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Abstract local feedback acts almost instantly and thbove

A new approach capable to improve the convergence approach cannot improve the convergence in the same
of relaxation iterations is presented. The method is way. For  this reason the relaxation-based simulators
based on the use of generalized coupling patterns Partition the circuit so that the nodes strongly connected by
containing additional circuit elements. The parameters bilateral conductive elements should not be placed into
of such elements can freely be varied to control the different parts but have to be lumped together [4,3].
convergence of iterations by suppressing local feedback A number of partitioning methods have been proposed
in the decomposed circuit. In the case of time-domain based on both the topologicahd quantitative information
circuit analysis by waveform relaxation method the such as source-drain paths, the valwesl sizes of
adaptive Strategwasformmated based on the dynamic components in the circuit, etc. [5,6,4] They all tried to fit a
estimation of input impedances of the parts in the Compromise between two opposites: if any tightly coupled

decomposed circuit. nodes are not lumped together then relaxation algorithm
will converge very slowly, but if too many nodes are
1. Introduction lumped together, the advantages of using relaxation will be

lost. The approach thalies outside this area is the
Having been developeshd first implemented in circuit ©Verlapping partitioning [7], where additional nodes and

simulators in the early seventies the relaxation techniqu&@mmon elements were included into both the subcircuits
still remain very promising for large-scale circuit and being separated. But. this method. increases the sizes of
system analysis. Until nowadays they have no alternativic" Parts and complicates the entire relaxation algorithm.
when for some reasons (such as excessimelation time In addl'tlon, It dqesnt converge rapidly if Dbilateral
andmemory requirements, incompatible model descriptiorffonductive path exists through the parts separated.

in different parts, an intent of parallel computations) the N this paper we present a new approach to the
simultaneous solution of the comprehensive system dnvergence problem caused by local couplings in the

equations is made prohibitive. In this case the algebraic §€cOmposed system. It is based tre use of the
ODE systemthat describes a large circuit has to be9€neralized coupling pattern thauppresses théocal
decomposed into  possibly many loosely coupled feedback inthe decomposedcircuit. The method has

subsystems. The solutions to tubsystemare repeatedly demonstrated its effectiveness while simulating mixed
recalculated by "guessing” or relaxing the behaviour of th§YStem byits — partitioning intéwo parts [8]. Here, we
surroundingsubsystemsintil the unknownsubvectors (or 9€neralize this approach for the arbitrary number of parts
waveforms) converge [1]. Unfortunately, poor convergenc8nd Propose the adaptive methtitat combines the

properties often limit the applicability of relaxation Properties of different coupling patterns. _
algorithms. The problem arises when during the The paper is organized édlows. At first, we examine

partitioning the circuit is cut across the sigfialv paths the basic coupling patterns (Section 2) and investigate their
and the resultingdecomposed system cannot accuratelFeNVergence factors. In Section 3 we propose a generalized
reproduce the feedback existed in the original circuit. coupling pattern andonsider its properties. Further, in
Thetwo types of feedbackre often examined [2,3]. The Section 4_ we descrl_be the correspo_ndmg matrix
firsts are globathat run througtieedback loops embracing ransformations for a lineasystem. In Section 5 we
several parts or functional blocks dfie circuit. The SU99est an adaptive approach based on the generalized

seconds are local actimgtweemeighbouring parts. As a COUPIing pattern andconsider its application to the
rule, the signal flowing along the globfakdback loop nonlinear dynamic circuit analysis by waveforetaxation

returns delayed. Therefore, the time-windowing techniquB'€thod. In Section 6 the method based on the automatic
[2,4] can effectively be exploitedhat divides thewhole estimation of the controlling parameters is considered and

simulation interval into subintervals of such a lengtat e e€xperimental results are present in Section 7.
the circuit couldn't "feel'the feedback. On the contrary,
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2. Basic coupling patterns i
Al of the current in the second part while the latter
When the system of linear equations o v _
AX+B=0, AORN* N deta 0. B XIRN, (1) produces g negatlve incremefAX; “ in the f|rs.t part at
is solved iteratively, the solution procesan bedescribed the next iteration. Hence, the correspondigpback
by the following expression [9]: factor is negative:
QXi*t14sXi+B=0 or Xit1=-Q-15X-Q-1B=WX+G. (2) 0 (W) = -(14a)/ (INap+1hp) < O. ()

It follows from (5) that iterations converge rapidly if
Ya>>Yap OF Ya>>Yp, however, they diverge ihe input
splitting matrix, S=A-Q - a remainder, WORN*N is an  conductance of the secopdrt andy,p in series exceeds
iteration matrix ands is a constant vector. The relaxationthe output conductance of the first pdRegardless to a
iterations (2) are known to converge if the spectral radiuste of convergence, the resulting error changes its sign
of the iteration matrix satisfies the condition: every iteration.

