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s
.eduAprial 15, 2003TR number: UCSC-CRL-0303 Abstra
tThis paper provides a method to dire
tly extra
t K element, or partial relu
-tan
e. Partial relu
tan
e K is a new 
ir
uit element re
ently introdu
ed [1℄ to
apture the on-
hip indu
tan
e e�e
t. We use a 3-D dis
retization of a magneto-quasi-stati
 integral formulation to simulate the 
urrent distribution and get thefrequen
y dependent partial relu
tan
e matrix K and resistan
e R. Dire
tly ex-tra
ting partial relu
tan
e gives a 
learer view of partial relu
tan
e's physi
al mean-ing and avoids inverting the partial indu
tan
e matrix before running simulationand redu
tion based on RKC model. Also, bene�ting from the lo
ality of thepartial relu
tan
e, a hierar
hi
al shielding te
hnique is used in the extra
tion andit brings a great speed up. The result from examples shows advantages in dire
tpartial relu
tan
e extra
tion with shielding te
hniques over the traditional partialrelu
tan
e extra
tion by inverting L.keywords: Partial Relu
tan
e, Partial Indu
tan
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t Extra
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1 Introdu
tionAs 
lo
k speed in
reases and less resistive wires are used to enhan
e on-
hip signal propagation speed,indu
tan
e e�e
t of on-
hip inter
onne
t is be
oming more and more important. However, 
apturing on-
hipindu
tan
e e�e
t is very diÆ
ult be
ause of unknown 
ir
uit return path. Ruehli introdu
ed the 
on
ept ofpartial indu
tan
e developed by Rosa [11℄ to the 
ir
uit design �eld [12℄ to avoid the unknown loop problem.But sin
e the partial indu
tan
e is based on the virtual loop 
losed at in�nity, the 
oupling are now amongall the 
ondu
tor segments so that the resulting partial indu
tan
e matrix is extremely dense. Due to thisglobal e�e
t of dense partial indu
tan
e matrix, people are fa
ing many diÆ
ulties on extra
ting on-
hipparasiti
 parameter and simulating on-
hip inter
onne
t with RLC model.Many work had been done to make the partial indu
tan
e sparse, su
h as the \shift-trun
ate" method[10℄ and \return-limited loop indu
tan
e" 
on
ept [13℄. However, the a

ura
y of these approa
hes are notguaranteed under di�erent inter
onne
t topology.Fortunately, the inverse of partial indu
tan
e matrix, the partial relu
tan
e matrix, has lo
ality andstability [1℄. The new 
ir
uit element, the partial relu
tan
e, or K element, was �rst introdu
ed by Devganet al [1℄. Ji et al showed the lo
ality and positive de�niteness of partial relu
tan
e in [7℄ and developed anew 
ir
uit simulation tool, KSim, by in
orporating the K element. Sin
e the lo
ality and stability of partialrelu
tan
e matrix K, KSim 
an a
hieve mu
h higher performan
e than today's 
ir
uit simulation tools basedon RLC model.Other approa
hes based on the 
on
ept of partial relu
tan
e su
h as \double inversion" by Beattie et alin [2℄ and \indu
twise" by Chen et al in [4℄ are also proposed and great advantages over RLC model areshown in their work. And Zheng et al had done some work on model order redu
tion for RKC model in[14℄.The previous approa
hes [4℄ [7℄ to extra
t partial relu
tan
e are to divide the 
ir
uit into some smallerparts, get the partial indu
tan
e matri
es L of ea
h one from available extra
tion tool su
h as FastHenry[9℄, inverse the L matri
es to the K matri
es and 
ombine the small K matri
es to a big one for the inputof RKC simulation tools. It is 
lear that the matrix inversion is 
ostly, and developing extra
tion methodfor dire
tly 
at
hing partial relu
tan
e be
omes ne
essary.Also, the partial relu
tan
e shares many features with 
apa
itan
e be
ause one uni-dire
tional magneti
problem 
an be transformed in to an ele
tri
 problem [4℄. So dire
t partial relu
tan
e extra
tion may utilizesome te
hniques used in 
apa
itan
e extra
tion and gain the advantage over indu
tan
e extra
tion. Thispaper uses the hierar
hi
al shielding algorithm, whi
h was similar to the te
hnique used in 
apa
itan
eextra
tion [8℄, to a

