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ABSTRACT the extraction runtime can be extremely long and memory
requirements can be very large due to the large number of
conductors involved; And 2) even if we can construct the

inductance matrix, traditional simulators can not simulate

the resulting circuits in a reasonable amount of time due to
the number of mutual coupling terms (density of the induc-

tance matrix).

Due to the increasing operating frequencies and the man-
ner in which the corresponding integrated circuits and sys-
tems must be designed, the extraction, modeling and
simulation of the magnetic couplings for final design verifi-
cation can be a daunting task. In general, when modeling in-
ductance and the associated return paths, one must considel

the on-chip conductors as well as the system packaging. This  AAS an example, to guarantee the integrity of the signal
can result in an RLC circuit size that is impractical for tra- iN€S in & state-of-the-art electronic IC package, simulta-

ditional simulators. In this paper we demonstrate a local- N€OUS Switching analysis is required. Referring to Fig. 1, we

ized, window-based extraction and simulation methodology Weuld have to trace tens of signal lines travelling from the
that employs the recently proposed susceptance (the invers<hiP to the card through the package. However, due to mag-
of inductance matrix) concept. We provide a qualitative ex- Netic coupling, the power and ground network surrounding

planation for the efficacy of this approach, and demonstrate the signal lines would also have to be included to provide
how it facilitates pre-manufacturing simulations that would the accurate return path information. To create an accurate

otherwise be intractable. A critical aspect of this simulation '€Presentation of the simulation problem, tens or even hun-
efficiency is owed to a susceptance-based circuit formula- dreds of thousands of conductors would be required to rep-

tion that we prove to be symmetric positive definite. This "€sent the interconm_ect system. _
property, along with the sparsity of the susceptance matrix, For a complex interconnect system it has become a
enables the use of some advanced sparse matrix solvers. Wstandard practice to model three-dimensional inductance

demonstrate this extraction and simulation methodology on using the concept of partial inductance [6]. For integrated
some industrial examples. circuits and systems it is used primarily because the return

paths can not be determined prior to the extraction and sim-
ulation of an interconnect system. The drawback of this
. approach is that the resulting inductance matrix is
1. Introduction extremely large and dense, and arbitrarily discarding terms
Today’s integrated circuits and systems rely on several to sparsify it can destroy the positive definiteness and
layers of complex on-chip wiring and short, sometimes thereby render the corresponding circuit model unstable [8].
complex connections to off-chip packaging to transmit sig- A shift-truncate strategy has been devised to sparsify the
nals and deliver power reliably. While the noise generated partial inductance matrix while preserving its positive defi-
and received by these interconnects -- particularly the power niteness [5]; however, the shell radius has to be chosen to be
and ground lines -- can ultimately determine whether or not large enough so that the shell encompasses the possible
a system properly functions, a detailed analysis for pre- return paths.
manufacturing verification is often impossible. Simulating Very recently the concept of susceptance has emerged
these behaviors is impractical primarily for two reasons: 1) as an alternative way of modeling magnetic couplings [1,
. . 3]. As the inverse of a partial inductance matrix, a suscep-
Capacitor Chip Package ¢ : ! - . .
<A ance matrix has properties similar to a capacitance matrix
lﬁl‘ (the inverse of a potential matrix). Firstly, susceptance
F inherently provides a shielding effect whereby the mutual
Fig. 1: Simultaneous Switching Analysis ;usceptance terms 'drop.off much faster than the mutual
C inductance terms with distance. Secondly, a susceptance
TThis work was supported by Semiconductor Research Corporation (SRC) Malrix is diagonally dominant which guarantees its positive
under contract 2000-TJ-778 and International Business Machines Corpora-definiteness under simple truncation. As a result, window-
tion (IBM). based extraction can be used to build a sparse susceptance




matrix by piecing together the localized extraction window following paragraphs, is that sparse susceptance models like
results. sparse capacitance models, provide a high degree of indirect

Compared to other provably stable localized inductance coupling through any floating or high-impedance intercon-
extraction approaches [5, 8], the window size for suscep- Nects.
tance can be made smaller and does not necessarily have to  Consider the Backward Euler companion models
include the actual return paths to achieve a certain accuracydepicted in Fig. 2 for an inductor;lat time step n+1. For
We provide a qualitative explanation for this important char- ease of comparison, both the inductance and susceptance
acteristic of susceptance in Section 2. based companion models have been cast in their Norton

