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LEAKAGE POWER ESTIMATION AND MINIMIZATION IN VLSI CIRCUITS Wen-TsongShiiie



Silicon Metrics Corporation 12710 Research Blvd. Suite 300 Austin, TX 78759, USA



ABSTRACT In low-power design for circuits. people want to reduce the power supply voltage, and this requires the transistor threshold voltages to also be reduced to maintain throughput and noise margins. However, this increases the subthreshold leakage current in p and n MOSFETs. which begins to increase the overall power in large circuits. Because the leakage power in CMOS gates has state dependent status, we solve this problem by choosing one specific state (the best state) with minimum leakage power in all input combinations. This implies that we can apply the best state for this CMOS gate when it is not activated (in idle mode). This helps to reduce leakage power dissipation in a large system. This paper shows how a linear programming model and a heuristic algorithm can be used to obtain the optimal solution in determining the best state with minimum leakage energy for CMOS gates such as Inverter. AND, OR. NAND. and NOR gates. The accurate close form model [l] that is modified and used for estimation of the leakage power for CMOS gate.



state. Section 3 describes the simulations for the different Vdd. Vth and technology for the CMOS gates. Sections 4 and 5 describe how to find the best state with minimum leakage power in all input combinations based on ILP schemes and heuristic algorithm (to obtain the optimal solution). Section 6 concludes the paper.



2. CLOSE FORM LEAKAGE POWER MODEL We borrow the model used in [ l ] and modify this model to estimate the leakage power for each state for CMOS gate. We illustrate our modified model for an example of a >input NAND gate.
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1. INTRODUCTION



Grouud



Minimization of power is one of the most important performance nietrics in the design of portable systems and wireless communication devices [4][5]. Fortunately. electronic design automation (EDA) tools can help you estimate power for your clip and the blocks it contains. Unfortunately. leakage power usually is ignored in most tools. Besides that. the algorithni for the smart search for the best state with minimum leakage power in all input conibinations for CMOS gates has not been developed and implemented in these tools. Mininizing leakage is very important in battery-power applications where leakage drabs the battery when a ,circuit is idle for a long time. For a circuit with x inputs. there are 2" combinations. The method proposed in [2] uses a random search to determine low-leakage states of the circuit. The bounds obtained using the above technique are not clear. The method proposed in [I] uses the genetic algorithm to estimate the lower and higher bounds for leakage power dissipation. In this paper. we borrow the accurate close form model from [ l ] and simplify this model to estimate the leakage power for each state and develop a novel linear programming inodel to obtain an optimal solution for a specific state with minimum leakage power. The simulation shows that there is a large difference between a state with minimum leakage power and a state with maximuni leakage power. The proposed methodology is to figure out the number of states required to estimate the leakage power, then we calculate the leakage power for each required state. Next. we construct an integer linear programing model or a heuristic algorithni to i power. determine the best state with the n ~ l i m u nleakage The rest of the paper is organized as follows: Section 2 describes the close form model for estimating the leakage Dower for each
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Figure 1. Illustration of the subthreshold current. Isub. for each state in 3-input NAND gate. Figure 1 illustrates how the subthreshold current flows through the transistors for each state in a 3-input NAND gate. Here we assume that each nMOS is the same (has the same characteristics). Sindarly for the PMOS. Among states {001.010.100]. state (001) has the same subthreshold current as state {OIO} or state { 100) because one of three nMOSs is ON due to the input "1" and subthreshold current flows through 2 identical nMOSs shown in Figure l(c). Among states {Oll.lOl.llO}, state { O l l } has the same subthreshold current as state { 101) or state ( I 10) because two of three nMOSs are ON due to the input "I" and subthreshold current flows through only one identical nMOS shown in Figure l(d). The model used in [I] as
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Vdd is the power supply voltage. Vg. Vd. and Vs are the gate voltage. drain voltage. and source voltage of the CMOS transistor respectively. The bulk is connected to ground. Vth is the zero bias threshold voltage. y is the body effect coefficient. q is the DIBL coefficient. representing the effect of Vds (Vds=Vd-Vs) on threshold voltage. C', is the gate oxide capacitance. po is the zero bias mobility. n is the subthreshold swing coefficient of the transistor.