elerate the partial relu
tan
e extra
tion.The following se
tion will give an overview about the ba
kground of partial relu
tan
e. Se
tion 3 dis
ussessome details of partial relu
tan
e dire
t extra
tion. Hierar
hi
al shielding algorithm to a

elerate partialrelu
tan
e extra
tion is presented in se
tion 4 and the experimental results are given in se
tion 5 to showthe advantage of dire
t K extra
tion. Finally, se
tion 6 
on
ludes this paper.2 Physi
al Ba
kground ofPartial Relu
tan
eIn [1℄, partial relu
tan
e matrix K is de�ned as the inverse of partial indu
tan
e matrix L.[K℄ = [L℄�1 (1)The magneti
 ve
tor potential, A, is de�ned asr�A = �Hr �A = 0 (2)Then by magneto-quasistati
 approximation [5℄ and sinusoidal steady-state assumption, the ve
tor po-tential has the following relation to the 
urrent distribution J(r)A(r) = �04� ZV 0 J(r0)k~ri � ~rjkdv0 (3)2



where V 0 is the volume of all 
ondu
tors. Then Aij , the ve
tor potential on 
ondu
tor segment i due to the
urrent on 
ondu
tor segment j is Aij = �04�aj Zaj Zlj Ijd~ljk~ri � ~rjkdaj (4)where lj and aj are the length and the 
ross se
tion area of �lament j. Ij is the 
urrent on 
ondu
tor segmentj. And Ai, the ve
tor potential on 
ondu
tor segment i due to all the 
urrent in the system, isAi = nXj=1Aij (5)Also we know that with magneto-quasistati
 approximation, the partial indu
tan
e between two 
ondu
-tor segments i and j is as follows [12℄Lij = �04�aiaj [Zai Zaj Zli Zlj d~lid~ljk~ri � ~rjkdaidaj ℄ (6)With the de�nition of magneti
 ve
tor potential in Eq. (2) and zero transverse 
urrent on the 
ondu
tors,Ai distributes uniformly on the 
ross-se
tion of 
ondu
tor segment i. So the magneti
 ve
tor potential alonga 
ondu
tor segment 
an be simply wrote down as1ai Z Z Aidaidli = Z Aidli (7)Thus, an n 
ondu
tor linear system of partial indu
tan
e will be264 L11 L12 � � �L21 L22 � � �... ... Lnn 375264 I1...In 375 = 264 R A1dl1...R Andln 375 (8)Therefore, with Eq. (1) and Eq. (8), the partial relu
tan
e matrix will be in the following linear equations,264 K11 K12 � � �K21 K22 � � �... ... Knn 375264 R A1dl1...R Andln 375 = 264 I1...In 375 (9)From Eq. (9), we know that if we set the magneti
 ve
tor potential drop along 
ondu
tor segment i to 1and others to 0, the 
urrent on the 
ondu
tor segments equals the ith 
olumn of the partial relu
tan
e matrixK. This gives us another de�nition of K matrix [7℄: \The element Kij is the 
urrent 
owing through the ith
ondu
tor when the magneti
 ve
tor potential drop along all 
ondu
tors, ex
ept the jth, are set to zero, andthe magneti
 ve
tor potential drop along the jth 
ondu
tor is raised to unit potential." This de�nition givesus the physi
al meaning of partial relu
tan
e and makes it possible to extra
t partial relu
tan
e dire
tlyinstead of inverse the partial indu
tan
e matrix L.The approa
h for dire
tly extra
ting K element is to put unit ve
tor potential drop along the aggressive
ondu
tor i and let ve
tor potential drop be zero on other 
ondu
tors when we want to extra
t the ith
olumn of K matrix. I.e. let R Aidli = 1R Ajdlj = 0; j 6= i (10)Then based on Eq. (9), Kji equals Ij , the 
urrent on 
ondu
tor segment j. So the target to extra
tpartial relu
tan
e be
omes 
al
ulating the 
urrent distribution.Here, we should 
larify some 
on
ept about relu
tan
e and partial relu
tan
e. Partial indu
tan
e isdi�erent from indu
tan
e, whi
h is a property of 
losed loops. Similarly, partial relu
tan
e is not relu
tan
e. Ifwe say indu
tan
e is a 
ux 
ontrolled non-linear fun
tion of 
ux vs. 
urrent, relu
tan
e is a 
urrent 
ontrollednon-linear fun
tion of 
ux vs. 
urrent. Linear relu
tan
e is the inverse of linear indu
tan
e and K elementis partial relu
tan
e. Similar relationship 
an be found between 
apa
itan
e and elastan
e: 
apa
itan
e is a
harge 
ontrolled non-linear fun
tion of 
harge vs. voltage and elastan
e is a voltage 
ontrolled non-linearfun
tion of 
harge vs. voltage. 3