We also demonstrate further advantages of the sparseequivalent forms. Note that the inductance model employs
susceptance matrix formulation. In Section 3 we prove that current controlled current sources while the susceptance
the corresponding nodal-analysis equations based on thenodel employs voltage controlled current sources. This dif-
susceptance models are symmetric positive definite (s.p.d.)ference is the root cause of the indirect coupling in sparse
Because sparse s. p. d. matrices can be solved more effisusceptance models that is not present in sparse inductance
ciently than general sparse matrices [11], this property models.
allows us to substantially speed up the simulation process. Consider the circuit depicted in Fig. 3. While it looks

In Section 4 we contrast window-based susceptanceunusual, this example might represent a large capacitance
extraction to shift and truncate inductance extraction. And C, being driven through the first and last wires of a long rib-
finally in Section 5 we demonstrate this combined extrac- bon cable with all the wires in between grounded at the near
tion and simulation methodology on an industrial example end of the cable. If the load capacitancg i€ much larger
from a production design that was otherwise impossible {0 than the wire capacitances, the wire capacitances can be
fully analyze prior to manufacturing. ignored and this strange looking model will, provided that

2. Stepping-Stone Behavior of Susceptance the full L matrix is used, accurately model the transient
Models in Transient Simulation behavior of the cable.

The recent work in [1, 3, 4] clearly showed truncated
susceptance (or K) models are more accurate in transient
circuit simulation than shift and truncated inductance mod-
els, and provided some physical meaning for this new cir-
cuit element. These papers did not however, clearly explain
the reasons for the improved accuracy. We believe the accu-
racy differences can be intuitively understood by comparing
the inductance based and susceptance based companio
models and examining the behavior of these models in a
small circuit example. What the reader will observe in the
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Inductance Based Backward Euler Companion Model

n+1 Fig. 3: Circuit example that demonstrates indi-
i rect coupling in sparse susceptance models
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Now let's compare what happens when the sparse
inductance and susceptance models are used instead.
Because wires 2 through n-1 are open circuited at the far
end of the cable, currentgthrough },_; are zero. This elim-
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Fig. 2: Inductance and Susceptance Based Back-
ward Euler Companion Models for a Coupled

+

in+1 ée:mqi Q |i”

\%

inates any indirect coupling in the sparse inductance model
because the inductance based companion model uses cur-
rent controlled current sources.

Indirect coupling, however, still occurs in the sparse
susceptance model even in the absence of any branch cur-
rents in S through $.1. When a voltage develops across S

the voltage controlled current source in thg @®mpanion
model produces a voltage across $his voltage drop in
turn produces a current in theg 8ompanion model and a
voltage drop across the 8lement. And so on and so on.



3. Symmetric Positive Definiteness of S-based e Allv v o
Formulation for Transient Simulation L’XT OH ”L {Ccﬂ ] { cs C% (6)

In this section, we will prove the important property
which makes the susceptance-based formulation superiorto ~ where s= L2 . We do not differentiate between the
the inductance-based formulation: symmetric positive defi- incidence matrices for the self susceptors and the corre-
niteness. For comparison, the inductance-based formulationsponding self inductors, for they are the same.
is also shown. We assume that there is no voltage source in  Similarly, the BE-integrated equation is:

the circuits, which can almost always be satisfied for timing
G AL] {vn(tmﬂ A {c ﬂ {vn(nm)—vn(ﬂ @)

loLo]i, 0

or noise analysis since Norton equivalent circuits can be

used to model the driving gates. For clarity, we only show -SAT 0|1 (t+AY) 0 1| I (t+at) =1 (t)
the derivations for Backward Euler integration method, but
i i idal i i _ |-Acd ot +At)
the conclusions will also apply for Trapezoidal integration = { cs cS }m
method. 0
For an inductance-based circuit, the differential linear which can be split into the upper and lower parts. After
system can be represented as: some manipulations, the upper part is written as:
S e A
-AT o]|! oLl
L oLk s ° @ = SV, (0-Acd et + )

where G = A,G,AL andc = Al . Th mpl . .
€re G = AgGoAR  ANC = AcCoA e complete and the lower part can be conveniently organized as:

incidence matrix for the circuit contains four parts for resis- L e D) = SATALY (t+ A0+ 1. (t )
tors, capacitor, inductors and current sources: L( ) = SALAV,( IO
Substituting (9) into (8), we obtain the nodal-analysis

A= [AR Ac AL ACQ @ representation of the inner-loop system:

Gy -and Co -are diagonal matrices. %+A9t+ A SAT A (t+ o) (10)
By integrating Eq. (1) by BE method, we get: c
. = 2Vn(-Acd cg(t+A) = Al (1)
V_(t+At) V (t+At) -V (1) o . .
. A Vi At+ {C ﬂ : ) () Theorem. For a connected circuit which only contains
-Al 0|1 (t+At) OLf[I (t+At)~1 (1) . . .
L resistors, capacitors, susceptors and current sources, the lin-
~Acslcs(t+aD)] ear system for the inner-loop solve is symmetric positive
0 definite.

