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DIGITAL TMYCGRATED TIRCUIT TRANSTEME AHALYSTS PRUGRAM

.. lkfgrl:m N, WHLANMOKD, Douglas 0. AMTLTOH and Zhigdoe 3. STASIAL
[ T University of Arfzona, Tucson, AZ, UsA
ABSIRACT

A progrion for transient analysis of very large digital fntegrated
circuits, based on a Qlarge Onservation principle, (WY, s described. A
developed relatively sinple explicit algoritim uses the wbalance of the
conduction currents at each node to conpute the charge stored on capacitunces
caneeted to cach node, ) .

The progriem is oriented on digital DS clreults and s sultable only for
transfent analysis. A vardety of cireuits ranglog fium sinple fnveiters to ring
oscillators, tranwmission gates and {Vip-flops luve been analyzed.  For amll-
carplexity bipoler cireuits, the CPU time fs vimilar to those needed for the
SPICE2 circuit sisulation prugram. ilowever, fur 105 clicuits even with the
increased conplexity, the caputing tne {s sigdtlcntly shborter (15-100 tincs
for a nudivm size M5 circuit, depending on accuracy of solution). S

1, BORODKCTIO .

To fnprove the caputing speed of CAD twols, varfous approaches are
used, such as sparse rutrix techniques, inplicit Integration se:thods, » sparse
tableau analysis m:thod, a mditied nodal analysis method, circuit decorposicion
or a wodular approach e.g. (11,12),131. Alsu a wavelorm reltuxation method (4],
which takes advantage of signal lutency requires a very large mouory and, in the
case of clircuits wich muny feedback loops, its elficiency §s rather poor. A
m:thod to coipress storage data by one or two orders of nugnitude s recently
been published [5): . o

In this paper, we describe a sicple explicit nethod fn vhich the
conputing tim: for tNS wedium-size circuits 1s up to 15-100 tines shorter thn
that required by the SPICE2 program (6], (7], the higher mmber being for the
default values. of optional parareters of SPICE2, which were used to obtain the
required accuracy.  SPICE2 is uscd here to check the accuracy of our solutinns,

and as a reference anly fov speed caparison,

2. PRILCIFLE OF TIE ALOORIDH
At any node in the circuit consisting of -nonlinear resistors, sources
ami‘cup;acluuwes, displacement current aust flow I the algebraje sum of con-
duction currents flowing into a node is not zero, Twse displacement currents
resule fram the chiurging of copacitances corviected to the node, I general, o

set of nonlinda diflerential cquations mist be solved:

U
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[U(V) 4 C”(V”) d'/”/dl w0

V) 4 dJ (I(_ -0 ) '

u("u

HJ(VNj

I“
l“J(V) [ ) dv /dL ~ 0
Wete: l”('\l) are the conduction cinrents flavfing into node 1, C' (vl.) are
gromded (1-§), and conpled (14)) capacitances (both l“(v) and C.’(\;“) oay be
ronlincar functions of voliage), vU are voltages botween nodes jand i, and I
{5 the total muber of noduy,

T Jt $« assined that all voltages ate binoan, the values of all

conduction curvents cim be caleulated.  The net conduction current l MMouing
into a tvel: for & time fnterval 8L proxhves a cupe fncrvient £y li-‘JL which
is dictributed amrng the capacitances comected to the node. In an integrated
clrcult the copacttinces are poalinear fuctions of mode voltages of condustion
crrentsy thas, if the sode voltages are bavem, the capacitances can be
calevlated. Ihen, a netvork of capacitors of huvrm cepacitance can be analyzed
with the previcaslty caloulaced valus of Aﬂ at each nowle; fram this the
cortesprading v vy et each nade can be (L.ln,nnimd. For the yext time interval,
ther node voltages are dncreavnted by tieir appropriate Avio thw l A and {Ni

zte then congmated,
The algoiitbm fs thua Inplownted as follows:

oo I infuial sode voltages are it bnown, assuue plausible valuns (perhaps 0)
Wl ccagate the net conduction current at each nodes

