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In the NSC project of last year, we have
devised methods to calculate Strength of
Signa Flow (SSF), and utilize it in ITA
(Iterated Timing Analysis) agorithm to
improve the performance of large-scale circuit
simulation, which has achieved success and
results in papers [1][2][3]. In this project,
there are two points. First one isto utilize SSF
to caculate transient sensitivities of the
simulated circuits, and second one is to apply
SSF in WR (Waveform Relaxation) algorithm.

SSF is additional information, which is not
required by circuit designers. We calculate
SSF in the purpose of helping circuit
simulation. Since SSF exhausts CPU times,
we have to utilize it as much as possible. After
some mathematic study, we have found that
SSF can assist the calculating of transient
sengitivities. To use SSF in sengitivity
calculation, we derive the new version of ITA
algorithm, Simultanelusly-I1TA, which
caculates timing information as well as
transient sensitivities simultaneously. The
implementation have been made and tested,
whose result is good.

ITA algorithm can’t utilize multi-rate
properties of ssimulated circuits, which limits
the degree of performance improvement.
Therefore, we consider of using WR
algorithm, which can utilize simulated
circuits’ multi-rate behaviors, in this project.
However, WR faces convergence problem in
treating some kind of circuits. We found that
we can use SSF to identify the portion of the
simulated circuit that causes problem to WR,
and then use more robust method (such as
ITA’s method) to treat them to solve WR’S
convergence problem.

Above two goals have all been achieved,
and the results have been published in
international conference papers [4][5][6]. The
executing results of this project can be said to
be very successful.
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1. SSF-based Sensitivity Computation

The calculating equation for strength of
signal flow is asfollows:

35, =-dpr(Cfs +f s+2fp +f p)-Tt,
h y y h w w

y il —

=-J,p+0, - f, (1)

Where O, is the variable collecting data at old
time point t,. We note that (1) is the
calculating equation used in I TA algorithm for
sensitivity computation. We can move J, to
right-hand side to get:

Son =—J,13,p+ 3,10, - ) (2)

This equation can be processed by substituting
equation (13) (please refer to the attached

paper) to get:
Sha =—ap+J3,'(O, - fy) (3)

Where a is the matrix composed of all
SSF of subcircuit a. So, in the case that SSF
matrix a exist, we can use (3) rather than (1)
to calculate transient sensitivities in ITA (i.e.
to be the caculating equation). The obvious
difference between (1) and (3) is that (1) uses
Jw, which 1is an “expensive” quantity
(especialy when the models circuit elements
are complex). We note that J,, is also used in
solving (13) for SSF. If we use (1), we should
recalculate J,, or store it when it has been
derived in solving (13), both methods require
extra computation overheads (CPU time or
memory space). Moreover, calculating
equations are solved severa times for each
time point, which makes the method of
recalculating J,, more inefficient. Since SSF is
available after solving (13), to use (3) as the
calculating equation can save these overheads.
We can prove the cost for solving (3) is just
the same as that for (1). The right term, A, of
right-hand side of (3) is obtained by solving
the following linear system:

J,A=(0, - fy) 4

So, operations of the process solving (3)
include one linear system solving, one matrix
multiplication (o times p), and one matrix
addition, which are completely the same as
that of (1). Therefore, we can conclude that
(3) ismore efficient than (1).

2. Simultaneously-Computing ITA

The algebraic SSFS is the same as
algebraic SSF in Timing-ITA, so putting
Sensitivity-ITA and Timing-ITA together can
save the overhead for recalculating SSF (or
the extra space to store SSF), and other
quantities such as J,. Algorithm 1 is the
pseudo code for this combination:

Algorithm 1 (Simu-1TA)
/* Simulation duration is Teegin ~Tena ; E() iSapriority
queue, whose elements are ordinary queues  */
{ Put subcircuits connected to primary input into E(Toegin),

and set their states bein_solving_timing;
while(E is not empty) {



th+1 = the smallest event-timein E;
for (k= 1; E(tn+1) isnot empty; k++) {
/I kis the relaxation index
Clear TMP; /| TMP isaqueue
for (each subcircuit a in E(tn1)) {// E(tr1) isaqueue
if(state(a) isin_solving_timing) {
Solve a at tn.1 for timing responses;
if(a has converged on timing)
state(a) = in_solving_sensitivity;

elseif(state(a) isin_solving_sensitivity) {
Solve a at t,.1 for transient sengitivities;
if(a has converged on sensitivity)
state(a) = all_converged;

