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Abstract-  Gate-sizing is an effective technique to optimize 
CMOS circuits for dynamic power dissipation and perfor- 
mance while dual-V,h (threshold voltage) CMOS is ideal for 
leakage power reduction in low voltage circuits. This paper 
focuses on simultaneous dual-V,h assignment and gate-sizing 
t o  minimize the total power dissipation while maintaining 
high performance. An accurate power dissipation model 
that includes short-circuit, switching, and leakage power is 
derived and used in our optimization. Results show that 
more than 20% and 40% power reductions are achievable for 
circuits at  high and low switching activities, respectively, 
compared to single Iow-V,,, CMOS circuits while maintain- 
ing performance. 

I. INTRODUCTION 

Low voltage CMOS designs are becoming very attrac- 
tive for portable computing and wireless communication 
systems [3], [4]. With the lowering of supply voltage, the 
transistor threshold voltage (Vth) has to be scaled down to 
meet the performance requirements. Unfortunately, such 
scaling increases the sub-threshold leakage current through 
a transistor, thereby increasing leakage power. Dual-& 
design technique can be used to reduce leakage power in low 
voltage and high performance circuits [9]. A low thresh- 
old voltage is used for transistors in the critical path(s) to 
maintain high performance, while transistors in non-critical 
paths are selectively assigned a high threshold voltage to  
suppress the leakage. 

Gate sizing is another technique to improve the per- 
formance of the circuit. Earlier approaches focused 
on the minimization of the area under delay con- 
straints [1][13][14][15]. Since the power consumption has 
become one of the major concerns, approaches to gate 
(transistor) sizing for low power were considered in [7] 
and [2]. However, they focused only on dynamic power dis- 
sipation and used a zero-load short circuit power model [6] 
that overestimated the short circuit power significantly. 
Recently, a simultaneous threshold voltage selection and 
circuit sizing technique was presented to  minimize the 
standby leakage power [lo]. 

Since gate-sizing changes the dynamic power by varying 
the load capacitance and dual-Kh CMOS effectively re- 
duces the leakage power, the total power can be minimized 
by simultaneous dual-Kh assignment and gate-sizing. In 
order to estimate the power accurately, an analytical short- 
circuit current model that considers load capacitance is de- 
rived. A sensitivity-based TILOS (Timed Logic Synthe- 
sis [I])-like algorithm is presented for simultaneous gate- 
sizing and dual-Kh assignment. 

This research was supported in part by SRC (98-HJ-638) and by 
Intel Corp. 

11. OVERVIEW OF P O W E R  ESTIMATION 
For a CMOS circuit, the total power dissipation includes 

both dynamic and static components. Dynamic power con- 
sists of the switching power due to  charging and discharging 
of load capacitance and the short circuit power due to non- 
zero rise and fall time of input waveforms. Static power of 
circuit is mainly determined by the sub-threshold leakage 
current through each transistor. The dynamic switching 
power, short circuit power, static leakage power and the 
total average power of a circuit can be expressed as fol- 
lows: 

p l e a k  = f i e a k ,  = x ( I l e a k ,  vdd) 

1 1 

(3) 

where the summations in eqn.(l)-(3) are taken over all 
the gates in the circuit. CL is the load capacitance, f is 
the frequency and V d d  is the supply voltage. cy is the av- 
erage switching activity of each gate (average number of 
signal switching per unit time), which can be determined 
by a Monte Carlo based statistical simulation [ll]. I,, and 
I ieak  are the average short circuit and leakage current of 
each gate, respectively. A leakage current model, which 
considers the the body effect, drain induced barrier low- 
ering (DIBL) and transistor stacking effect, is used in our 
analysis [la]. However, for the short circuit current, the 
commonly used model [6] ignores the load capacitance and 
hence, significantly overestimates the short circuit current. 
In the following section, we will derive a short circuit cur- 
rent model that considers the effect of load Capacitance. 