A 4
I, = 1 1,,("
1 i1 5 _ : (2)
vhiere the suiation Dudleates that there are K conduction cursents flowing into
veadr T tote that theee iy be tombioear functions of vetious node voltagus,

In the stotic case, the ]l are, of corse, atl zero,

2o Calaalare for each node the charge Incroent accunilated dhariey, 4t

m
TR &)

11

Since the Tunctions |i(\,‘ are genenal by wilkossa, and only discrete

vithins for the provious thie steps wene caleul ood,
can b predicted using zeto, tirst o second o
©wlth the zero order interpolarion:
L= el L
1\Ql LI P )
with the first order interpolation:

R AN TS NS A

with the second order interpolationge:

o = at * 1.5 100 - 1te-at) ¢ 0.25 1Ge-2a0)})

In the last case, values Lran two previous thme periods ause be

the shape of this fimctio,

vointerpolations methods,

(4)

5

(6)

stored

in menory.  For the zero-order case, very short tine steps mist be used to

achieve the required accuracy. As a cupranive, the flrst-order cise was used

in exanples to be given,

3. Using an appropriate interpolation ucthod, predict the values of all noai-

linear capacitances for the time tist. For exanple,

interpolation:

C(uis€) = 2 * () - CLle-at)

with the first order

(@]

&, Conpute Av, at cach node.  Since AQl are ko, an are the capacitance

values of all capacitors, the following set of wquitlons representing the

capacitor network must be solved:

T
LGty vy e g

C”(v.

5oVt

Giva 't E Gyt v
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whaete: €, € are Anterpolated valoes ot joaoonds o i corpled capacitinces,
’ P
sl 8V . AV, are Increnrnta of pode voltages cansed by the chut e incroment (I
tote that £f there ace M onodes Fg, (8) soprasents a system of 13 Mincar

vpatfons.  Solutloi of these equations fs discussed in the next sectfon,
5. Cuepute the new values of pod voltages.
dat) - i v ™
viltiay v avy 4 (

In the tnplanntation of the algoriclen, the tine period of interest, T,
is divided into subintervals called external tine steps. fata points are to Le
caleulated at ecach external tine step. The exteroal tine steps are divided into
intervals called fnternal time step. A dnteractive precedure using the intenal
tine steps Is carried oot te ebtaln convergence for cach externl tize step,
)\(‘(’

3. SOLUTION OF hiy

As was discussed in step & of the nlbmirlr., to caipute v, a retotk of
capacitors nust be analyzed. Such a network is characterized by a vatrix

equation in the general fora:
‘CNI, fV“l = [aq) : (10)

Since the capacitonce values for a given tine interval are held
constant, Eq. (J0) s lnear. Moreover, since the capacitive network is passive,
the mafn diagonal of the G Gy tatrix {5 alvays daninant, Tierefore, a siuple

Gauss-Scidel iterative procedure can be apiptied, and converpenie Is punranteed.

Inmuy cases, thwe Bl wd capacitors are doainant, and convergence is

very rapid. In exanples that have been anilyzed with the Causs-Seidel procechire,

covergence was Lypleally obtafned §n 10 to 20 iverations vhen the grovsded

capacitunces were danfnant, ey, convergence §s slas in vases ware Lage

capacitances betvwen nodes oceur.  As an exaple, consider Uhe cirevnit of Fig. 1.

In this casc, the capacitances between nodes are up to 10008 tines greater than
the grounded capacitances, and converyence wis rot ebtained even afeer 100
iterationsy this fs {llustrated in Fig. 2.