p W=p [QLAQ)<1. (3) 3. Generalized coupling pattern
The less is the radius, the faster is the convergence. While
A represents the structure of the _or.igis§a$temand it is As the comparison betweaft and |- coupling patterns
not a subject tochange, the splitting matrix strongly has demonstrated, their convergence properties contrast
depends on the partitioning and the coupling between parg,gjitatively. To accelerate the convergence, it would be
in the decomposeccircuit. Below we'll show how the gesjraple to build such a generalized coupling pattern
choice of a splitting scheme may afféoe convergence \yhose feedback factor could occupy amermediate
factor. _ . _ o ~ position between (4) and (5).

Let us start the consideration with the circuit consisting Now, consider the coupling pattern shown in Fig.2
of two partsA and B of input conductancegy andy,  (which is called below IV-coupling). Note, that the
respectively connected by a conductange x1 andxp are  controlled sources of two different type® present in the
the node voltages. Fig.la,b represents two differgfyki part of the equivalent circuit. There is also an
coupling patterns which are used when the original circuifqgitional element of conductangeplaced in between the
is decomposed across the conductagge voltage and current sources.

The first one (let us call ¥-type coupling) is used in all  Fjrst weshowthat this pattern isonsistent for any*.
relaxation-based circuit simulators. It contains two voltage

i+1 Actually, if x*= X'2=x2, the current throughly* is zero,

i .
sources controlled b}XZ a”‘?' X1 and.thecond.ucnve hence, the solution obtained does satifig  original
elementyy, presents in both its parts. It is essential to Notgj,qit.

that this coupling patternproduces a positive local  pyrther, considering Fig.2 one can derive a feedback
feedback betweery andxp. Thus, a positive increment ¢actor, that is:

Here, Xi is an iterate of courit QORNXN . nonsingular

AXi*! results in the positive incremefxh™ in the part ¢ iv(W) =Yab? Yo [(Yaby* +Yay* +YaYan) Vp+Yap)- (6)

8 ) : .
B, while the latter izonveyed athe next iteration to the If y*~ e thenlV-coupling pattern turns into that o

first part andproduces an additional positive incrementCCUPIING since the current source in fitght part has no
effect, and o j,~0 . On the contrary, ify*-0,

Ax'1+2. The feedback factor is numerically equal to thegeneralized pattern approximatedimoupling pattern and
predominant eigenvalue of the iteration matrix: 0 jy—0 . Evidently, there exists suchyathat optimizes
o (W) =yab2/ [(YaptYa) Yaptyp] > O. (4) the convergence factoo <o <o . In fact, the

As follows from (4), the error doesn't change its signoptimum value is/*=yy providing o ;,=0. Under such a
during iterating. Theconvergence is provided for any condition W becomes anilpotent matrix of an index 2.
positive magnitudes of conductances. Howeveyg§f >>  Hence, two iterations are enough to reach the solution.
Ya'Yp theno (W) =1 and iterations converge slowly. In summary, the generalizedV-coupling pattern

Thesecond type of couplind-€ype coupling, see Fig.1b) combines the properties of two basic couplings. Dug to
is notvery popular in the relaxation-based solvers since iit has an additional degree of freedom. The magnitude of
doesn't secure the convergence. Primarily, it was used yf does not alter the solution, which iterations converge to,
[10] to couple the parts connected by pass transistors. Thewever, varyingy* from zero up to infinity, one may
negative feedback occurs in tiecomposed circuit since a control the convergence.

posmve mcremen'rAx'l 1 results in a posmve Increment



4. Generalized coupling in linear static case o pled with a block, and DI RNN s a diagonal

Let us supposéhat the circuit to be analyzed hbsen N
partitioned in accordance with some decomposition , e
technique based ovi-type coupling. If (1) is a system of Matrix of the entriesdj)|(j.))= Z Aqg(m,)).
nodal equations, such a decomposition is known to produce m=1

block Gauss-Seidel iterations of the form: However, if the  circuit to be analyzed hasen
vai+1 + X + B=0 ) partitioned into morehantwo parts and if each part may

whereQV is a (block) lowtriangular matrix and = A - have connections to any other part, then, in general, the

QV. Now, the question is, how the matrices in (7) have tghoice of the controlling matrices cannot improve the

be modified ifV-type coupling patterns in thiecomposed convergence unlimitedly. This is quite understandable; we
circuit have been replaced by generaliféepatterns and cannot expect a diagonal matrix block modification be able
(7) is transformed into: to suppress an influence of all the nonzero entries of the

lexi+1 + SIVXi + B=0. (8) remainder S Nevertheless, IV-coupling method
Let for some nodk there exists a sej={: I>k anday? considerably improves the convergence for such a general
case as well.