111. SHORT CIRCUIT CURRENT MODEL 

First, let us consider a rising step input to  an inverter. 
The NMOSFET is “on” but PMOSFET is “o f f .  The 
NMOS drain current equals the current through the load 
capacitance, which is the switching current responsible for 
switching power dissipation. However, for a ramp input, 
both PMOSFET and NMOSFET may be “on” simulta- 
neously during transition. Let us look at Fig. 1 (a),  in 
which the load capacitance (CL)  is the summation of the 
diffusion capacitance of the driving transistors (Cd i f f  ) and 
the output capacitance (CO). Suppose the current through 
PMOSFET, NMOSFET and the load capacitance are rep- 
resented by I p ,  In and IC, respectively, then I p  + I, = I,. 
I,, which is non-zero due to  the ramp input, is the short 
circuit current. I ,  is the switching current and In is the 
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summation of the short circuit current and the switching 
current. 

T llPl f 

Fig. 1 .  Short circuit current for the rise input 

At the beginning of the input transition, PMOSFET is in 
the linear region. Increasing the input voltage will increase 
the source to drain voltage of the PMOS transistor, thereby 
increasing I,. Consider t = t s a t  when V, = V,  + Il&,l. The 
PMOSFET is in the saturation region. Now as the input 
voltage increases, Ip decreases due to the reduction of the 
source to gate voltage. We assume I, reaches its maximum 
value ( Imaz )  when t = t s a t .  lIpl is linearized and sketched 
in Fig. 1 (b),  where t l  = k r i , t 3  = ( 1  - $ ) q .  r, is the 
input transition time., 

I r; : 
\'"I"'< 

Fig. 2 .  input and output waveforms 

To obtain the analytical model for short circuit current, 
we approximate the real input/output waveforms by ramp 
waveforms (see Fig. 2) .  In Fig. 2, r, and t d  are the output 
transition time and the propagation delay (50% input to 
50% output), respectively, which can be evaluated based 
on the alpha-power law MOSFET model [5]. The input 
and output voltages can be expressed as follows: 

where t o  is defined to be (q -rO)/2+td. Based on equations 
(5), ( 6 )  and the alpha power law MOSFET model [5], t J a t  
and I,,, can be derived as follows: 

where m is the saturation index'. VDO is the drain satu- 
. w is the drain ration voltage at  VGS = Vdd and 100 = 

'In [5] the velocity saturation index is a. In order to distinguish 
from the switching activity, we use m to represent the saturation 
index. 

current at  VGS = VDS = V d d .  

as follows: 
Hence, the average short circuit current can be expressed 

Similarly, we can get the average short circuit current of 
an inverter for a falling input. 

HSPICE simulations are used to verify our model. Let us 
consider an input signal of 2ns rise time. Fig. 3 shows the 
short circuit current at  different output capacitances (CO). 
The solid lines are the HSPJCE simulation results based 
on 0.25pm MOSIS technology. The overshoot at  the be- 
ginning is due to the overlapped gate to drain Capacitance, 
which is ignored in our model. The dashed lines represent 
the results based on our model. The supply voltage and 
threshold, voltage for the PMOS transistor are 3V and - 
0.59V; respectively. i d 0  is 0.24mAlpm and the saturation 
index is 1.5. Simulation and modeling results for P,, at a 
cycle time of 24ns are listed in Table I under Ps, column. 
Clearly, the average short circuit current decreases when 
load capacitance increases. For the zero-load capacitance 
model [6], the error can be as large as 47.5% and 109% for 
50fF and 200fF load Capacitance, respectively. The error 
of our model is only 19-30%. The error in our model is due 
to: (1) the overshoot of I, due to the overlapped gate to 
drain Capacitance, (2) the ramped input/output waveforms 
approximation, and ( 3 )  the use of linearized Ip. 

Fig. 4. Total current (In) Fig. 3. Short circuit current 
(1,) 

TABLE I 
SIMULATION AND MODELING RESULTS FOR P s c  AND Psc / (Pd,n  + Psc) 

The simulated In curves, which corresponds to the total 
dynamic power (Pdyn + Psc), are given in Fig. 4. When 
CO is 0, the dynamic switching current is not 0 due to the 
existence of the diffusion capacitance. Increasing CO will 
increase the switching current, thereby increasing the to- 
tal dynamic power. Table I under Psc/(pdyn +PSc) column 
shows short circuit power as a percentage of the total power 
at different CO and input rise times. Clearly, the larger the 
input rise time, the larger is the percentage of the short 

41 4 19-3-2 

Authorized licensed use limited to: Purdue University. Downloaded on July 9, 2009 at 15:02 from IEEE Xplore.  Restrictions apply.



circuit power of the total dynamic power. On the other 
hand, increasing load capacitance will increase total dy- 
namic power and decrease P,,, thereby decreasing the per- 
centage of short circuit power. Again, we observe that the 
zero-load short circuit power model [6] significantly overes- 
timates the P,,. 

