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Abstract— This paper provides a method to directly extract K
element, orpartial reluctance from the physical meaning of partial
reluctance. The approach of directK extraction reveals the local-
ity nature of partial reluctance and explains why inductance effect
can be captured by sparsek matrix without knowing the current
loop first. We use a 3-D discretization of a magneto-quasi-atic
integral formulation to simulate the current distribution and get
the frequency dependent partial reluctance matrix K and resis-
tance R. Directly extracting partial reluctance gives a clearer
view of partial reluctance’s physical meaning and avoids ixert-
ing the partial inductance matrix before running simulation and
reduction based onRKC model. Also, benefiting from the lo-
cality of the partial reluctance, a hierarchical shieldingtechnique
is used in the extraction and it brings a great speed up. The re
sult from examples shows advantages in direct partial relu@ance
extraction with shielding techniques over the traditional partial
reluctance extraction by inverting L.

|. INTRODUCTION

circuit simulation tool KSm, by incorporating th& element.
Since the locality and stability of partial reluctance mat,
KSim can achieve much higher performance than today’s cir-
cuit simulation tools based aRLC model.

Other approaches based on the concept of partial reluctance
such as “double inversion” by Beatté al in [2] and “induct-
wise” by Chenet al in [4] are also proposed and great advan-
tages overR LC' model are shown in their work. And Zheng
et al had done some work on model order reductionRdt C
model in [15].

Ji et al illustrated the locality and positive definiteness of
partial reluctance for parallel equal length bus structimg8].
But as pointed out by Chest al in [4], some off-diagonal re-
luctance terms may be positive in unequal lengths parailel ¢
ductor hence the proof df’’s locality and stability by Jet al
will not be valid for general cases. We will show the locality
of partial reluctance from the view of direéf extraction, or
the physical meaning of partial reluctance.

The previous approaches [4] [8] to extract partial reluctan

As clock speed increases and less resistive wires are usd to divide the .CII‘CUIt into some smaller pqrts, get the'@l'."‘r
uctance matricek of each one from available extraction

to enhance on-chip signal propagation speed, inductance ; :
fect of on-chip interconnect is becoming more and more imt-OOI such as FastHenry [10], inverse thenatrices 1o thek

portant. However, capturing on-chip inductance effectes/v matrices and co_mbine_ the smb(llmz_;\trices fo a big one fo_r the
difficult because of unknown circuit return path. Ruehli in_mpu_t Of_RKC simulation tool§. Itis Cle".” that the matr|>_< in-
troduced the concept of partial inductance developed b)aRogerspn IS cos_tly, and developing extraction method foectly
[12] to the circuit design field [13] to avoid the unknown IoopcatChmg partial reluctance becomes necessary.
problem. But since the partial inductance is based on the vir Also, the partial reluctance shares many features with ca-
tual loop closed at infinity, the coupling are now among alpacitance because one uni-directional magnetic problem ca
the conductor segments so that the resulting partial isohoet b€ transformed in to an electric problem [4]. So direct érti
matrix is extremely dense. Due to this global effect of dens€luctance extraction may utilize some techniques usedin ¢
partial inductance matrix, people are facing many diffiesit Pacitance extraction and gain the advantage over induetanc
on extracting on-chip parasitic parameter and simulating o extraction. This paper uses the hierarchical shielding-alg
chip interconnect witi? LC model. rithm, which was similar to the technique used in capacianc
Many work had been done to make the partial inductanc@traction [9], to accelerate the partial reluctance extom.
sparse, such as the “shift-truncate” method [11] and “retur  The following section will give an overview about the back-
limited loop inductance” concept [14]. However, the aceyra ground of partial reluctance. Section 11l illustrates tloedl-
of these approaches are not guaranteed under differemt intity of partial reluctance by from its direct extraction appch,
connect topology because current return paths need to be as4's physical definition. Section IV discusses some details
sumed prior to the extraction while the return paths may eot bof partial reluctance direct extraction, such as skin éffac
true. high frequency. Hierarchical shielding algorithm to aecate
Fortunately, the inverse of partial inductance matrix,jie  partial reluctance extraction is presented in section V thed
tial reluctance matrix, has locality and stability [5]. The new experimental results are given in section VI to show the adva
circuit element, the partial reluctance, Brelement, was first tage of directk’ extraction. Finally, section VII concludes this
introduced by Devgast al [5]. In [8], Ji et al developed a new paper.



