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Abstract: CMOS circuits have significant amounts of increased power consumption and noise levels that can be
dynamic short-circuit (or through) current. This can be as eliminated fairly easily when identified.

large as 20% of the total in well-designed circuits, and up
to 80% of the total in circuits that have not been designed
carefully. This current depends strongly on the relative
sizes of the pull-up to pull-down paths. We introduce the
dynamic short-circuit ratioto model this parameter. This
allows accurate estimation of currents including the
dynamic short-circuit current, and also results in
improved delay estimation. Accuracy is typically within
10% of circuit-level simulation while operating at the
switch-level abstraction

Current and charge drawn in CMOS circuits is affected by
three well-known circuit parameters: input signal rise/fall time
(referred to as slew from now on), load capacitance and driver
size [2] [3]. In [2] and [3] these three parameters were lumped
into a single parameter called ttige-time ratio The rise-time
ratio, or even the three parameters slew, load capacitance and
driver size are insufficient to model the current and charge in
CMOS circuits. We present characterization data to show that
there is a fourth parameter called thanamic short-circuit
ratio (rqso that strongly affects current and charge indepen-
| INTRODUCTION dently of the three parameters used so far. In particular, the
namic short-circuit currergcis a strong function of the

. : . d
Power, current and noise effects are increasingly becom|8 amic short-circuit ratio. Intuitivelyyscshould be a func-

significant as fabrication technologies scale down in the deF .

) ! L ion of the resistance of the path from power to ground formed
submicron region. Emergence of low power applications Fi : L

: ; uring a dynamic short-circuit.

also forcing designers to be concerned about power consump-
tion as well as its effects in circuits. There is thus an increafe dynamic short-circuit ratio is the ratio of the resistance of
ing need for CAD tools to help in the design and analysis tfe pull-up (pull-down) to the resistance of the pull-down
circuit that consume low power and have low noise effects. (pull-up) path for a high (low) going transition. By explicitly

Power consumption in CMOS circuits is affected by severg]Ode”mg this parameter, e are.a'\ble to §|g_n|f|cantly Improve
accuracy of all estimated quantities. This includes not only

interacting effects. There are three principal components th%trrent and charae. but also delay. Data presented in this paper
contribute to the total current in CMOS circuits. These are tff ge, Y- P hap

0,
capacitive current (charging/discharging of capacitance Fows thalgs can be as large as 80% of the total current and

. o -~ can vary over a wide range. Also, the total charge drawn is
dynamic short-circuit (or through) current due to establish, : A ; .
; C affected by the dynamic short-circuit ratio. Thus, if we hold

ment of a transient short-circuit between power and grou . . . .
t ﬁ input slew, load capacitance and driver size constant and

when a complementary gate switches, and static short-circ(l)Jrl1

0
current when a non-transient path between power and grouqq{]fhangedscthe charge can vary by as much as 20%. Most

is established. Previous work [1] in this area has noted Be s variation Is due s, Sugh effects cannot b_e model[ed
-accurately without the dynamic short-circuit ratio. Ignoring

importance of the dynamic short-circuit current, which i : R . )
. . . e dynamic short-circuit ratio, as has been done till now,
almost 20% of the total current in well-designed circuits a L . )
eads to significant inaccuracies.

can be larger than the capacitive current in circuits that have

not been carefully designed. Static short-circuit is usually nGombining the input slew, load capacitance and driver size

expected in CMOS circuits but our experience with reatto a single parameter like the rise-time ratio also introduces

designs show that there can be significant static short-circaignificant inaccuracies. This is true because the effects of

current in CMOS circuits. This usually happens when delagsich of these parameters are not exactly complementary. For
in a circuit cause overlap between signals that are not segample, doubling the input slew does not have the same
posed to be active simultaneously, for example, the pre-chagffect on the current or charge as halving the output delay

phase and the subsequent discharge phase. These kindsveh though the rise-time ratio is roughly the same in these

problems in circuits are not manifest in logic-level errors artévo cases.

can be difficult to identify. Nevertheless, they lead to



Utilizing the dynamic short-circuit ratio allows our algorithm high. Current, charge and delays are significantly different in
to obtain results that are typically within 10% of circuit-levelthese two situations and can be estimated accurately using the
simulation while operating at the switch-level abstraction; thisdynamic short-circuit ratio.