3 Extra
ting Partial Relu
tan
eIn most 
ases, the resistan
e of the 
ondu
tors is not negligible, whi
h results in more 
omplex partialrelu
tan
e extra
tion.Sin
e the 
urrent is not uniformly distributed at high frequen
y, we need to mesh the 
ondu
tors into�laments to simulate the 
urrent distribution. With the magneto-quasi-stati
 assumption, we 
an assumethat the 
urrent within the 
ondu
tors 
ows parallel to their surfa
es be
ause there is no 
harge a

umulationon the 
ondu
tor surfa
es. So the the 
ondu
tor 
an be divided into a bundle of parallel �laments withre
tangular 
ross-se
tion and the 
urrent 
ows only along the length dire
tion of the �laments.

Current flow direction Figure 1: An example of non-uniformly mesh 2 
ondu
tor segments into 2x5x3 �lamentsIt is well known that the 
urrent 
ows near the surfa
e of the 
ondu
tor be
ause of skin e�e
t. So wemesh the 
ondu
tor segments non-uniformly. Fig. 1 gives an example of two parallel 
ondu
tors been meshedinto 5� 3 �laments ea
h.With the sinusoidal steady-state assumption, for a system with n 
ondu
tors at the frequen
y of 2�!,the 
urrent ve
tor I 2 Cn and voltage drop ve
tor V 2 Cn on the 
ondu
tors 
an be expressed as(R+ j!L)I = V (11)where R;L 2 Rn�n are the resistan
e matrix and the partial indu
tan
e matrix of the system respe
tively.Transforming Eq. (11) and 
ombining it with the de�nition of partial relu
tan
e matrix K in Eq. (1), wehave j!I = K(V �RI) (12)Noti
e that V �RI is an n�1 ve
tor and if we set entry i of V �RI to one and the other entries to zero,by 
omputing the resulting 
urrent ve
tor I , we 
an get the ith 
olumn of K, whi
h equals to j!I . Also we
an get the s
alar potential drop V on ea
h 
ondu
tor and 
ompute the equivalent resistan
e.4



Sin
e we are more interested in the partial relu
tan
e matrix K rather than the resistan
e matrix R, weset entry i of V �RI to j! and the others to zero. Then the resulting 
urrent distribution I equals 
olumni of K.With the de�nition of ve
tor potential A in Eq. (2) and Faraday's Law in sinusoidal steady-state, wehave E = �j!A�r� (13)where � is the s
alar potential and E is the ele
troni
 �eld. Sin
e the 
urrent 
ow is parallel to the surfa
eof the 
ondu
tor, we 
an only 
onsider E, A and r� along the length of the 
ondu
tor. Integrate both sidesof Eq. (13) along the length dire
tion of the 
ondu
tor from one end a to the other end b, we haveVab = �(�b ��a) = j! Z ba Adl +E � lab (14)As E 
ontributes to the resistive potential drop from J = �E, we haveE � lab = RI (15)Combine Eq. (14) and Eq. (15) V �RI = j! Z ba Adl (16)So setting the V � RI to j! on the aggressive 
ondu
tor and others to zero is the same as setting theve
tor potential drop along the aggressive 
ondu
tor to one and others to zero, whi
h is 
onsistent with these
ondary de�nition of partial relu
tan
e and the approa
h for extra
ting partial relu
tan
e we stated inse
tion 2.Assuming ea
h �lament is thin enough that the 
urrent 
an be approximated uniformly distributed insidethe �lament, Îi and V̂i 1, the 
urrent and the potential drop on �lament i, 
an be givenR̂iiÎi + j! mXj=1 L̂ij Îj = V̂i (17)where m is the number of the �laments. The �lament's DC resistan
e R̂ii 
an be givenR̂ii = li�âi (18)where � is the 
ondu
tivity of the 
ondu
tors and the mutual partial indu
tan
e between the �laments (orself partial indu
tan
e if i = j) L̂ij has the following formulation similar to Eq. (6)L̂ij = �04�âiâj [Zâi Zâj Zli Zlj d~lid~ljk~ri � ~rjkdâidâj ℄ (19)Be
ause uniform distributed 
urrent is assumed inside the �laments, Eq. (19) 
an be a

