SHORT CIRCUIT POWER ESTIMATION OF STATIC CMOSCIRCUITS
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Abstract - This paper presents a simple method to estimate
short-circuit power dissipation for static CMOS logic circuits.
Short-circuit current expression is derived by accurately
interpolating peak points of actual current curves which is
influenced by the gate-to-drain coupling capacitance. It is
shown through simulations that the proposed technique yields
better accuracy than previous methods when signal transition
time and/or load capacitance decreases, which is a
characteristic of the present technological evolution.

|. INTRODUCTION

As clock speed increases and function block sizes scale
down in today’s technology trend, the estimation for power
and gate delay need to be fine-tuned. In circuit design flows,
the accurde estimation of the power dissipation and gate
delay of CMOS gates has become an essential factor for
reliability and performance of the chips.

In general, power dissipation in static CMOS circuits is
composed of dynamic power dissipation, static power
dissipation and short-circuit power dissipation. During the
output transition in a static CMOS structure, a direct path
from power supply to ground is created, resulting in a short
circuit power dissipation that can be morethan 20 percent of
the total power dissipation since the number of transitions
increases due to clock speed-up. Also, the short-circuit
current has an effect on the evaluation of propagation delay
of CMOS gates. Therefore, estimating the short-circuit
current isimportant to design high-gpeed VLSl's

Much effort has been devoted for the extraction of
accurate, analytical expressions for timing models of basic
circuits. However, previous works in the short-circuit power
estimation area have not entirely or exactly reflected
gateto-drain coupling capacitance and the short channel
effect [2][3][4][5]. For example, a recent work [6]
overlooked the gateto-drain capacitance effect and required
a lot of computational iteration due to the introduction of
power series. Hence, we present a macromodel for the
estimation of short-circuit power, which enables detailed
analysis of the transient behavior of CMOS inverters. We
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model the short-circuit current by an appropriate linear or
nonlinear function, in order to achieve better accuracy and to
avoid an overestimation of short-circuit power dissipation,
with taking the influence of the gate-to-drain coupling
cagpacitance into account.

II.ANALYSISOFSHORT CIRCUIT CURRENTINCMOS
INVERTER

Figure 1illustrates arising ramp input (eg.(1)) and
CMOS inverter model:
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Fig. 1. The ramp input and the CMOS inverter

In Fig. 1, the output load consists of the inverter drain
junction capacitance, the gate capacitance of fan-out gates
and the interconnect capacitance. The gatet o-drain coupling
cgpacitance Cyis

Cy =Cy +C, @
ad
C,=C,+C, €)

where Cgy is gateto-drain overlap capacitance, Cy is
gateto-channel capacitance, C, is gateto-source channel
capacitance, Cyqis gate-to-drain channel capacitance and C,,
is gate-to-oxide capacitance except overlap.



Cp = %COXWL. 4

Figure 2 shows the influence of gate-drain coupling

capacitance in short-circuit current waveforms. Note that as

transition time deaeases the negative portion in Fig. 2 is

increasing compared to the positive portion. We model the
short-circuit current based on Fig. 2 in the following section.
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Fig. 2. HSPICE smulation results of short-circuit currents.
@ t=1.7ns, C=30fF
B t=0.5ns~1.9ns, C,=30fF (varying input transition timg

I1l. MODELING THESHORT CIRCUIT CURRENT

Asshown in Fig. 3, we model the short-circuit current
waveform from two choices: the piecewise nonlinear
modeling and the piecewise linear modding.

current

Fig. 3. Current Modeling Choices
(&) Pecewise linear (b) Piecawise nonlineer

The short-circuit power dissipation caused by a short circuit
current | sduring the rising transition of input signal can be
estimated as:

Ps: = Imean XVDD . (5)
| mean 1S the average current and is given by
| mean = (Smn :’ S’nax) - S;:otal (6)
r r

where S and Sy aremarked in Fig. 3.