}

if(state(a) isall_converged) {
Estimate next solving time tneq ;
Add ainto E(tnex);
state(a) = in_solving_timing;

else{ // not converged
Add ainto TMP;
/I Selective-tracing scheme
LB1: if(state(a) isin_solving_timing) {
Add fan_out«(a) into E(tn.1), and
set their state bein_solving_timing;

}
LB2: ese{
Add fan_outws(a) into E(t.1), and
set their state bein_solving_sengitivity;
}

}

}
E(th1) = TMP;
}
3. Experimental results

Following tables, Table 1 and Table 2,
show the performance of SSF-based
sensitivity computation and that of Simu-I1TA
respectively. Figure 1 and Figure 2 shows
schematics of tested circuits and waveform
comparisons respectively. The SSF-based
sensitivity computation is proven to be faster
than the classical direct method. Simu-ITA is
also proven to be better than Separated-1TA.
We can check the waveform comparisons to
see the correctness of the implemented
algorithms.

Table 1: Performance of SSF-based sensitivity computation

Circuits Calculation#of J, | Used CPU Time
By (18) | By (20) | By (18) | By (20)
10-stage InvChain 69,123 23,041 3.20 2.50
50-stage InvChain | 783,786 | 261,262 | 37.80 34.60
4-stage Shift Register | 73,437 27,710 5.50 4.80
4-stage SynCounter | 417,449 | 130,994 | 34.60 31.90

Used CPU timeisin Pentium I11-550 seconds.

Table 2: Performance of Simu-ITA

Circuits Separated-ITA Simu-ITA
10-stage InvChain 34 2.5
50-stage InvChain 515 34.6

4-stage Shift Register 6.1 4.8
4-stage SynCounter 35.4 319

Used CPU timeisin Pentium 111-550 seconds.

InvChain
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Figurel: Schematics of tested circuits.
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Figure 2: The results of SynCounter. (a) Timing waveforms
obtained by using Separated-ITA, Simu-ITA, and Simu-ITA
with Cutting-scheme. (b) Sensitivity waveforms of three
algorithms, where the design parameter is the width of a
MOSFET inside X of SynCounter in Figure 1.
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1. ldentifying Feedback Portions of
Simulated Circuit

The first step of ITA-WR agorithm is to
identify feedback portions of the simulated
circuits by using SSF (strength of signdl
flow). Here are the algorithms to do this job.

Algorithm 2 (Identifying Feedback L oop):

Input: Directed graph DG representing signal flow graph of the
simulated circuit.

Output: Blocks, one of which represents a SCC (Strongly Connected
Component).

void ldentifyFeedback(DG)

Use depth-first-search to label al vertices with their visiting
order;
Clear all vertices’ mark;
for(al vertices sub in DG) {
for (al sub’sincident edges ed, <pre, sub>) {
if(ed isaback edge) {
[* according to ed, finding all corresponding loops */
Put sub into an empty block;
DfsFindingLoop(sub, pre);
}
}
}
}

bool DfsFindingLoop(sub, pre)
{

mark[sub] = 1;
if(sub == pre) found = 1;
ese{
found = 0;
for (all fan-out edges ed of sub, ed = <sub, nxt>) {
if(! mark[nxt]) tmp = DfsFindingLoop(nxt, pre);
esetmp=0;
if(tmp) {
Add nxt into the same block of sub;
found = 1;
}
}

retur n(found);

}
2. Thel TA-WR Algorithm

Here, the ITA pat doesn’t use
selective-tracing, so it becomes Nonlinear
Relaxation (NR) algorithm. And the used WR
algorithm is the more advanced version called
STWR[9], so the agorithm is called
NR-STWR. In fact, it is one version of
ITA-WR agorithms. There are some software
scheme inside NR-STWR to make it as good
as ITA-WR agorithm.

Algorithm 3 (NR-STWR Circuit Simulation
Algorithm):

Input: The simulated circuit been partitioned into subcircuits, input
waveforms, and simulation time duration [to, thegin) -

Output: Time waveforms of all circuit nodes.