urately integratedby Hoer's formula [6℄.Eq. (17) 
an be written in matrix form (R̂+ j!L̂)Î = V̂ (20)where R̂ is an m�m diagonal matrix and L̂ is an m�m matrix. They are known when the 
ondu
tors aremeshed into �laments. Î 2 Cm is the ve
tor of 
urrent on the �laments, whi
h is what we want to know andV̂ 2 Cm is the ve
tor of potential drop on the m �laments.Be
ause the transverse 
urrent is zero, the potential drop on di�erent �laments of a same 
ondu
tor areequal. By de�ning the mesh in
iden
e matrix M 2 Rm�n as Mji = 1 when �lament j is in 
ondu
tor i andMji = 0 otherwise, we have V̂ =M tV (21)1Here we use a little hat^to distinguish the symbols for �laments from the symbols for 
ondu
tor segments.5



and I =MÎ (22)Sin
e the partial relu
tan
e matrix K and resistan
e matrix R are real, the resulting 
urrent I must bereal when the ve
tor potential drop R Adli is set to 1 on the aggressor and 0 on the vi
tim. I.e.Iim = 0 (23)Also the real part of potential drop V 
ontributes the potential drop 
aused by the ele
tri
 �eld E andits image part 
ontributes the potential drop 
aused by the magneti
 �eld R Adl, whi
h are set to 1 or 0 for
omputing K matrix. Then Eq. (20) 
an be separated into two equations� R̂Îre � !L̂Îim = V̂re =M tVre!L̂Îre + R̂Îim = V̂im = !M t R Adl (24)where Î = Îre + jÎim, V̂ = V̂re + jV̂im and V = Vre + jVim = Vre + j! R Adl.Eq. (24) and Eq. (23) 
an be put together in matrix form24 R̂ �!L̂ �M t!L̂ R̂ 00 M 0 3524 ÎreÎimVre 35 = 24 0!M t R Adl0 35 (25)Then we will have Îre, Îim and V̂re by solving linear Eq. (25) and get the 
urrent on the 
ondu
torsegments I =MÎ . The ith 
olumn of partial relu
tan
e matrix K equals I and the equivalent resistan
e of
ondu
tor segment i at the frequen
y of 2�! is given by Rii = Re(Vi)=Ii.The mutual partial indu
tan
e of two �laments 
an be got by a simple 
losed formula under the 
onditionthat the 
urrent 
ow is uniform inside ea
h 
ondu
tor �lament. This is be
ause other 
ondu
tors in the spa
ehave no e�e
t on the mutual partial indu
tan
e between the two �laments. However, other 
ondu
tors dohave e�e
t on the mutual partial relu
tan
e between two �laments. Sin
e then, it is impossible to �nd asimple dire
t formula for the mutual partial relu
tan
e of two �laments only with the information of the two�laments. So it still needs to solve equations of the whole system to get the partial relu
tan
e dire
tly.Here is a small example to show a 
ondu
tor's impa
t on mutual indu
tan
e and relu
tan
e betweenother 
ondu
tors. As in Fig. 2, the stru
ture is a bus stru
ture with four equal length parallel 
ondu
tors.We have the partial indu
tan
e matrix of the bus stru
tureL = 2664 2:79 1:48 1:05 0:821:48 2:76 1:47 1:051:05 1:47 2:76 1:480:82 1:05 1:48 2:79 3775� 10�11H (26)and the partial relu
tan
e matrixK = 2664 5:13 �2:36 �0:51 �0:35�2:36 6:23 �2:16 �0:51�0:51 �2:16 6:24 �2:36�0:35 �0:51 �2:35 5:13 3775� 1010H�1 (27)Remove 
ondu
tor 2 and 
ondu
tor 3 in the bus stru
ture (marked in dash lines in Fig. 2) and theindu
tan
e and relu
tan
e matrix will be as follows,L0 = � 2:79 0:820:82 2:79 �� 10�11H (28)K 0 = � 3:92 �1:15�1:15 3:92 �� 1010H�1 (29)6