I1. PHYSICAL BACKGROUND OF PARTIAL RELUCTANCE From Eg. (9), we know that if we set the magnetic vector
potential drop along conductor segmend 1 and others to O,
the current on the conductor segments equalsttheolumn of
the partial reluctance matrik’. This gives us another defini-
[K]=[L]! (1) tion of K matrix [8]: “The elementy;; is the current flowing
through theith conductor when the magnetic vector potential
drop along all conductors, except thi#h, are set to zero, and
V x A= uH the magnetic vector potential drop along tjth conductor is
V-A=0 (2)  raised to unit potential.” This definition gives us the plogsi
meaning of partial reluctance and makes it possible to etra

Then by magneto-quasistatic approximation [6] and sinysartial reluctance directly instead of inverse the paitigllic-
soidal steady-state assumption, the vector potentiah@a®t-  3nce matrixz.

In [5], partial reluctance matriK is defined as the inverse
of partial inductance matrik.

The magnetic vector potential, is defined as

lowing relation to the current distribution(r) The approach for directly extracting element is to put unit
J(r! vector potential drop along the aggressive conducand let
A _ Mo (T ) ' )
(r) = . . 7”7?' — T,Hd“ (3)  vector potential drop be zero on other conductors when we
JV! i 7

want to extract théth column of K matrix. l.e. let
whereV" is the volume of all conductors. Theh;, the vector

potential on conductor segmerdue to the current on conduc- J Adl; =1 L (10)
tor segmeny is JAjdl; =0,5 #i
I dl Then based on Eq. (9);; equals/;, the current on con-
Aij = 47T a / / 7 — 7“;|| (4)  ductor segmenj. So the target to extract partial reluctance

becomes calculating the current distribution.

wherel; anda; are the length and the cross section area of Here, we should clarify some concept about reluctance and
filamentj. I; is the current on conductor segment And  partial reluctancePartial inductance is different frominduc-

A;, the vector potential on conductor segmédte to all the tance, which is a property of closed loops. Similarlyartial

current in the system, is reluctance is notreluctance. If we sayinductance is a flux
controlled non-linear function of flux vs. curremgluctance
A; = ZAU (5) s acurrent controlled non-linear function of flux vs. curte

Linear reluctanceis the inverse ofinear inductanceandK el-
ement ispartial reluctance. Similar relationship can be found
etweencapacitance and elastance: capacitance is a charge
controlled non-linear function of charge vs. voltage @b
tance is a voltage controlled non-linear function of charge vs.

di; dl voltage.
L;; da;da; 6
J 47razaj / / //||7"Z 7| a;da;] (6)

With the definition of magnetic vector potential in Eq. (2) I1l. L OCALITY OF PARTIAL RELUCTANCE
and zero transverse current on the conductdisdistributes
uniformly on the cross-section of conductor segmergo the
magnetic vector potential along a conductor segment can
simply wrote down as

Also we know that with magneto-quasistatic apprommanor‘0
the partial inductance between two conductor segmeatsd
j is as follows [13]

Although it avoids unknown current return loop problem,
artial inductance makes the inductance effect global.t 4s i
Il known, the loop inductance is not global because the cur
rent actually returns in nearby wires for on-chip interceots
1 [1]. This shows that the inductance effect, or, magnetierint
a / /A'da'dl" - /A'dl' (D) actions of on-chip interconnects should be local in natmg: a