Iv. SIMULTANEOUS D U A L - K h  ASSIGNMENT AND 
GATE-SIZING ALGORITHM 

In this section, we present a TILOS-like sensitivity-based 
algorithm for simultaneous dual-Kh assignment and gate- 
sizing to achieve low power dissipation with high perfor- 
mance. TILOS (Timed Logic Synthesis) is a transistor 
sizing technique for minimization of the area subject to 
delay constraint [l]. It is an iterative process. First, all 
the transistors are set to minimal size. Then, static timing 
analysis is used to find the critical path that determines 
the maximum speed of the circuit. Critical delay (Tcritical) 
is the delay along the critical path. In order to reduce the 
critical delay with minimal increase in the area, TILOS 
finds the sensitivity of delay with respect to the area for all 
transistors in the critical path and up-size the transistor 
with the largest sensitivity. The delay of each transistor 
is then updated by static timing analysis. The process is 
iterated until the delay constraint is satisfied. 

We modify the TILOS algorithm to minimize the to- 
tal power and critical delay by simultaneous gate-sizing 
and dual-Kh assignment. Let us first consider some def- 
initions for ease of understanding the algorithm. A gate 
can be represented by an equivalent inverter. WEFFP and 
WEFFN are the equivalent width of the PMOSFET and 
NMOSFET of the inverter. In order to compensate for the 
different mobilities of electrons and holes, we assume that 
WEFFP = 3 W E F F N .  In our analysis, discrete gate sizes 
are considered. For simplicity, we also assume a uniform 
threshold voltage for all the transistors within a gate. 

There may be more than one critical path. The critical 
path set includes all the gates in the critical path(s). Static 
timing analysis can be used to determine the critical-path 
set. 

Sizing or changing the threshold of a gate (G)  affects 
not only its delay and power, but also the delay and power 
of its neighbors. For example, sizing a gate (G) changes 
the load capacitance of its fanin gates ( G I )  and the input 
transition time of its fanout gates (GO). Due to the change 
of the load capacitance of G I ,  the output transition time 
of GI will be different, which in turn change the delay and 
power of all'the fanout gates of GI (GIO).  If we change 
the threshold voltage of a gate (G), the delay and power 
of GO will change. To summarize, sizing or changing the 
threshold voltage of G may influence the delay and power 
of G ,  G I ,  GO and GIO. Therefore, we define G ,  G I ,  GO 
and G I 0  as the neighbor set of the gate G. 

Suppose a gate x is in the critical path. Its fanin gate and 
fanout gate in the critical path set are i and 0, respectively. 
We assume the gate size and threshold voltage of x are w 
and v ,  respectively. Sensitivity of delay to power of the 

gate x with respect to w and w can be expressed as 

where the summation is taken over the gates in the neigh- 
bor set of 2. 

A TILOS-like sensitivity-based algorithm is used to min- 
imize the total power for high performance dual-Kh CMOS 
circuits. We start from the minimal size and single high-Kh 
circuit, which corresponds to minimal dynamic switching 
power and minimal static leakage power. To optimize the 
circuit, we seek in the critical path set a gate that can re- 
duce the critical delay the best but with a minimal increase 
in the total power. S, and S, of all the gates in the critical 
path set are calculated and the most sensitive gate and the 
corresponding parameter U E {tu, w} are determined. We 
modify the most sensitive gate by either increasing the size 
of the gate or reducing the threshold voltage depending on 
U .  Then, we update the circuit using static timing analysis. 
We iterate the process until changing gate size and thresh- 
old voltage can not further improve the critical delay. The 
algorithm is guaranteed to converge due to the following 
reasons: Increasing the size of a gate can enhance the drive 
capability of the gate, but will increase the load capacitance 
of the given gate (increased diffusion capacitance) and its 
fanin gates (larger transistor gate capacitance). Therefore, 
beyond a certain point, increasing the size may not improve 
the performance. Lowering threshold voltage can improve 
the performance. However, if all the gates in the critical 
path set are already assigned to low I / th ,  we can not further 
reduce the delay by changing the threshold voltage. The 
pseudo code for the algorithm is listed below: 