A wethod produchig a nore vapid convergence assines an expanent fal

relactonship for the node voltage fncranes:

Avi(klh) v-‘Av‘(k)"‘HA- uxp(-h‘u‘)l T (1

whicres Avi(.l:) is the voltage ineranmt at ol i for the &-ch Hevation,
Av‘(kih) is the voltsge incrammt at node L fur Uw k-th itevatton, 9y is the
“attenuation constant' delined by:

i !/lr|[v1(k—l)/vi(k)) ' ’ . : )

Therefore, after a few steps of using the standard Causs-Sefdel
Lterative procedure, new predicted values of nod: voltages can be camputed such
as the k1100-th step. Fig. 3 shows that, even for networks with large

capacitinces between nudes (Fig, 1), rapld convergence 1s obtained.

4. SIMUATION OF BLIVIAK IHEGATID CIRWUITS
To test the nlgoritlm a cascade of & bipolar inverter u..q,u shoa in

Fig. 4 vas analyzed. Such a saturating type of circuft has vu'y nondinen
capacitances. ‘The equivalent circuit for the bipolar transistors is show in
Flg. 5; functional dependences. of the noulinearitivs are givcn in Table I,
Figure 6 sluws the cumputed wavefonns for the rexle voltages for a tine
Incrarent of 1 nsec and total time perlod of 100 nsec. Mote that there are o
differences between those figures. All conputations were perforved on a
VAX-11/780 carputer; for our algorithn the CPU time was 9.10 seconds while with
SPICE2 it was 23.66 seconds. The tines are not very different due to the fact
that the circuit contains large highly nonlincar capacitances. vhich are ot
gromded and also static characteristics of bipolar transistors are very
nonlinear in natuie,  Thus, the explicit algoritim does oot have significant
advantage over the inglicit method used in SPICEZ,  In order to secure
couvergence for this particular cireuit, the Intenwal time step was 12 Limes
smuller than the external tine step of Tns.  In other words, the minimes
possible infemsl time u:uuwnt in computing the alporithn was 0.08 nsee . bor

Larger intermal time up.,. convergence was not obtained.

3. SHULATION OF IS HIEGRATID CIRCUITS
CThe method described herein is nore suitable for simalation of )3

clrevits than bipolar cireuits because the nonlincarities in the former are luss
severe, A cascade of 7 QNS inverters shoun fu Fig, 8 was analyzed. The device
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ceprivalon: veuft s theamy b Figo 9, andd the tsctionsd dependences of the

parien:tor. are plven 30 ible 700 Tnds B3 transistor anded includes chrnuwl

Paarion, body crfect e to substrate biasing, and subthiestold

Lot h o
coaductiva as well as tormal and inverted operation.  The made) does not,
borrever, include nondfnearitdes of the gate capacitonces,

M ceaputed pode volteges of the civeuit of Fig. b are shoa fn Fig. 10,
results obtained vith SPICKE? are shoan in Fig. 1. 1 signilicnt differences
are ohserved,  For o rethod the CRU Cine was 1,99 seceads, while for SPICE? it
was 190,72 seconds for the dutault values of optional parwmters [7].  Since thw
IS transistor parainvters are fnherently not as strongly nonlinear as those of
bipolar transistor, an Interval tioe step equrl tu the external time step (2ns)
was uned,

Conparisen with the SPICE2 program was also perfonsd for a cascade of b
CUS dnverters and a cascade of 9 Q¥ iiverters,  The CFU tises for various
civeuits and conputing vptions are stmvnized in Table 3.

Thus, our methed s attractive for large -ciroxit-;. To fllustrate this
properiy, a relatively Large clrcuit show in big. 12 vas analyzed; the results
dre sham o Fig. 130 The CPU tne for this circait with 97 frverters (194
transistors) was only 23,04 seconds, It can, thns, be predicted that a cirevde
5 of CHU thie.
Circuits vith transmisslon gates, with [Vip-flops and ring oscillutovs, were

of 2000 M teansistor clrcuit will r(‘t‘plhu aboat 230 secw

also analyzed, GCerverally, CPU time increascd froportionally with (he wober of

cireuit elenents and andbor of ivdes. Since static analyste dwes vot precede

3

ttanslent analyslis, no problors with cawverpence occur! O progriou will always

give a soluticn 10 a sall envogh internal tine step 1s closen.