. . . it is the artifical assumptions that cause the on-chip irmhuaz
Thus, am conductor linear system of partial inductance will P P

be effect global.
Partial inductance extraction under PEEC model [13] shows
Liw Ly -+ L J Avdiy the reason that the mutual partial inductance decays slowly
Lyy Ly -+ : - : (8) As in Fig. 1, during partial inductance extraction, we apply
Lo I, [ Ayl unit current on the aggressive conductor by the unit current

source at infinity, and force the current to be zero by appglyin
Therefore, with Eq. (1) and Eq. (8), the partial reluctanceero current sources on the victim conductors. Since wesforc
matrix will be in the following linear equations, the current only on the aggressor and its virtual return labp
infinity, the magenitic coupling effect exists in the whopase.
K]] K]2 fA]dl] I] . . . . . )
Koo K o Partial reluctance is a different story in the view of its phy
2 22 : = : 9 cal meaning, or direct extraction method. As in Fig. 2, we
: © Kun [ Andl, I, apply unit vector potential drop on the aggressive conducto



e loop need to to assumed first. However, to accelerate partial
R reluctance extraction (either by traditionalinverse or by di-
AR \ ' rect extraction), some assumptions on current return loep a

also needed to use local windowing or similar methods.

IV. DETAILS IN EXTRACTING PARTIAL RELUCTANCE

' @ 1 In most cases, the resistance of the conductors is not negli-
10= ‘ @ gible, which results in more complex partial reluctanceaod
12=0 Lo o=l “11=0 tion.

' . ! / Since the current is not uniformly distributed at high fre-
guency, we need to mesh the conductors into filaments to sim-
ulate the current distribution. With the magneto-quaatist
assumption, we can assume that the current within the cenduc
. ' B tors flows parallel to their surfaces because there is nagehar

Sosdlo accumulation on the conductor surfaces. So the the conducto
can be divided into a bundle of parallel filaments with reetan

gular cross-section and the current flows only along thetlkeng
Fig. 1. Partial inductance extraction under PEEC model (The dakihed direction of the filaments.
means the current return loop and the current sources anératyi.)
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|2l Fig. 3. An example of non-uniformly mesh 2 conductor segments intix3
/ filaments

It is well known that the current flows near the surface of
the conductor because of skin effect. So we mesh the conduc-
Fig. 2. Partial reluctance extraction by its physical meaning (@ashed line  {oy segments non-uniformly. Fig. 3 gives an eXamme of two
means the current return loop and the voltage sources anérstyi.) . .
parallel conductors been meshed ifte 3 filaments each.
With the sinusoidal steady-state assumption, for a system
with n conductors at the frequency 2fw, the current vector

by a voltage source at infinity, and force the vector poténtid € C* and voltage drop vectdr € C\ on the conductors can
drop on other conductors to be zero by applying negative volpe expressed as .
age sources on the victim conductors to cancel the magenitic (R+jwl)I =V (11)

field induced by the aggressor <.:urrer.1t.. Although the returv'?/hereR, L € R\*\ are the resistance matrix and the partial
loop and voltage sources are still at infinity, the currenis o

inductance matrix of the system respectively. Transfogmin

the victims in the negative direction actually form the wal g4 '(11) and combining it with the definition of partial retuc
current return loops and thus the faraway magenitic fielés af, e matrixic in Eq. (1), we have

mostly canceled.

The “virtual current return loops” formed naturally when jwl = K(V — RI) (12)
unit or zero flux are forced on the conductors and they need
not to be known prior to the extraction. This allows that the Notice that — RI is ann x 1 vector and if we set entry
K approach has wider application area and better result thahV — RI to one and the other entries to zero, by computing
other inductance sparsification technics which currentrret the resulting current vectdr, we can get théth column of K,



which equals tgwI. Also we can get the scalar potential drop Because uniform distributed current is assumed inside the
V' on each conductor and compute the equivalent resistancefilaments, Eq. (19) can be accurately integrated by Hoers fo
Since we are more interested in the partial reluctance rmatnnula [7].