. . Proof. We only prove the theorem for BE integration
_ After collecting some terms, we can further obtain t_he method. For the Trapezoidal case, the only difference for the
linear system for the inner-loop solve at each time point: matrix is thatat is replaced bg/2  and the same conclu-

G+ A And et A0 + SV (1) sion holds.
N {Vn(twﬂ _ [Aedled atn The matrix in (10) can be represented in another way
AT L I (t+A1 Lo with the incidence matrices:
At AL
@) Gy 0 O
As we can see, the matrix on the left-hand side is not a c+S 4 A SATAt = A 0 Co 0 AT (12)
symmetric system. We could force it to be symmetric by at At
negating the second row in the equation: 0 0sA
G+§ A —Acs'cs(“m)*A%Vn(t) ; where A = [Ag Ac A | . The matrix in the middle is a
T Ll aran| L ®) positive definite matrix, since the three individual matrices
AL bt ar® on the diagonal are positive definite.
However, the matrix turns out to be an indefinite Itis a well-known fact in graph theory that: [7]
matrix. If A(G) is an incidence matrix of a connected graph G
Next, we will demonstrate that for a susceptance-basedWith N vertices, the rank of A(G) is N-1.
circuit, the matrix for the inner-loop system is not only For circuit analysis, the common reference node is

smaller, but also provably symmetric positive definite. For a omitted in the incidence matrix formulation, so the inci-

susceptance-based circuit, the differential linear system is adence matrix in (2) is of full rank. Furthermore, except for
little different: some pathological cases, removing current sources in a cir-



cuit does not change the connectedness of the circuit. Thereincidence matrix for all filaments, and the high-frequency

fore, the following holds: port inductance matri>Lp is be obtained by invertiag
rank(A) = rank(A) = n (12) Finally the shift and truncate adjustments are made to the
where n is the number of non-reference nodes, i.e., thehigh-frequency port inductance modgj . While any addi-
number of rows of the incidence matrices. tonal cost can again be minimized by a similar window-
For any non-zero n-dimensional vectox , we based strategy, the computational expense of sparse induc-

tance extraction will necessarily be higher than sparse sus-

haveATx 0 since all the columns ia™  are linearly inde- i :
ceptance extraction if the high-frequency effects need to be

pendent. Consequently,

considered.
Gy 0 O While extraction can be time-consuming, it is not the
XTHG + c, A SATAEX = XTA o Co o ATx>0  (13) b_ottleneck in Iarge_RLC circuit analysis, since both Ioc_aliza-
At tion methods - window-based susceptance and shift and
0 0sA truncate inductance extraction - can be readily parallelized
which is exactly the definition of a positive definite t© reduce both the time and memory requirements. Instead,
matrix. QED the bottleneck in RLC circuit analysis is simulation for its

large memory usage, and as the next section will demon-

The positive definiteness of the NA formulation was :
X . . strate, sparse susceptance models are clearly superior to
also pointed out in a recent paper [10]. However, the induc- . . .
sparse inductance models for the subsequent simulation

tance and susceptance matrices were assumed to be diagq-

nal. We prove that the positive definiteness holds for more problem.

general susceptance matrices. 5. Results for a Package Example

4. Window-based Susceptance versus Shift and We have implemented the window-based susceptance
Truncate Inductance Extraction extraction methodology in [1] and the simulation strategy

_ _ _presented in this paper into a set of prototype tools in an
When comparing window-based susceptance extractionjnqystrial setting. Our prototype simulation tool uses fixed

to sh_ift and truncate inductance extrac'Fion, it's important_to time step integration and employs various direct and itera-
specify the frequency context of the final model. That is, tye matrix solvers. The results presented here were

whether the extraction method produces a low-frequency or ptzined using the symmetric solver in WSMP [9] [Watson
high-frequency model. The relative cost of the two methods Sparse Matrix Package].

changes based on the model of interest. In order to test the accuracy and show the superiority of

For a low-frequency model, the shift and truncate e sysceptance-based approach, a very efficient inductance-
inductance extraction is cheaper. The conductor currents arg,aseq extraction and simulation flow was also implemented
assumed to be uniformly distributed, and the partial induc- i, which the shell-based shift-truncate strategy from [5] was
tances are cqmputed directly u§ing partial inductance for— used to sparsify the L matrix and the general part of WSMP
mulas and shift and truncate adjustments [5]. The S matrix (considered possibly the best general direct sparse solver
computation, however, requires a matrix inversion of the 4yailable) solves the inner-loop linear system in (4). All of
same (or a similar) partial inductance inductance matrix, ipe following experimental results are from an RS/6000
s = 1. While this additional cost can be minimized by the Model 397 workstation.
window technique which only requires the calculation of One application of our flow is to model and simulate
one column in the S matrix for each local window [1], the the simultaneous switching activities as illustrated in Fig. 1.
additiona! step makes Wir)dow—based susceptance extractionn our example, there are 9 adjacent signal lines running
necessarily more expensive. from one chip to another chip on an MCM package. The