is true for the total current as well as for the dynamic short-ci(/-ve describe in this paper a current analysis tool Lsim Power

cuit component. We are thus able to obtain performanc - : :
) . nalystM that operates at the switch-level abstraction. A one
improvements of more than three orders of magnitude over a o .
. time (per technology) technology characterization step is per-
SPICE algorithm. . . »
formed in which delay, peak currents and charge per transition
The ability to explicitly estimate all three components of curare measured while varying input slew, output load capaci-
rent, namely dynamic short-circuit, static and capacitive cutance, driver size and dynamic short-circuit ratio.
rents, allow us to identify and diagnose parts of the circuit that
may be drawing excessive current both in the absolute and rel-
ative sense. Presence of static short-circuit current in CMQA8 general, total current drawn decreases with increasing input
circuits is usually due to design or timing error. We can iderslew, and increases with increase in load capacitance and
tify those parts of a circuit that are contributing to the statidriver size. The dynamic short-circuit current, however,
short-circuit current at any instant. The ratio of the dynamicdecreases with increasing slew up to moderate values of input
short circuit charg€yqscto the capacitive charg@,, can be  slew and then starts increasing. From a low power circuit
used to identify circuit parts that can be optimized. Figure tlesign perspective, the dynamic short-circuit current is a very
shows the variation dys/Qc4p With the load capacitané® ~ good indicator of where a circuit stage is either over-loaded or
for different input slevs. This ratio increases with increasing under-driven.

Input slew and decreasing load capacitance. A large valuewe characterize the variation of current and charge with the

this ratio indicates one of two possible situations. A very SIO\ﬁ]ynamic short-circuit ratio using the inverter of Figure 2.

input or a very fast output general!y leads to a large Vall.Je Pbad capacitance and input slew were held constant wipile
the ratioQus/Qcap When the ratio is more than 1, there is & wnwas varied from 1:16 to 16:1. Figures 3 and 4 show the

clear opportunity to improve the circuit by either increasingl/dd andVsscurrents and charge associated with a low to high
the previous driver in order to reduce input slew, or by reduc- . I : . : I
. . o . : and high to low transition with varying dynamic short-circuit
ing the driver size if the load capacitance is small. The second.. . I
alternative, if available, will not only reduce the power Con_ratlo. The currents and charge for a high to low transition are

' ' shown with the subscrifht while those for a low to high tran-

sumption of the load but will reduce the power consumptlonition are denoted biy. Note that th&/dd current and charge

of the previous ervgr since it now drives a reduced load |tseI /ddL, QVddLand thevsscurrent and charg/ssH, QVssH
Any stage in a circuit that has large valueQgf/Q.,,can be ; S
S " . C ~cap © represent the dynamic short-circuit current and charge for the
easily identified and reported for possible optimization. . : " .
high to low and low to high transitions respectively.

II Current and Charge Estimation

The dynamic short-circuit ratio is not just a static property in
circuit. In multi-input gates, for example, NAND gates, differ-

ent dynamic short-circuit ratios come into effect when allncreases as thepwn ratio goes from 1:1 to 1:16 mainly

inputs are switching from low to high than when all but 9N ecause of the increases in the size of the n-type transistor dis-

input are high and only one input is switching from low tocharging the output. The dynamic short-circuit current ivVddL

shows a comparable increase. Whetwnis varied from 1:1

to 16:1 thevsscurrent remains virtually constant while the
Qdsc/Qcap Vs Load dynamic short-circuit current iVddL increases quite rapidly.
This clearly shows the dependency of the dynamic short-cir-
cuit current on the dynamic short-circuit ratio. As we pointed
: out in section 1, the ratio of the total current to the dynamic
T : short-circuit current is a very good indicator of how wasteful a

Lonsider thevad andvsscurrents for a high to low transition
genoted by the curves iVddL and iVssL. Mscurrent iVssL

x
§ 4t CMOS gate is in terms of power. From Figure 3, we can
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Figure 1: Ratio of dynamic short-circuit charge to capacitive —
charge as a function of load capacitance and input slew. For ) ) L

large slew and small capacitance the dynamic short-circuit Qggd“giﬁé'n”t,ve”e“ for characterizing charge
charge exceeds the capacitive charge.