41 32Figure 2: A four equal length parallel 
ondu
tor bus stru
tureThe mutual partial indu
tan
e of 
ondu
tor 1 and 
ondu
tor 4 is L14 = 0:82� 10�11H in Eq. (26) andL012 = 0:82�10�11H in Eq. (28) after remove 
ondu
tor 2 and 3. This shows that 
ondu
tor 2 and 
ondu
tor3 has no e�e
t on the mutual indu
tan
e between 
ondu
tor 1 and 4. But the mutual relu
tan
e is di�erent.K14 = �0:35� 1010H�1 in Eq. (27) and K 012 = �1:15� 1010H�1, whi
h is 3 times smaller with the e�e
tof 
ondu
tor 2 and 3.It is also needed to simulate the 
urrent distribution and solve the whole system when extra
ting partialindu
tan
e be
ause the uniform distribution assumption does not hold in real world. So extra
ting partialrelu
tan
e will not 
onsume more time than partial indu
tan
e extra
ting. And bene�ting from the lo
alityof partial relu
tan
e, dire
t relu
tan
e extra
ting yields mu
h shorter 
omputing time.The self and mutual indu
tan
e of the �laments are used in 
al
ulating the partial relu
tan
e of the
ondu
tors. But this is not the same as partial relu
tan
e extra
tion by inverting the partial indu
tan
ematri
es. The L matrix to be inverted for K matrix is the partial indu
tan
e of 
ondu
tors while theindu
tan
e matrix L̂ in dire
t relu
tan
e extra
tion is indu
tan
e of �laments.4 Hierar
hi
al ShieldingApproa
hPartial relu
tan
e has some 
apa
itan
e-like features su
h as lo
ality and stability [1℄. Although thesefeatures have not been proved stri
tly yet, Ji et al illustrated them intuitively in [7℄ and later, Chen et atstated that \every uni-dire
tional magneti
 problem 
an be transformed into an ele
tri
 one" in [4℄.Capa
itan
e has lo
ality be
ause there is shielding e�e
t in ele
tri
 �eld. As Fig. 3 shows, 
ondu
tor 5is shielded by 
ondu
tor 3 in 
ondu
tor 1's view. When 
ondu
tor 1 is 
harged as the aggressor, the 
hargeon 
ondu
tor 5 is nearly zero so that C15, the 
apa
itan
e between 
ondu
tor 1 and 5, 
an be negle
ted.Taking the advantage of 
apa
itan
e's lo
ality, some fast inter
onne
t 
apa
itan
e extra
tion tool su
has Gu et al [8℄ dis
ards shielded 
ondu
tors to a

elerate the extra
tion. These a

eleration te
hniques
annot be used on inter
onne
t indu
tan
e extra
tion be
ause partial indu
tan
e e�e
t is global. But partialrelu
tan
e has lo
ality and 
ondu
tor shielding methods 
an be used.Fig. 4 shows the shielding e�e
t of partial relu
tan
e on three parallel 
ondu
tors. Condu
tor 1 is theaggressive 
ondu
tor while 
ondu
tor 2 and 3 are the vi
tims. The magneti
 �eld in
ited by I1, the 
urrent7
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Figure 3: The shielding e�e
t of inter
onne
t 
apa
itan
eon 
ondu
tor 1, and the magneti
 �eld in
ited by I2 
an
eled ea
h other at the spa
e around 
ondu
tor 3.So I3, the in
ited 
urrent on 
ondu
tor 3, is very small.Chen et at proposed Window Sele
tion Algorithm in [4℄ to dis
ard shielded 
ondu
tors before indu
-tan
e/relu
tan
e extra
tion. But it 
an be noti
ed that the magneti
 �eld 
annot be 
ompletely shielded.So dis
arding all the shielded 
ondu
tor segments (shielding level 1 in [4℄) may result in big error. To gethigher a

ura
y, WS algorithm in
reases the level of shielding, whi
h means dis
arding the 
ondu
tors onlyshielded by more levels of shielding 
ondu
tors. But higher level of shielding in
reases the extra
tion timesubstantially.Dire
tly partial relu
tan
e extra
tion has mu
h more 
exibility in dealing with shielded and partiallyshielded 
ondu
tors. We proposed a hierar
hi
al shielding algorithm to a