0}. Then, while the correspondent equationgabsystem e .
} P 1 q 10bsy ) It was found that IV-modification acts in a way
1+

of (7) or (8) is being solved fox, -, the entriesq, 0L somewhatsimilar to that of successive overrelaxation
. (SOR) method; however, they differ in tHellowing
are relaxed and thﬁaluesx,' are used instead. W-type  points:

pattern coupling the nodésandlLy is transformed into - IV-coupling results in the convergence of the rate not
. worse than that of eith&f- or I-type;
IV-pattern with a conductancy), the correspondent - The convergence-controlling conductangeshave a

clear physical meaning. Their magnitudes can merely be
found by scrutinising the input conductances of adjacent

decreased b)ak|(yzk)|-ak|)'1a|k. Hence, the diagonal Parts in the decomposed circuit;

iV e . - For the most of circuiatnd systemapplications, the
iv (gv . '
elements oV () are expressed via thoseQ¥ (") as: Jacobimatrix A is non-symmetric, the values of its entries

) may vary in many orders from step to st&his makes
v _ Vv * _ . . ,
Ak = Gk~ Z 3kl (Y(o1 -aki) Tay, SOR method be impractical. On the contrary, as we'll
1T, demonstratdelow,the modifiedV coupling is especially
beneficial while analyzing strongly nonlinear circuits.

diagonal element of the splitting matrix should be

iv \ * - . . .
k = Skkt Z aq(Ygor-a) k. k=1.N.  (9) 5. Generalized coupling for nonlinear
I _ dynamic circuit simulation
All the rest entries Q'Y andSV remain unaffected.
As a next step, thblock IV-coupling patterns could be  The presence of additional convergence-controlling

proposed. Le# O RNk*Ni pe the correspondiniglocks ~ €lements y* in the coupling patterns opens new
in A formed due to the system decompositidhen, the possibilities in nonlinear dynamic circuit analysis. Not only

diagonal blocks 0®V andSV can as well be expressed as: the partitioning ofone-way signal flow paths is made
available, likethat in combinational logic, but also the

. . effective relaxation-based analysis of circuits where the
QI'(Vk = Q|\<'k- Z Ak|(Y(k)|-D(k)|)'1A|k, direction of a signaflow may alternate. The partitioning
I, across the pass-transistors, such as either in shift registers,
multiplexers or in RAM cells in writing and readingode,
iv v * 1 can easily be realized. Actually, at each segment of time
Sik = St Z A (Y1 D) Ak (10)  the value and thgype, resistive or capacitive, of the
ICLy controlling conductance might #osen so as to fit the
. NN _ ~ input impedance of the neighbouring part.
Here Yy OR™™™ is not any more a single conductive Let us consider the MOS RAM cell operation (see fig.3).

element but is thought as a convergence-controlling matrif the partitioning is made across the pass-transistor M12,

describing the e|ementsi placed into the b|dxc|,be|ng theVOltageS(l andx2 will be calculated in different partS.
Three different modes of operation occur during the



simulation interval: writing to the cell, idle, reading from Fortunately, on the moment we are analysing the part
the cell. Fig.4 shows the correspondent seleerawrite  in thelV-coupling pattern (Fig.3), we have already known
enable signals. Fig.6 illustrates the behaviour of first 4 ) . ) i
waveformrelaxation(WR) iterations for the differerypes (e values (owaveforms in dynamic iterations) o, and

of coupling.

In thewriting mode M12 is open and the write amplifier
has a big output conductance, thgss Yamp >> Yap  Parameters wanted. o
YamYM2>> Ya=Yeell As follows from (4£ o =0,  Now, consider the case of WR dynamic iterations. Let the
therefore thé/-type iterations converge rapidly (see Fig.6al"Put impedance of the pat could be approximated by a
for the writing mode). On the contrafytype iterations conductance* and capacitanceC* connected in parallel.

divergeand after the fourth iteration the ersgelds up to ~ 1hen, if the simulation interval is split into several
150V, since 0 j=yay¥a I0 i1 (not shown in the subintervals or time windows shat in each particular

I'. This information can be used to estimate the

picture). _ subinterval the functionsxiz-xiz_lzv(t) and Ii-Ii_lzj(t)
In theidle modeM2 is closed, thereforg,=0,0 \~0 Imost |

_ : i : : ; are almost linear,

=0, and both/- andI-type iterations converge rapidly. V(t)=ay byt , j (t)=a}+bjt, (11)