Simultaneous dUal-Vth Assignment and Gate-sizing () 
Initialize the gates with minimal size and high-Vth 
Static timing analysis 
Find the critical path set and calculate T = Tcrrttcal 
Calculate AD, A P  and S,, S, of the critical path set 
While(at least one of the AD in critical path set is < 0 )  

Find the most sensitive gate and modify it 
Static timing analysis 
Find the critical path set and T = Tcrltlcol 

UDdate the circuit and calculate total Dower of the circuit 

v. IMPLEMENTATION AND RESULTS 

Simultaneous dual-&h assignment and gate-sizing algo- 
rithm is implemented in C under the Berkeley SIS envi- 
ronment. In order to simplify the analysis, technology- 
mapping is used to map the ISCAS benchmark circuits 
t o  a library that contains NAND, NOR and Inverter gates. 
MOSIS 0.25pm technology is assumed in our analysis. The 
oxide thickness is 5.8nm. The low and high threshold volt- 
ages are 0.2V and 0.3V, respectively. The supply voltage 
is 1V. The minimal channel width and AW are assumed 
to  be 0.5pm. 

Fig. 5 shows the power dissipation vs. critical delay for 
the optimization of the single lOW-vth circuit (CSSO) by 
gate-sizing. The switching activity of the primary input 
(PI) is assumed to be 0.03. The circuit is initialized with 
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Fig. 5. Power vs. Tcrltlcol for gate-sizing of single bw-vth circuit  

cri t ical  delay (ns) 11 P T ( P W )  PI'S 
a c t i v i t y  S I S+D I % II S I S+D I % 

Fig. 6. Power  vs. Tcrlttcal for s imul taneous  dual-Vth ass ignment  a n d  
gate-sizing 

minimal size and low-&h. The critical delay for the ini- 
tialized circuit is 9.Gns. Then we keep increasing the size 
of the gates to reduce the critical delay, while the total 
power increases. After the gate-sizing, the critical delay 
is 3.8ns and the total power is 14TpW. The power and 
delay of C880 (by simultaneous dual-l'th assignment and 
gate-sizing) are illustrated in Fig. 6 .  At the start point of 
the optimization, all the gates have the minimal size and 
high-C;h and the critical delay is 12.4ns. After the siniulta- 
neous assignment and gate-sizing, the circuit has 
almost the same critical delay as the corresponding single 
low-\'th circuit, but the total power is 115.8pWI which is 
21% smaller than the corresponding single Iow-Kh circuit. 

Table I1 gives the minimal critical delay and its corre- 
sponding total power for the ISCAS benchmark circuits 
that are obtained by sizing (S) or siiiiultaneous dual-Kh 
assignment. and gate-sizing (S+D). I t  can be seen that the 
critical delay of the circuit by simultaneous dual-Kh assign- 
ment and gate-sizing is close to that of the corresponding 
single low-&h circuit by gate-sizing. The difference is due 
to  the discrete gate sizes we use in our analysis. For cir- 
cuits C5315 and C1908, the critical delays are even smaller. 
The t,otal power of most of the circuits can be reduced. For 
circuik C5315 and C7552, the total power can be reduced 
by more than 20% and 40% at 0.1 and 0.03 switching ac- 
tivities, respectively. Consider the average case. the total 
power can be reduced by 14% and 24% at  0.1 and 0.03 
switching activities, respectively. 

TABLE I1 
CRITICAL DELAY AND PT ( S: SIZING OF SINGLE Low-vth CIRCUIT, 

S+D: SIMULTANEOUS GATE-SIZING AND DUAL-vth  ASSIGNMENT) 

VI. SUMMARY 
In this paper, we present a simultaneous dual-&,, as- 

signment and gate-sizing algorithm to  optimize power and 
performance of CMOS circuits. A short circuit current 
model that considers the effect of load capacitance is de- 
rived and a sensitivity-based TILOS-like algorithm is used 
to minimize the total power for high performance CMOS. 
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