elerate the partial relu
tan
eextra
tion. The level of shielding are determined as follows,� The aggressive 
ondu
tor is de�ned as level 0, the highest level.� Extends both ends of a level i 
ondu
tor by a fa
tor of x. A 
ondu
tor is de�ned in level i+ 1 if{ It is not in any level j where j < i{ It is in the area swept in the dire
tion perpendi
ular to the 
urrent 
ow dire
tion (Fig. 5){ There are no 
ondu
tor shielding between it and the level i 
ondu
torFig. 5 shows an example of the 
ondu
tors in di�erent levels. Condu
tor 2 is the aggressor and it is inlevel 0; 
ondu
tor 3 and 5 is in level 1; 
ondu
tor 1, 4 and 7 is in level 2 and 
ondu
tor 6 is in level 3.Fig. 6 shows the 
urrent on 5 parallel 
ondu
tors when 
ondu
tor 1 is the aggressor and the unit ve
torpotential drop is applied on it. The 
urrent on 
ondu
tor 4 and 5 is very small be
ause of the shielding e�e
tof partial relu
tan
e. But the 
urrent on 
ondu
tor 3 is not small enough to be negle
ted. So if we simplydis
ard all the shielded 
ondu
tors, the result maybe not a

urate enough.8
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t of inter
onne
t partial relu
tan
e
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Figure 5: Condu
tors of di�erent shielding levelIn hierar
hi
al shielding algorithm, the di�erent level of 
ondu
tors are treated in di�erent ways. Finemesh are used on higher level of 
ondu
tors, su
h as level 0 and level 1 
ondu
tors. Less �ne mesh are usedon lower level of 
ondu
tors be
ause the 
urrent on them is not signi�
ant to the whole system. And the9
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Figure 6: The 
urrent on the parallel 
ondu
tors
ondu
tors with level lower than a 
ertain threshold will be simply dis
arded. In this way, the 
ontributionof the shielded 
ondu
tors 
an be 
aptured without lower the extra
tion speed too mu
h.Fig. 7 shows the 
urrent on the same 5 parallel 
ondu
tors and 
ondu
tor 1 is the aggressor. Hierar
hi
alshielding algorithm is used in the 
urrent simulation to 
ompare with the a

urate 
al
ulation in whi
h allthe 
ondu
tors are �nely meshed. We 
an see that the result of hierar
hi
al shielding algorithm is very nearto the a

urate result.Sin
e 
ondu
tors does not have shielding e�e
t on mutual partial indu
tan
e, hierar
hi
al shielding al-gorithm 
annot be applied on traditional partial relu
tan
e extra
tion from partial indu
tan
e matri
esinversion. The mutual indu
tan
e between shielded 
ondu
tors is still very large and only 
oarse mesh onthe vi
tim 
ondu
tor 
an not 
apture the skin e�e
t of 
urrent distribution well enough. The experimentalresults shown in se
tion 5 will give a 
learer idea about it.Be
ause shielding algorithms are used in dire
t partial relu
tan
e extra
tion, the size of the linear systemwe need to solve is not large regardless the total number of 
ondu
tors. With the relatively small number ofnon-zeros in the matrix, LU de
omposition is enough for solve the linear equations.5 Experimental ResultsWe developed our extra
tion tool dire
tly extra
ting partial relu
tan
e in C++ programming language.Simple shielding and hierar
hi
al shielding algorithm are implemented in the extra
tion program. The results10
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Figure 7: The 
urrent 
al
ulation by the hierar
hi
al shielding algorithmare 
ompared with traditional indu
tan
e extra
tion, FastHenry [9℄ and partial relu
tan
e extra
tion byinverting small indu
tan
e matri
es. Our extra
tion and simulation program was run on a Sun UltraSPARC-II 296MHz system.A random generated 
ir
uit with 300 ports is used as a testing example. The 
ondu
tors in the 
ir
uithave unequal lengths and are pla
ed parallel. The 
ondu
tivity is 2:0 � 107
�1 � m�1 and the frequen
yis 1:0 � 108 Hz. We use FastHenry to extra
t the full 
ir
uit to get the full partial indu
tan
e matrix.The inversion of full partial indu
tan
e matrix is viewed as standard partial relu
tan
e matrix and SPICEsimulation with full partial indu
tan
e matrix is viewed as a

urate simulation result. In extra
ting this300-port 
ir
uit, 1 level, 3 level windowing and hierar
hi
al shielding are applied both on dire
t K extra
tionand K extra
tion by inverting small L matri
es.Fig. 8 shows the a

ura
y of extra
ting partial relu
tan
e in di�erent ways. Here we use the eigenvaluesof the partial relu
tan
e matri
es to illustrate the a

ura
y of di�erent methods.Fig. 8 shows that the result got by dire
t K extra
tion with hierar
hi
al shielding and 3 level windowingare both very near to the inverting of full partial indu
tan
e matrix from FastHenry, whi
h is regardedas a

urate result. But there is some visible error of the partial relu
tan
e got by 1 level windowing andindu
tan
e inverting with hierar
hi
al shielding. This shows that we 
annot get the result a

urate enoughwhen too many 
ondu
tors are dis
arded and hierar
hi
al shielding 
an only be applied on dire
t relu
tan
eextra
tion. 11