A Switch-level Algorithm
, . The current and charge analysis capability of Lsim Power
Current ws. Short-Circuit Eatio Analyst is built on top%f the s)\//vitch-lepvel tin{ing simulation
algorithm SPS (series-parallel switch) [4]. In a static compile
ey step, the algorithm partitions the circuit into channel-con-
! T, - wmdhi nected componentsdc). A cccconsists of transistors that are
T T, L connected via source-drain channels. Eemhis then parti-

i E: 1 N . ‘;’ tioned into biconnected components [5], thus forming a tree of

E n:z 1 “ T " blcomponents._ Each _blcom_ponen_t is then reduced via series-

. - e mmm—— parallel reductlonDrlvmg-pomt resistance§4] of each node

E 0t Joa ..____.-'i'i'-:IdL to vdd ano_IVssanng withElmore delay[6] can be computed.

B ooal T L The algorithm takes advantage of the series-parallel and tree
and nH LT bicomponents by employing a linear time algorithm on these
ws L *-xh..- i parts. Charge-sharing analysis is explicitly performed.

-1 i i ; / Once the switch-level algorithm has computed driving-point
~ : o : 4 resistances, the new state of each node is computed and thus
Shart-Ciwit Ratie (g (9 T1) the nodes that are changing state are identified. For each ccc,

one of three conditions are identified prior to performing cur-

Figure 3: Peak current variation with dynamic short-circuit rént and charge estimaticitynamic short-circuitstatic short-
ratio. circuit, or no short-circuit The no short-circuit situation

observe that for a 16:1 ratio, the dynamic short circuit currenisvolves transitions due to charge-sharing or transitions in
almost as large as the total of the dynamic short-circuit antlhich a node goes from a non-driven to a driven state. For
capacitive current. The currents behave similarly for the lowach of these three conditions, the current and charge drawn
to high transition. from the Vdd and Vss nodes are estimated.

Figure 4 shows the variation of charge also illustrates the

importance of the dynamic short-circuit ratio in determining® ~ Dynamic Short-Circuit

the dynamic short-circuit charge and also the total charge. Tagdynamic short-circuit situation exists when a path(s) to Vdd
plots for QvddL and QVssL for a ratio of 16:1 shows that thes turning off and a path(s) to Vss is turning on or vice versa.
dynamic short-circuit charge QVddL is more than 50% of the'he dynamic short-circuit ratigy.is determined by identify-

total charge QVssL.

=00

Charge ws. Short-Circuit Eatio

Bhert-Cinit Ratie (g (T M)}

ing in the algorithm the resistance of the path(s) that is turning
off and the path(s) that is turning on. This is available after the
driving-point resistances are computed. Note that traditional
switch-level algorithms would find this to be a challenge since
such algorithms cannot distinguish path(s) that are turning off.
Also, the ability to accurately compute driving-point resis-
tances is a requirement for correctly determimigg

The load capacitandg, is determined from a knowledge of
the nodes that are changing state. A ccc that has multiple

nodes changing state has an effective load capacitance that is
e 1 . L the sum of the capacitances of all nodes changing state.
T
E a0 4 T eddH Input Slew Propagation
. M The input slews is required to estimate current and charge.
§ooEM N When a single input is switching, the input slew is obviously
8wl that of the input that is switching. However, incwith mul-
a0 L. L tiple_inputs changing, or when some ian_Jts have switchec!
A causing the transistors to be on, the selection of the appropri-
wo ; . : o
........... T ate input slew is not obvious. We compute effective input
" : t - ey slewby considering series-parallel components. This is illus-
+ - " b 4

trated in Figure 5. For series connected transistors, the effec-
tive input slew of a node is the maximum input slew of all the
inputs that are switching in the series path. For parallel com-

Figure 4: Total and short-circuit charge variation with short-ponents, the effective input slew is the minimum input slew of

circuit ratio.

each path in parallel. Inputs that are not switching are consid-
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— 3a)=3(in) —
8(a) = 5(in1) 3(b) = min[max{ &(in1),5(in2)}, 3(in3)]
5(b) = max@(in1), 3(in2)]  2ni(@ =Lni(T1)
Api(8) = By (TD) Ani(b) = min[max{An(@),An(T2)}, Lni(T3)}

Apy(b) = maxian (@), An(T2)]
Figure 5: Propagation of input slew across series-parallel components.