In order to obtain S, and S, values, we model
short-circuit current, Ig, according to three methods as
follows:

- Method A : Current waveform | ismodeled by
Io() = atxb, % (7)

where a,, b; and ¢ can be obtained by using the peak
pointsand are given by

1 b 1
a, ——mn , b,>0 (bt 1), gl_tmmlogbl'
Then, Sy IS
Stota] = (e'z){tolrrin +(tend 'to)lmax} . (8)
-MethodB: Is ismodeed by
tZ
Io(t) =a txb, v, 9

where a,, b, and g, can be obtained using the similar way
inMethod A and are given by

1
I b, Ziog0s
azzw’ b,>0 (b, 1), 92:;.
1:min 1:min |09b2

Then Sy, IS

S = (VED{tol i + (tengto) e} - (10)

-MethodC: Is ismodeed by
() =at (11)
whereais
a; = mn
tm'n

Then, Seta iSgiven by using the triangle areaformula:
Sotal = 05 {tOI min + (tend_to) l max} " (12)

Since we use four linear equations, Method C is more
accurate than the method presented in[2].

Consequently, for the accurate estimation of
short-circuit power, unknown values tmin  lmine  trax
and | have to be calculated as exactly as possible. In this
derivation process, we use the simplified bulk-chargeMOS
model[8] for the operationd region of MOS devices.

A. Derivation of |,

To obtain In, we have to investigate the behavior of
MOS transistors. At this time point, the NMOS transistor is
off, and the PMOS transistor is in the linear region.
Therefore, tyin isequd to ty,and | pin is



Im'n:bp§.§ __tthn Ivthp|§ op out(tthn))

- +2 : (VDD' Vout(tthn))zg . (13)
u

Also, eg. (14) is derived by applying the Kirchoff's current
law at the output node

dVout

(C.+Cu)- 222G, (14
T

Substituting equations (7), (9) and (11) for eq. (14), Vou (tn)

isexpressad aslinear function of 1y

CMVDD tthn + Sminl (15)
(G +Cuw)t (CL+Cy)

where V,(t,,» IS the output voltage when the input voltage
reaches Vy,,. Solving eg.(13) and eq.(15), we can obtain I,

asfollows:
2
-a,- ,/az - da,a.
-~ % 1% (16)
28
Each parameter in methods A to C is specified in Appendix
A and we assume that the value of inner root is always
positive.

I s™

Vout (tmin) :VDD +

Im'n

B. Derivation of I g

To calculate Iy, We consider two cases as follows (Case
A and Case B). We categorize two cases using the criteria
defined in [6].

- Case A : In this case, PMOS transistor is in linear region
a tyax and NMOS transistor is in saturation region. Thus,

| rex iS QiVEN by
_b g - thn b/thp|g\/ out )
t;

1+d u
ol VAN (W) & G (17

2

Tocaculate t, andt,, in eq. (17) we have used the fact that
short circuit current is amost symmetric in this case. By
applying KCL at ouput node, Vo (tin) is derived by a linear
equation asfollows.

3

bt (Vipt, - Vir)® 0
\Vj t =V__ - DD max thn DD max;
oullaed Voo™ o CurCOTHAIE & 5
+ CMVDDtmax + Srr\in +Smax1 . (18)
C +Ct (G +Cy)

Substituting eg. (18) for eq. (17), Imax iS oObtained as

solutions of 2-order polynomial as follows:
-b - ,b 2.
= = BB b a0 (9

and parametersin eg. (19) are specified in Appendix B.

- Case B : Inthiscase, both PMOS and NMOS transistors
arein saturation region a t, .. By solving the differentia
equation obtained a output node, V,,(t) and| ., are
expressed by

— _ bntT (Vin (t) - Vthn)3
Veul)=Voo - 57 C,, + G+

+M

2(tmax - )(CM +CL)
+ mn(t t )+CMVin(t) + Sminl , (20)
c,+C, C,+C_ C,+C
b,
| ax :m(VDD in(trnax)'|vthp|)2- (21)

Since tmaxiSthe time at logic threshold voltage [14], wecan
ot the following equation.