Extra
tion method Extra
ting time Simulation time 1st peak error 1st drop errorFull indu
tan
e extra
tion by FastHenry 18087.2(se
) 127.8(se
) - -Indu
tan
e inverse with 1 level windowing 7.44(se
) 2.93(se
) 18.0% 85.7%Indu
tan
e inverse with 3 level windowing 188.06(se
) 8.76(se
) 1.41% 2.45%Indu
tan
e inverse with hierar
hi
al shielding 15.92(se
) 6.49(se
) 12.3% 58.5%Dire
t K with 1 level windowing 6.46(se
) 2.93(se
) 17.7% 85.1%Dire
t K with 3 level windowing 155.46(se
) 8.76(se
) 1.43% 2.46%Dire
t K with hierar
hi
al shielding 11.19(se
) 6.51(se
) 1.92% 2.05%Table 1: Speed and a

ura
y 
omparison of di�erent approa
hes
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Eigenvalues of the partial relucatance matrices
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Figure 8: The eigenvalues of the partial relu
tan
e matri
es got from di�erent waysWe put the partial relu
tan
e matri
es got by di�erent methods into INDUCTWISE [4℄[3℄ 2 to simulatethe 
ir
uit. And 
ompare these K simulation result with SPICE simulation, whi
h uses full indu
tan
ematrix from FastHenry as input. In the same 300-port 
ir
uit, we a
tivate one 
ondu
tor with a 
urrentstep fun
tion and observe the response voltage waveforms on a nearby vi
tim 
ondu
tor. Fig. 9 shows thewaveforms on the vi
tim 
ondu
tor using di�erent extra
tion results for INDUCTWISE input. And Tab. 1shows the extra
tion time and simulation a

ura
y in these di�erent extra
tion methods.Tab. 1 shows that dire
t extra
ting methods with shielding a

eleration 
an run mu
h faster than ex-2Downloaded from http://vlsi.e
e.wis
.edu/Indu
twise.htm12
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Figure 9: The waveforms on the vi
tim got by di�erent extra
tion methodstra
ting the full indu
tan
e matrix. Both hierar
hi
al shielding algorithm and 1 level simple shielding 
ana
hieve several thousand times speed up in this 300-port 
ir
uit example, while 3 level simple shielding 
anonly a
hieves one hundred times speed up. However, Fig. 9 and Tab. 1 shows that use 1 level simple shield-ing in dire
t relu
tan
e extra
tion may result in big error but dire
t extra
tion using hierar
hi
al shieldingalgorithm is very a

urate as 3 level simple shielding.As in Tab. 1, indu
tan
e matri
es inverting 
osts a little more extra
tion time than dire
t K extra
tingbe
ause of the matri
es inverting time after indu
tan
e extra
tion. With 1 level windowing or 3 levelwindowing, indu
tan
e matri
es inverting and dire
t relu
tan
e extra
ting 
an a
hieve approximately thesame result and same partial relu
tan
e matrix sparsity. But indu
tan
e matri
es inverting with hierar
hi
alshielding brings mu
h bigger error than dire
t K extra
ting on the vi
tim 
ondu
tor's voltage wave from.6 Con
lusionIn this paper, we developed a dire
t extra
tion method for partial relu
tan
eK to 
apture on-
hip indu
tan
ee�e
t. The partial relu
tan
e matrix K is 
al
ulated together with resistan
e R. The result of dire
textra
tion method mat
hes the result of inverting the partial indu
tan
e matrix. And dire
tly extra
tingpartial relu
tan
e shows the physi
al meaning of partial relu
tan
e in a 
learer way.One advantage of dire
tly extra
ting partial relu
tan
e is that the indu
tan
e matrix inverting 
an beavoided before using simulation tools based on RKC model. And the hierar
hi
al shielding approa
h 
anspeed up the partial relu
tan
e extra
tion substantially without losing a

ura
y, whi
h is another advantageof dire
tly extra
ting partial relu
tan
e. Sin
e only partial relu
tan
e has lo
ality but partial indu
tan
e13



does not, hierar
hi
al shielding approa
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