Figure 6: Test circuit with aoiZl

ered to have zero input slew. We can apply this technique to
not only series-parallel components, but also to those that ate  No Short-Circuit

more densely connected. In this situation, node transitions are occurring due to charge-

This method works well for even complex series-parallel angharing or due to a transition from a non-driven state to a
other general structures. It is similar to that described in [Triven state. For transitions due to charge-sharing, we do not
recently for computing an effective input transition time. Onc€ompute any currents making the implicit assumption that no
the effective input slew at a node is determined, the Vdd armgirrent will be drawn from eithéfddor Vssnodes. For transi-

Vss currents and charge can be obtained from the technolodgns from a non-driven to a driven state, we employ the same
table for the particular short-circuit ratio and load capacitanceomputation method as in the dynamic short-circuit case, but
A knowledge of the transition (to high or low) then allows thedo not apply any of the dynamic short-circuit current and
algorithm to identify the total and the dynamic short-circuicharge. This is because a transition that does not establish a
current and charge and appropriately separate these two calgnamic short-circuit does not consume any dynamic short-
ponents. circuit current or charge.

Note that we do not estimate either current or charge indi-
rectly. The direct look-up of current and charge for both th&
total and the short-circuit component is important in achievingve present results obtained from Lsim Power Analyst and
high accuracy. In [2], the short-circuit current was computedompare it with that obtained from the circuit simulator

from the charge and delay by dividing the charge by the delaigido". Eldo is a high performance analog electrical circuit

we believe that such indirect estimation inherently leads teimulator similar to SPICE. The circuits that we used vary
inaccuracies as an inaccurate delay estimation will affegtom simple inverters to nand and nor gates to and-or-invert

Results

charge and current estimation. gates. We used a chain of six stages of logic and measured cur-
rent drawn by the chain as shown in Figure 6. Table 1 show
C Static Short-Circuit the data. Per cent error from Eldo results are usually within

L . . . : 10%.
The second situation that is identified for a ccc is a static short- °

circuit. This situation occurs when a node (or nodes) is drivehis interesting to point out the three nand gate examples used
to bothVdd andVsssimultaneously. For each such pathin Table 1 denoted by the names2_1_2a, na2_1_2and
between th&/dd andVssnodes, the resistance of the path igna2_1_2akand shown in Figure. These are three identical 2-
used to look-up the static current from the technology tabl&put nand gates with a identical p-type transistors of size 1x
By using a characterized I-V table, we are able to handle tid identical n-type transistors of size 2x. The three cases rep-
non-linear nature of the transistor I-V characteristics properlyesent three different ways the inputs were excited. In

The ability to explicitly obtain the static short-circuit current

results in the capability to easily identify any such short-cir-

cuits in even large circuits. A designer could, for example,

trace the static short-circuit current, stop the simulation when

this current is non-zero and ask the tool to display all (or a
some) paths that are responsible for this current. Any design

or timing error leading to such a situation can thus be very eas- b

ily found and corrected.

Figure 7: Nand gate e;(ample shown in Table 1.



_ . , capacitance as depicted in Figure 8, we can obtain reasonable
Table 1: Comparison of average current obtainedl fro 500\ racy by keeping the resistaitef a switch independent
Lsim Power Analyst and Eldo. . . . .
Average Current of the load capacitance while keeping the delay computation
verage Lurre Eldo LPA % Error algorithm simple. The model of (2) forces the resistahbe

(mA) a highly non-linear function of the load capacitance and
___ Cireuit vdd] 1Vss | Vdd] Vss| Vdd iVss extremely sensitive to it, as depicted in [8]. This in turn leads
invl_1 0.188 0.188 0.181 0.1B1 -3[72 -372 S 7 : S .
A 2 0308 0.30b 0280 0265 939 77 to a_large r_|ppI|ng eﬁ‘e(_:t, inaccuracy in estlmatmg capacn_ance
2021 2 2050abc| 02%4 0254 0435 0)234 748 17.87 leading to inaccuracy in esﬂ_maﬂnﬁgEyen more mportant is
na? 1 2a 0129 0130 0117 0117 -9.30 -10.00 the way the delay scales with the size of the driver. We have
na2_1_2b 0.160 0.160 0.163 0.154 -438 -B.75 found that only thé&RC delay scales linearly with size, but the
na2_1_zab 0.129 0.19 0.120 0.421 -6.98 -.20 no-load delay remains virtually constant as the driver size is
no2_2_1c50ab 0.298 0.2P8 0.208 0.207 -8.77 19.21 changed. Thus, the model of (2) would cause the resisRince
no2_2_1b 0.20B 0.207 0.1p3 0.192 -7.21 -7.25 to be a non-linear function of the transistor size also. Using

our model avoids both these difficulties.
na2._1_2a andna2_1_2b_on|y one Input is cha_nglng_, namely We gain accuracy in estimating delay by utilizing the dynamic
the inputa andb respectively while the other input is perma- L . : o . ;