1

6. QLI
The suthod we have described Tor the transient analysis of nonlinesr
networks of vesistors, capacitors and sources riguites a (JU time preportional
o the cijaaiy unyl-ﬁ)ily to contrast to classical wittix rethods CHY where tine
s propontional e 1 or roce sui,Mslic:lt‘;d appromches Whiioh chow dependence on
W' wicre v 85 dn the rage of 1.2 ta 1,9,

Wit the Gaonac Selded ot fo procebine waad here hag e achvant e

of sinplictty, 1t ic ot very softalile for circuits vhich have Farge dnter-node

capicitances. Howver, 110 slould be noted that, for such cas 5, a significant

redhiction of conguting time s possible.

105 .

Further redoction of CPU it beexpected 1 means are used to tabe
advantope of sipgnol fatency (tewporary spacsity). The alporithm §s so stivctured
that it is relatively sinple to cadt conputation ot hiactive nodes vhen (his s

warranted,
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Table 3, .
Ges IVERTERS CHarr) SPICE?
For Defanle Valves For Given Values
of Opticnal of Cptiowrl
Paraeters Patanecters® . H
15 TOUTE, 1S ODEL {
tevel 21 o Cdavel 1
4 stapes 1.20 scc 75.78 27.90 L2014 16.25
8 transistors
sty 1.99 sec 190.72 Sh.V 31.04 25.20
Yotransistors V .
i s » - B
2.34 sec 264,99 74,29 37.6Y 30.39
23,04 sec .
S ) ) . o -
* RECEEUNE RS 201 A S Lo e 1omA, QIGLIOL = 10 .
i o= 20, 113 - 7 . )
I
1Y

A - s hreed topolopical
Ap T toasspose.of the mzine {A); - : -
N ! 1
1o s colunmevectors of the Pod active and teacHve powers, resprctive
I 1 1

T {au
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A METHODOLOGICAL APPR2ACH 10 THE OPTIMIZATION OF YOUTAGE UiH\HIY
IN DISTRIBUTIDH HEIWORKS ¢ .

G.CARPINEL LI - R MONGULEUZZO - A TESTA(*)

Absoct: The problem of the optivc) juined chojee of the transformer ratios in a radoad distnbuate o

network is considered. The optims! tondition s sssumcd to he the one minimizing a function of 14.:

vohage deviation costs. Resolution a7 eroaches ate propused taking inta aceount the discreteness f
. problemt vasiables. bhe situations thzt can océaut loth in public and intusteial didribution pa

woiks are considered.

List of principal symbols:

N : pumber of the load bovrarhg;

M : putnber of branches G cludieg tranclormens),

"m + nunber of the second::y substation n:nn(:mm-u:. .

u : number of the taps in the HV/M subdtation tnansformer,

v ’ + pumber of 1he Laps in the MV/LV sccamtary substation fiansfonmets;

D s oensts cauced by slow voltage deviations;

Q- . tocost coctficiont;

Dig? o dlaponal wato whose elumenls atong the uh I mul .nq the components of the colur

vedtor fel, .
tREEXY: - 0 cotvmm vectnrerf- thic hianch ressimmes ml unumus seape Lll\ily

[A°) : ncmmk topahoeeical teptein

naifix;

wiy:
PRI eodumn vectosast the braadh sutive nnd pcactive powers, resprectively

; cohun vectonof ihe b ranch voltage drogs;
[aVeYl - columri vector ul t l_v)lJl vohiage brops between the supplying node and the bt
S imdes; ' o
Tdg : HVIMV tiansformer 2o
3; o o ratio of the ith MV/EY taansfosmer;
ag v L HVIMY Gransformier tatio value which mininsizes the costs:
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