In thereading mode howeverygp >> Yg, Y, 0 \>>0 .
i, and theconvergence is better fbitypeiterations. While "€ parameters may be found from the equation
V-type iterations convergeery slowly and nonuniformly, o JO=y*v()+C*v'(D). (12)
(see Fig.6a fothe readingnode) the behaviour bitype Substituting (11) into (12), we can express the desired
iterations only depends on the ratio of the inplRarametersas:
g??r?ecgﬂf:e of the sense amplifier to the output capacitance y*:bj/bv' C*:(a}bv-a\{bj)/t\?. (13)
Thus, none of eithe¥- or I-type coupling ensures an The expressions (13) are they point to the control

acceptablerate of convergence on the whole simulationeIement adjus.tment. The proces; stqrts Wm Cc*=0
interval. Therefore, the solution is obvious: one shouldV-tyPe coupling). After the first iteration performed
apply the generalizedV-coupling and control the within the same time W|r_1dovvhe values*, C*_are tqken
parameter* in such away that in the writingmode the fron_\.(13). To avoid accidental parameter dlspersmly
coupling patterns behave likétype coupling while in the POSitive values of, C* are accepted, otherwise, the
reading mode they should behave likat ofI-type. Fig.5 YP€ coupling is used. In a new time windtve previous
demonstrates the possible implementation of th&Stimationsy®, C* are used for the first iteration.
convergence-controlling element for the given problemyagrally, it is not necessary to store all the wavefors
Fig.6b illustrates the behaviour d¥-iterations while

C*=Camp+CpusCopt Only two WR iterations are needed Xiz_l, 11 as soon a9(i2+1, 1" have been found, the
to reach the desired solution. Moreover, the véate
might be chosen with a big tolerance Gf=0.5Cyt (see
Fig.6c) orC*=2Cq (see Fig.6d), the convergence is still waveforms are no longer needed.
fast enough, but tﬁe error maither alternate as fdortype

iterations or be monotonous as ¥6type ones. 7. Experimental results

coefficientsay, by, g, bj are extracted and all the rest

To illustrate theaboveapproach, a line of 256 MOS cells
was simulated attached to one bit-line of a Raiktuit. A
bit sequence of hexadecimal codes 20-3F was first written
6. Dynamic analysis based on the control into the addresses 00-1F and then read from the memory in
element adjustment the reverse order. Pspice 4.03 simulator was used with a
specially elaborated program envelope to exchange
waveforms betweerthe  parts, extract the controlling
parameters, estimate pure solution tiraed stop the
iterations. The runtimes for Cx486DX2/50 (the loading

impedance of the neighbouring part. In genemalyever, Psplceqnd excessive compllatlon are not mcluded) are
shown in Table 1. The switch model shown in Fig.5 and

with the exception of some special cases, we dd&mmily ,
We adjustable model were used as a convergence-

these parameters a priori; and their analytical estimatio li I i they/ i
might be very burdensome. controlling element in th&/-coupling patterns.

The example considered above showkat the
convergence ofV-type iterations isvery fast when the
controlling parameterg®, C* are close tothat of the input



Table 1. Runtimes via # of parts, sec [5]

# of parts 1 8 16

V-coupling 1610* | 8130 | 7820

IV -coupling (switch 1610* | 795 687

model)

IV-coupling (adjustable| 1610* | 1176 1088

model) [6]

* Direct simulation, no partitioning. Since the program
did not allow simultaneous solution for 256 cells, this
estimation was obtained by the extrapolation on 32, 64 and
128 cells.

As Table 1 indicateslV-coupling approach makes the
considerable reduction of the simulation time with respec
to V-coupling and the direct solution. The adjustable mode ]
enables more general approach since it doesn't use any
preliminary information about the circuit but, of course, it
invokes some extra operations to find the controlling[g]
parameters.

[7]

8. Conclusion [10]

In this paper we introduced a new approach to the
convergence problem of relaxation iterations based on the
use of generalizetV -coupling pattern. Théwo types of
the convergence-controlling elements were proposed,
switch-model elementsnd adjustable parameter elements.
The experiments demonstrated the high effectiveness of the
approach while simulating the circuits cut across the tight
links. Furthermore, we can expect the performance of the
proposed technique to Wegher for larger circuits with
respect to both direct simulatioand V-type iteration
method.

The author wishes to thank Karl-L. Paap, Bernhard
Klaassen, Ralf Jendgesnd Michael Dehlwisch for the
valuable discussiorendadvisesduring preparation of this
paper.
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Fig.1 Basic types of coupling: V-type (a) and I-type (b)
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Fig.2 Generalized (IV) coupling pattern
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Fig.3 MOS RAM cell Fig.5 Convergence-controlling element for 1V-coupling pattern




Fig.6 First WR iterations for (a)-type coupling; (b-d}V-coupling withC*=C

opt (0), C*=0.5C,, (€) andC*=2C, , (d)



	CD-ROM Home Page
	1996 Home Page
	EURO-DAC96 Home Page
	Front Matter
	Table of Contents
	Session Index
	Author Index