short-circuit ratio. The resistance of a switch is obtained via

nently high. Inna2_1_.2akboth Inputs are changing simulta taple lookup using the dynamic short-circuit ratig. and the
neously. When both inputs change simultaneously, the nan ; L S :
; ] .input slewd. The dynamic short-circuit ratig. is available
gate behaves as a gate with a 2:1 pull-up to pull-down ratig o . . .
. . i after driving-point resistances have been computed. The input
when only one input change it behaves as a 1:1 gate. The cuf- . . : .
. : ) Slewd is obtained by propagating the input slew of gate nodes
rent inna2_1 2hbis larger than ima2_1 2a by almost 20% oo .
; " . that are switching across series and parallel components as
due to the extra capacitance of the internal node that is dig-_ . . . .
escribed in the previous section. Note here that the no-load

charged. One would expect a larger short-circuit average cu alav is propagated similar to the inout slew as depicted in
rent (charge) in the gate with the 2:1 ratio. However, the ga |gu¥e 5 propag P P

na2_1 2athas a faster rise time due to the two p-type transis-
tors acting in parallel (refer to section 3.1) Therefore, the aver-

age currents fona2_12aandna2_1_2alare similar because £~ Results

the reduced input slew for the rising input offsets the increasege present a comparison of delay as estimated in Lsim Power
current due to the 2:1 ratio. Analyst and that obtained from Eldo for the same set of cir-
cuits as in section 3 in Table 2. As before, delay was measured

across six stages of logic for both high and low going edges.

The primary goal of this work was to accurately estimate cur- ) . - .
rent and charge and to this end we introduced the dyna yelay estimates are typically within 10% of Eldo. We point to

short-circuit ratio as a modelling parameter. It turns out thaf€ three NAND gatesa2_1_2a, na2_1_2andna2_1_2ab.

this also results in significantly more accurate delay estimatddCt€ that the delay when only inputhanges is significantly
smaller (~ 20%) than when only inputhanges. This is due

Figure 8 shows the variation of delay with load capacitance
and input slew and a fixed short-circuit ratio, again obtained
from circuit simulation. The delay varies almost (but not Delay ¥s Load
exactly) linearly with load capacitance. This kind of relation- slew (nS)
ship is typical of current sub-micron technologies. Figure 9 1+ . 0EE
shows the variation of delay with the short-circuit ratio, where o
load capacitance and input slew have been kept constant. W as | Lot

. . .. -1
notice that there is a non-negligible dependence of the delay L T Bdr
on the short-circuit ratio. Based on these characteristics, w{ VR
use the following delay model:

wo g7 e
A=R(rgscd) CL + Ani(rdso ) @

nd 4 < f

Il Delay Estimation

Dy (nE)
s
~
C

A transistor is modelled as a resistive switch where the resis
tanceR s a function of the dynamic short-circuit ratjp.and

the input slewd; we explicitly model a no load deldy, as
given in (1), also as a function gj;. andd. We contrast this

to the usual way (2) delay has been modelled at the switct °
level [8]. By using the model of (1) we gain significant accu- Lo a3p Witasat (F)

S
ey 4 o S

¢

00E 071 01 0 0E fc ek 03 04E

A=R(3) C_ @ X — . ; ;
Figure 8: Delay variation with load capacitance and input

racy. First, since the delay varies fairly linearly with load slew.
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Figure 9: Variation of delay with short-circuit ratio for
different input slew and fixed load capacitance. Figure 10: Instantaneous current waveforms from Lsim

. . Power Analyst and Eldo for a 4-bit adder circuit.
to the extra capacitance of the internal node that needs to (E)el We sh h fth ; o q
driven when inpub changes. When both inputs change simul- elay. We show that use of these four circuit parameters an

taneously, the delay is almost 20% smaller than when on propr?ate sglection of algorithm_s to use these parameters
inputa changes. This is principally due to the stronger pull-u uring simulation allows us to obtain results that are typically
of the two parallel p-type transistors. The case when bofiFcurate to within 10% of circuit-level simulation. Figure 10

inputs are changing requires propagation of the no-load delZ)OWS ;hfe msltz?(;]tan%otjs_ cuprrent T\Ot lfor an01er bit addefr
across the series transistors in the pull-down network. THEPtained from Eldo and Lsim Power Analyst. Performance o

accuracy of the results is a validation of the delay model, T algorithm is at least three orders of magnitude faster than a

use of the dynamic short-circuit ratio and the way the no-loag"cuit-level simulator.
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