NR_STWR()

Reset all subcircuits’ tc t0 Toegin;
for (k =1 Tconvergenoe 1= Tena s k++) { I kisthe relaxation index
for (all subcircuit x whosete != Teng ) {
Xtne1 = XAg;
Put x into PQ;
} /I PQisapriority queue, whose elements are subcircuits
while(PQ is not empty) {
Delete the subcircuit a having minimum tp+1 from PQ;

Put ainto q;
in_ITC=0;
L1: while(q is not empty) { // iteration for NR-queue
Deleteafrom g; // g isanormal first-in-first-out queue
L2: if(1in_ITC && aisinablock) {

Put all subcircuits of the same block into q;
tmin = M|N{b.tn+1 | be q},

for (b S q) b.tn+1 = thing

in ITC=1;

Solve a at a.tn.1 for transient responses,
L6: /I spike-checking scheme is added here
if(fail for solving or answer is unacceptable) {
/I Need roll back
Shrink the time step of a, reset a.th.q;
L3: if(in_ITC) Discard all contents of g;
goto L5;

if(in_ITC && a’s solution is not converged) {
L4: Add aintog;
Save time waveformsinto tables;
continue; // process next subcircuit in q

if(@’s last time point is converged) a.t; = th;
Store time waveforms into tables;
Estimate @’s next time point and store it into a.tn.1;
if(exact(a)) add a into PQ;
for (all fan-out subcircuitsw of a) {

if(wisnot in PQ and exact(w)) add winto PQ;

}

if(k>1 && a hasbeen not converged for MUCN time
points)

{ /I MUCN controls window size of each relaxation
Teomvergence = the smallest tc of all subcircuits;
goto L5; // end arelaxation

}
} //'loop end of while(q is not empty)
} //'1oop end of while(PQ is not empty)
LS5:

}
}
3. TheRunning Results

Here we check the performance and
waveform comparisons for algorithms.

Table 3
CIRCUIT SPECIFICATIONS

Number| Circuit Node# |MOSFET#| Subckt# | Block#
1 Inv10 10 20 10 0
2 Inv100 100 200 100 0
3 Alul 50 100 28 0
4 Alud 200 400 112 0
5 Pm 400 800 112 0
6 Sregl 4 6 2 1
7 Sreg8 32 48 16 1
8 | Ceamp2 4 2 2 1
9 |CeamplO 20 10° 10 1
10 Ring3 3 6 3 1
11 | Ringll 11 22 11 1
12 Sctl 22 44 11 1
13 Sct4 88 176 44 4

*: Number of bipolar transistors.



At first, we check the waveform
comparisons explained by Figure 3 and Figure
4. The discussed circuits are all feedback
circuits, but the waveform match each other
well, which justifies the correctness of the
implementation. Then we check the running
results listed in Table 4 (where Table 3 shows
the circuit specifications). We can find that
WR-ITA (NR-STWR) performs well in two
kind of circuits (feedback circuits and
one-way Ccircuits).
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Fig. 3 (a) Schematic of Sreg8, in which every tiles are all
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parallel multiplier.



TABLE 4
RUNNING RESULTS OF ALGORITHMS

Relaxation

Subcircuit Calculated #
Count

CPU Time

Circuit
NR-STW NR-ST NR-S
ITA STWR ITA | STWR STWR
R WR TWR

Invl0 [ 19,637 | 4,384 | 4684 | 04 | 04 | 04 | 2

Invl00 [2,471K |0.245K |0.188K| 19 | 43 | 32 | 17

Alul [165,781| 63,480 43196 | 33 | 21 | 22 | 21

Alud ||745,747|244,236|144,919| 12 | 99 | 68 | 10

Pm |221,147| 40,534 |141,545| 99 | 33 | 38 | 6

Sregl | 11,112 | 14,542 (15696 | 0.3 | 1.3 | 04 | 172

Sreg8 || 79,165 |414,490| 79,262 | 1.2 | 22 | 3.1 | 69

Qinv2 | 2,798 | 1,130 | 2430 | 04 | 03 | 03 | 2

Qinv10 | 45,307 | 52,067 |41,382| 12 | 31 | 11 | 35

Ring3 | 1,227 | 1,847 | 1597 | 03 | 04 | 03 | 24

Ringll || 66,917 | 44,535 (83543 | 11 | 1.2 | 15 | 117

Sctl | 50,296 36,639 31,522 1.2 | 23 | 11 | 57

WININININININININININ[(NN

Sct4  |318,558]168,139|107,506| 53 | 74 | 29 | 55

CPU timeisin Pentium IV-1.4G seconds.
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