K rather than the resistance matik we set entryi of V' — Eq. (17) can be written in matrix form
RI to jw and the others to zero. Then the resulting current .
distribution equals columri of K. (R+jwl)l =V (20)

With the definition of vector potential in Eq. (2) and Fara-

day’s Law in sinusoidal steady-state, we have where R is anm x m diagonal matrix and. is anm x m

matrix. They are known when the conductors are meshed into
E=—jwA-V® (13) filaments. I € ¢V is the vector of current on the filaments,
which is what we want to know antd € C? is the vector of
where ® is the scalar potential and is the electronic field. potential drop on then filaments.
Since the current flow is parallel to the surface of the conduc Because the transverse current is zero, the potential drop o
tor, we can only consideE, A andV® along the length of different filaments of a same conductor are equal. By defining
the conductor. Integrate both sides of Eq. (13) along thetten the mesh incidence matrid/ € R\*V as M;; = 1 when
direction of the conductor from one endto the other end, filament; is in conductoi andA/;; = 0 otherwise, we have
we have

. V=MV (21)
Vab = — (P — D) = jw/ Adl + E - gy (14) and

‘ 1= Mi (22)

As E contributes to the resistive potential drop fram= ) ) ) )
o E, we have Since the partial reluctance mattg and resistance matrix
E-l, =RI (15) R are real, the resulting currefitmust be real when the vector

¢ potential drop[ Adl; is set tol on the aggressor ariton the

Combine Eg. (14) and Eq. (15) victim. l.e.

) Li;, =0 (23)

V—RI = jw / Adl (16) Also the real part of potential drop contributes the poten-

tial drop caused by the electric field and its image part con-
So setting thé” — RI to jw on the aggressive conductor andtributes the potential drop caused by the magnetic fleltl,
others to zero is the same as setting the vector potential dr¢thich are set td or 0 for computingK” matrix. Then Eq. (20)
along the aggressive conductor to one and others to zerohwhican be separated into two equations
is consistent with the secondary definition of partial rédnce . R R
and the approach for extracting partial reluctance we dtate { Rl — wLljy = Vie = M'V, (24)
section II. wLI,. + Rl = Vi, = wM [ Adl

Assuming each filament is thin enough that the current can o o .

be approximated uniformly distributed inside the filamept, wherel = I..+jliy,, V = Ve +jVip andV = V,o +jVip, =
andV; 1, the current and the potential drop on filamentan Vi + jw [ Adl.

be given Eq. (24) and Eq. (23) can be put together in matrix form
Riil; + jw Z LijI; = V; (17) R —wL —M! L. 0
wherem is the number of the filaments. The filament's DC 0 M 0 Vie 0
resistancek;; can be given . o R )
Then we will havel,., I;, andV,. by solving linear
B = l; (18) Eq. (25) and get the current on the conductor segments
T oa, MI. Theith column of partial reluctance matrik’ equals

_ o I and the equivalent resistance of conductor segmanthe
whereo is the conductivity of the conductors and the mutugdrequency of2rw is given byR;; = R W)/

partial inductance between the filaments (or self partidlia:

. Y . ) AT The mutual partial inductance of two filaments can be got
tance ifi = j) L;; has the following formulation similar to |,

y a simple closed formula under the condition that the cur-

Eq. (6) rent flow is uniform inside each conductor filament. This is
. because other conductors in the space have no effect on the
Ly = o [/ / // 41”“”1 da;da;) (19) Mmutual partial inductance between the two filaments. How-
dra;ia; Ja, Ja; i, Ji; |7 — 75| ever, other conductors do have effect on the mutual padial r

IHere we use a little hato distinguish the symbols for filaments from the Igctanc_e betW?en two filaments. Since then, i_t is impossthle
symbols for conductor segments. find a simple direct formula for the mutual partial reluctarod