For a high-frequency model, the shift and truncate power/ground meshes and vias surrounding the signal lines
inductance extraction is more expensive because it now hasare also included for extraction. We performed three extrac-
a extra step. The conductor currents are not assumed to b&ions on the 9299 segments involved in this system: 1) S-
uniform and individual conductors are subdivided into based extraction (referred to as S later). We chose the win-
smaller cross-sections in order to capture proximity and dow size to be big enough to cover the nearest and second-

skin effects [12]. The bigger partial inductance matrix
vdd vdd

can be formed similarly as in the low-frequency case, but
Extracted

. . tive driver
the high-frequency port inductance model can only be £ it —
9 q y p y decaps i quiet driver Package ZL decaps

obtained after first computing the high-frequency port sus- Model 1
ceptance model. p and
gn N

To be more explicit, the high frequency port suscep-

-

o T _ Fig. 4: Simulation Configuration for Chip to
tance matrix is calculated by, = ALg'A" , where s the Chip Simultaneous Switching Analysis on an



nearest neighbors. As a result, the windows do not necessar-
ily enclose the return paths; 2) accurate L-based extraction

S: cen_ne (center quiet)

(La). We chose the radius to be big enough so that the shell  La: cen_ne (center quiet)
encompasses the possible return paths. 3) sparser L-based || b cenne (center auie)
extraction (Ls). The radius used is smaller so that the spar- '

sity of the L matrix is close to that of the S matrix. The num-
bers of mutual terms and densities of the three S or L
matrices are shown in Table 1.

The simulation configuration for simultaneous switch-
ing analysis is shown in Fig. 4. In the peripheral circuits, the
active drivers are modeled as Norton equivalents, and
decoupling capacitors are placed to balance the power and
ground noise. Since we only want to compare S-based and

voltage (volt)

-0.2

L-based approaches for magnetic coupling, we use the same 0 ! ﬁmj(ns) 3 4
tions.

One simulation setting is that we switch all the 9 signal WSMP, the S-based simulation still outperforms them with
lines simultaneously and then check the delay and noise on@ 7-8x speed-up and a 2-3x memory saving. It is interesting
the center line. Fig. 5 shows the voltage waveforms at the t0 note that there are more nonzeros in the S-based NA
near-end and far-end of the center signal line for different L/ matrix than the L-base MNA matrices. However, as we have
S-based circuit decks. As we can see, the results from S andliscussed in Section 4, the symmetric positive definiteness
La are very close in term of capturing the delay and peak of the S-based NA matrix enables Cholesky method and
noise, while Ls results are a bit off. However, the inaccuracy better ordering algorithms which significantly bring down
of Ls can be shown more evidently in Fig. 6. This simula- the number of potential fill-ins and consequently the mem-
tion setting is that we keep the center line quiet and switch Ory usage.
all the other 8 Ii.nes to see how much noise can be gen.eratecb_ Conclusions
on the center line. This time Ls results are far off while S
and La results are still pretty close. These two experiments N this paper, we have demonstrated the multiple advan-
validate that the S-based extraction can capture magneticdages of susceptance-based approach for modeling and sim-
couplings accurately with an S matrix which can be much ulating magnetic couplings in a large interconnect system.

sparser than a shift-truncated L matrix. For the modeling part, we show that the_stepping—stone phe-
: : — nomenon ensures that a sparse S matrix preserves the long-
s domsity) (ane ooy iy S0e Smuten Time distance coupling information through indirect couplings;
S 6864370.09% 152777557729 137.9 110.7 for the simulation part, we prove that the S-based formula-
La 193160/0.23% 24576 /478089  507.1 858.7 tion is symmetric positive definite, which is the key property
Ls | 67265/0.09%24576/226299 416.5 7739 that some advanced sparse matrix solvers exploit to reduce
Table 1: Comparison of Runtime & Memory Usage runtime and memory usage. The application of the S-based

Table 1 tabulates the comparison of memory usage andmethodology to an industrial package example demon-
run-times for L and S-based simulations. Although the L- strates that the S-based simulation is superior to the L-based
based simulations are already very fast because of the use o§imulation with significant speed-up and memory savings.
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Fig. 5: Simulation results for all-active case
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