�
FDWLRQ�DSSURDFK�ZLWK�D�PXOWLJULG�LWHUDWLYH�PHWKRG�WKDW
FRQYHUJHV�PRUH�UDSLGO\�WKDQ�SUHYLRXVO\�DSSOLHG�.U\�
ORY�VXEVSDFH�PHWKRGV��5HVXOWV�RQ�UHDOLVWLF�H[DPSOHV
GHPRQVWUDWH�WKDW�WKH�FRPELQHG�DSSURDFK�LV�XS�WR�DQ
RUGHU�RI�PDJQLWXGH�IDVWHU�WKDQ�WKH�VSDUVLILFDWLRQ�DQG
.U\ORY�VXEVSDFH� PHWKRG� DQG� RUGHUV� RI� PDJQLWXGH
IDVWHU�WKDQ�QRW�XVLQJ�VSDUVLILFDWLRQ���

14 J. Tausch and J. White, "Precondition and Fast Summation Techniques for First-Kind Boundary Integral Equations," Third IMACS 
International Symposium on Iterative Methods in Scientific Computation, Jackson Hole, Wyoming, July 9-12, 1997.

15 J. Tausch and J. White, "Second-Kind Integral Formulations for the Capicitance Probelm, Adv. in Comput. Math., forthcoming.

16 J. Tausch and J. White, "BEM Solution of Laplace’s Equation in Multi-Layered Media with High Permittivity Ratios," Numerical Treat-
ment of Multi-Scale Problems, Third GAMM-Seminar, Kiel, Germany, January 24-26, 1998; M. Chou and J.K. White, "Efficient Formu-
lation and Model-Order Reduction for the Transient Simulation of Three-Dimensional VLSI Interconnect," IEEE Trans. Comput.-Aided 
Des. Integrat. Circ. Syst., forthcoming.

17 M. Kamon, N. Marques, and J. White, "FastPep: A Fast Parasitic Extraction Program for Complex Three-Dimensional Geometries," 
Proceedings of the IEEE Conference on Computer-Aided Design, San Jose, California, November 1997; M. Kamon, N. Marques, L.M. 
Silveira, and J. White, "Generating Reduced Order Models via PEEC for Capturing Skin and Proximity Effects," Proceedings of the 
Sixth Topical Meeting on Electrical Performance of Electronic Packaging, San Jose, California, November 1997.

18 L.M. Silveira, I. Elfadel, M. Kamon, and J. White, "Coupled Circuit-Interconnect Analysis Using Stable Arnoldi-Based Model-Order 
Reduction," Proceedings of Progress in Electromagnetics Research Symposium, Cambridge, Massachusetts, July 1997.

19 M. Kamon, N. Marques, and J. White, "FastPep: A Fast Parasitic Extraction Program for Complex Three-Dimensional Geometries," 
Proceedings of the IEEE Conference on Computer-Aided Design, San Jose, California, November 1997;  M. Kamon, N. Marques, L.M. 
Silveira, and J. White, "Generating Reduced Order Models via PEEC for Capturing Skin and Proximity Effects," Proceedings of the 
Sixth Topical Meeting on Electrical Performance of Electronic Packaging, San Jose, California, November 1997.
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����� 3XEOLFDWLRQV

$OXUX�� 1��� DQG� -�� :KLWH�� �$� 0XOWL�OHYHO� 1HZWRQ
0HWKRG� IRU� 6WDWLF� DQG� )XQGDPHQWDO� )UHTXHQF\
$QDO\VLV� RI� (OHFWURPHFKDQLFDO� 6\VWHPV��� ,QWHU�
QDWLRQDO�&RQIHUHQFH� RQ�6LPXODWLRQ� RI�6HPLFRQ�
GXFWRU� 3URFHVVHV� DQG� 'HYLFHV� �6,63$'��
%RVWRQ�� 0DVVDFKXVHWWV�� 6HSWHPEHU� ������ SS�
�������

&KRX��0���DQG�-�.��:KLWH���(IILFLHQW�)RUPXODWLRQ�DQG
0RGHO�2UGHU�5HGXFWLRQ�IRU�WKH�7UDQVLHQW�6LPXOD�
WLRQ� RI� 7KUHH�'LPHQVLRQDO� 9/6,� ,QWHUFRQQHFW��
,(((�7UDQV��&RPSXW��$LGHG�'HV�� ,QWHJUDW�� &LUF�
6\VW��)RUWKFRPLQJ�

&RVWD�� -�3��� 0�� &KRX�� DQG� /�0�� 6LOYHLUD�� �(IILFLHQW
7HFKQLTXHV� IRU� $FFXUDWH� 0RGHOLQJ� DQG� 6LPXOD�
WLRQ�RI�6XEVWUDWH�&RXSOLQJ� LQ�0L[HG�6LJQDO� ,&V��
'HVLJQ��$XWRPDWLRQ�DQG�7HVW� LQ�(XURSH��([KLEL�
WLRQ�DQG�&RQIHUHQFH��'$7(� ¶�����3DULV��)UDQFH�
)HEUXDU\�������

.DPRQ��0���1��0DUTXHV��DQG�-��:KLWH�� �)DVW3HS��$
)DVW� 3DUDVLWLF� ([WUDFWLRQ� 3URJUDP� IRU� &RPSOH[
7KUHH�'LPHQVLRQDO�*HRPHWULHV���3URFHHGLQJV�RI
WKH� ,(((� &RQIHUHQFH� RQ� &RPSXWHU�$LGHG
'HVLJQ��6DQ�-RVH��&DOLIRUQLD��1RYHPEHU������

.DPRQ��0���1��0DUTXHV��/�0��6LOYHLUD��DQG�-��:KLWH�
�*HQHUDWLQJ� 5HGXFHG� 2UGHU� 0RGHOV� YLD� 3((&
IRU� &DSWXULQJ� 6NLQ� DQG� 3UR[LPLW\� (IIHFWV��� 3UR�
FHHGLQJV�RI�WKH�6L[WK�7RSLFDO�0HHWLQJ�RQ�(OHFWUL�
FDO� 3HUIRUPDQFH� RI� (OHFWURQLF� 3DFNDJLQJ�� 6DQ
-RVH��&DOLIRUQLD��1RYHPEHU������

/HH�� &��+�� �:DYH� ,QWHUDFWLRQ� ZLWK� +XJH� )ORDWLQJ
6WUXFWXUHV��� 3URFHHGLQJV� RI� �WK� ,QWHUQDWLRQDO
&RQIHUHQFH� RQ� WKH� %HKDYLRU� RI� 2IIVKRUH� 6WUXF�
WXUHV��'HOIW��7KH�1HWKHUODQGV�������

/L��-���DQG�-��:KLWH���$SSUR[LPDWLRQ�RI�3RWHQWLDOV�E\
0XOWLSROH� *ULG� 3URMHFWLRQV��� 7RSLFDO� 0HHWLQJ� RQ
(OHFWULFDO�3HUIRUPDQFH�RI�(OHFWURQLF�3DFNDJLQJ�
6DQ�-RVH��&DOLIRUQLD��1RYHPEHU�������

1DERUV��.���7��7��)DQJ��+��:��&KDQJ��.��.XQGHUW��DQG
-��:KLWH�� �$�*XDVVLDQ�4XDGUDWXUH� %DVHG�$OJR�
ULWKP� IRU�5/&�OLQH� WR�5/&�OLQH�5HGXFWLRQ���3UR�
FHHGLQJV� RI� WKH� ��WK� 'HVLJQ� $XWRPDWLRQ
&RQIHUHQFH��$QDKHLP��&DOLIRUQLD��-XQH�������

1DERUV��.���7��7��)DQJ��+��:��&KDQJ��.��.XQGHUW��DQG
-��:KLWH���$Q�5/&�/LQH�5HGXFWLRQ�$OJRULWKP�ZLWK
DQ�2GG�2SWLPDOLW\�3URSHUW\���,QYLWHG�3DSHU��3UR�
FHHGLQJV� RI� 3URJUHVV� LQ� (OHFWURPDJQHWLFV
5HVHDUFK� 6\PSRVLXP�� &DPEULGJH�� 0DVVDFKX�
VHWWV��-XO\������

3KLOOLSV�� -�5��� DQG� -�.��:KLWH�� �$� 3UHFRUUHFWHG�))7
PHWKRG�IRU�(OHFWURVWDWLF�$QDO\VLV�RI�&RPSOLFDWHG
��'�6WUXFWXUHV��� ,(((�7UDQV��RQ�&RPSXW��$LGHG
'HV��)RUWKFRPLQJ�

6HQWXULD��6���1��$OXUX��DQG�-��:KLWH���6LPXODWLQJ�WKH
%HKDYLRU� RI� 0(06� 'HYLFHV�� &RPSXWDWLRQDO
0HWKRGV�DQG�1HHGV���,(((�&RPSXWDW��6FL��(QJ�
�������������������

6LOYHLUD�� /�0��� ,�� (OIDGHO�� 0�� .DPRQ�� DQG� -�� :KLWH�
�&RXSOHG� &LUFXLW�,QWHUFRQQHFW� $QDO\VLV� 8VLQJ
6WDEOH� $UQROGL�%DVHG� 0RGHO�2UGHU� 5HGXFWLRQ��
3URFHHGLQJV� RI� 3URJUHVV� LQ� (OHFWURPDJQHWLFV
5HVHDUFK� 6\PSRVLXP�� &DPEULGJH�� 0DVVDFKX�
VHWWV��-XO\������

7DXVFK�� -��� DQG� -�� :KLWH�� �3UHFRQGLWLRQ� DQG� )DVW
6XPPDWLRQ� 7HFKQLTXHV� IRU� )LUVW�.LQG�%RXQGDU\
,QWHJUDO� (TXDWLRQV��� 7KLUG� ,0$&6� ,QWHUQDWLRQDO
6\PSRVLXP� RQ� ,WHUDWLYH� 0HWKRGV� LQ� 6FLHQWLILF
&RPSXWDWLRQ�� -DFNVRQ� +ROH�� :\RPLQJ�� -XO\� ��
���������

7DXVFK��-���DQG�-��:KLWH���6HFRQG�.LQG�,QWHJUDO�)RU�
PXODWLRQV� IRU� WKH� &DSLFLWDQFH� 3UREHOP�� $GY�� LQ
&RPSXW��0DWK��)RUWKFRPLQJ�

7DXVFK��-���DQG�-��:KLWH���%(0�6ROXWLRQ�RI�/DSODFH¶V
(TXDWLRQ� LQ�0XOWL�/D\HUHG�0HGLD�ZLWK�+LJK�3HU�
PLWWLYLW\� 5DWLRV��� 1XPHULFDO� 7UHDWPHQW� RI� 0XOWL�
6FDOH� 3UREOHPV�� 7KLUG� *$00�6HPLQDU�� .LHO�
*HUPDQ\��-DQXDU\�������������

7HOLFKHYHVN\��5���.��.XQGHUW�DQG�-��:KLWH���)DVW�6LP�
XODWLRQ�$OJRULWKPV�IRU�5)�&LUFXLWV���,QYLWHG�SDSHU�
3URFHHGLQJV� RI� WKH� &XVWRP� ,QWHJUDWHG� &LUFXLWV
&RQIHUHQFH��6DQ�'LHJR��&DOLIRUQLD��0D\������

:DQJ��-���DQG�-��:KLWH���)DVW�$OJRULWKPV�IRU�&RPSXW�
LQJ� (OHFWURVWDWLF� *HRPHWULF� 6HQVLWLYLWLHV��� ,QWHU�
QDWLRQDO� &RQIHUHQFH� RQ� 6LPXODWLRQ� RI� 6HPL�
FRQGXFWRU� 3URFHVVHV� DQG� 'HYLFHV� �6,63$'��
%RVWRQ�� 0DVVDFKXVHWWV�� 6HSWHPEHU� ������ SS�
�������

20 J.P. Costa, M. Chou, and L.M. Silveira, "Efficient Techniques for Accurate Modeling and Simulation of Substrate Coupling in Mixed-
Signal ICs," Design, Automation and Test in Europe, Exhibition and Conference (DATE ’98), Paris, France, February 1998. 