Vout (tmax) = Vin (tra) =Vin - (22)
Solvingegs. (20), (21) and (22) together, we get eg. (23) :

C_LVI NV + CZ INV + (‘GVI NV + C4 0 (23)

and coefficients are specified in Appendix C. Thus, solving
3%order polynomial, eq. (23), |, Can be easly darived.

IV. EXPERIMENTAL RESULTS

We examine the accuracy of the short-circuit power
estimated using the proposed expression. Figure 5 shows the
short-circuit power values estimated by method C, those
calculated by the formulas proposed by Vemuru [2] and
Veendrick [11], and those simulated by HSPICE. We
compare the estimation results of the short circuit power
dissipated per one clock cycle as a function of output load
capecitance under various input transition times.

It is shown that the error in the results obtained by the
proposed method is smaller than that of other works. Note
that error ratio is increasing as output load capacitance
scales down. Average relative error ratio is 6.5% in the
results estimated by the proposed method.

Simulation environment (process technology) is
L=05mm, W=3.5mm, [Vj=826.92mV, b,=2.0mA/V?,
d,=0.24 in PMOS transstor and L=0.5m, W 2 mm, Vimn
=697.82mV, b,=2. OmAN 2 ,0h=0.326 in NMOS transistors.
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Figure.5. Comparison of variousshort -circuit power estimation methods and smulation results
(@ trandtion time = 09ns (b) trangtion time = 1.1ns

V. CONCLUSIONS

In this paper, we have proposed an analytical
expression to estimate short circuit power dissipation in
CMOS inverters. In this method, we have accurately taken
into account the influence of the short-circuit current andthe
gateto-drain coupling capacitance. Our method yields better
estimation accuracy and computational efficiency than
previousworks. Specially, when input signa transition time
and load capacitance of CMOS gates decrease it is shown
that the results of the proposed method are in good
agreement with HSPICE smulation.

VI.APPENDIX
Appendix A

Parametersin Method A are

_(@1+d))e- 2,

2(C,+C,)
& :i + tthn(e 2) I DD thn |\/th| c Vthn(1+d )U,
b, (C.+Cy)] ATTC+C, p
~ CuVim 1 CuVim(d+d)0
Vo - + n 7. (A-1
a CL+CM’:\ DD thn |\/thp| 2(CL +CM) f\g ( )
Parametersin Method B are
_ (1+dp)(Jé- 2)2tthn2
- 2c.+c,)
1+d
a2 __ tthn('\/é-z) IV _ \/!hn _ l\/thp| lhn( )U,
b, ' (C.+Cy)1 c.+C, |
a,= sameasa,in MethodA. (A-2)

Parametersin Method C are

—- (1+ dp)tthn2
8(C +C,,)

1 t, i Vi (1+d ) U
=— "V, - Vi - +—
&, bp 2(C_+C ): oo ~ Vinn lvthp| C_+C, g,
a, = same as a, in Method A . (A-3)

Appendix B
Parametersin Method C are
t1(1+dp)2
=1 e B-1
7 (B-1)
VDDtmax
b, = tt,(1+d )+—+tl(VDD t—-[\/mpp, (B-2)
1(1+d )
b3_t2|— DD e |\/thp|% (B"?’)
7
where
— Swa
t B-4
C (G AC) E-9
, C, Vot
t _t DD _V : mn + DD "max , B_5
§ me ', +C Gy B
bt B-6)

t,= .
* 7 By (1+d,)(C_+Cy)

Appendix C

Coefficients of eq. (23) ae



c=trf b Db 0 (C-1)
Moo 13(0+d,) 21+d,)},
— bntlhn b p itT (\/DD - |\/thp|) t[hn‘::.I
Cz - 2(1+dn) + 2(1+dp){ VDD +?¥); (C 2)
C.= bntT\/ﬂfn _ ImintT
T (¥d,) Ny
} b p(VDD - I\/thJ) i t; (\/DD - |\/thp|) P (C _ 3)

4(1 + d p) ‘Ir VDD * Ztﬂmty;
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