2.5. The Other CMOS Gates The method based on the systemic modified close form model for NAND gate is the same as that for the other multiple input CMOS gates.



Our simplified model for each state (because the leakage power is statedependent) in 3-input NAND gate is illustrated as follows.



2.1. State (111) In this state. the three serial-connected nMOS transistors have been turned on and treated as a short circuit. Hence. the leakage current for this state is the sum of the leakage current through the three PMOS transistors. The equation model for this state is modified and shown as follows. Vds is equal to Vdd and Vs is grounded (Vs=O). Where A =p&'ox(W/LeffxkT/q)2e1.8for the following expressions.



2.2. State (000) In this state. the three parallel-connected PMOS transistors have been turned on and treated as a short circuit. Hence the leakage current for this state is the leakage current flowing through the three serial-connected nMOS transistors. The equation model for this state is modified and shown as follows. Because Vs is equal to the sun1 of Vds2+Vds3= 2Vds (i.e.Vs=2Vds). Vds (=Vdsl) that is equal to Vdd-Vs = Vdd-2Vds. (Here Vds=Vdd-Vs=Vdd-2Vds Vdd= 3Vds)



+



Vds=(nkT/q( 1+2q+r))*In(eq"vdd/nliT +I>



3. SIMULATIONS FOR CMOS GATES We use the BSJM2 (Berkeley Short-Channel IGFET Model 2) MOS transistor model and BSIM3v3 model [3] to simulate and estimate the leakage power for a Sinput NAND gate. The model parameters for BSIM are shown in Table 1.



3.1. BSIM2 vs. BSIM3v3 The results we obtain for a 3input NAND gate are shown in Figure 2. In this figure. we fuid that the minimum leakage power occurs at state (000) for both BSlM models. The maximum leakage power occurs at tlie state { 111). This is because the leakage current through 3 serial-connected ilMOSs is smaller than the leakage current through 3 parallel-connected PMOS. The leakage power in states {OOl.OlO.lOO} is smaller than the leakage power in states {Oll.lOl.llO}. This is becausethe leakage current is a function of Vdd and Vds. hi Figure 2, the leakage power for state {000} in BSIM3v3 is far larger than that in BSIM2. This implies that it is very important for the updated version technology to find the minimum leakage power. Illat is to say if we apply the best state with minimum leakage power to a circuit during standby (idle) mode. it will significantly reduce the leakage power for a large system for the updated technology. We develop an integer linear progaiilnling model and a heuristic algoritlun to handle this in the following sections. Table 1. BSIM2 and BSIM3v3 Model Parameters.



2.3. States (001,010,100}



Parameters



In these states. one of the nMOS transistors has been tumed on and treated as a short circuit. Hence tlie leakage current for this state is the leakage current through only two nMOS transistors. The equation niodel for this state is modified and shown as follows: Vs is equal to Vds3 (i.e.Vs=Vds) and Vds (=Vdsl) is equal to Vdd-Vs = Vdd-Vds (i.e. Vdd=2Vds). The state of {OOl} is the same as states {OlO} and {loo}. This is because we assunie all the nMOS transistors are the same.
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2.4. States { O l l , l O l , l l O }



t ox



hi these state. two of the nMOS transistors have been tumed on



and treated as a short circuit. Hence the leakage current for this state is the leakage current through only one nMOS transistor. The equation model for this state is modified and shown as follows: Vs is equal to 0 (i.e.Vs=O) and Vds (=Vdsl) is equal to Vdd.
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BSIM3v3 Model
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300 "h (=25"C) 8 85e-12 3.96=3.451e-I 1 0.02 Fo\-/toc'1.7255e-9
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State (Vdd=IV. Vth=O.ZV) { 000) Best Stute { 001.010.100) { 01 1,101,l IO} (111)



BSIM2 Model (unit: Joules) 1.753e-I 5 1.266e-14 3.23e- 14 1.939e-13



BSIM3v3 Model (unit: Joules) 4.01e-11 1.82e-09 5.99e-09 6.71e-09



Best State 2.24E-09 6.78E-10



Figure 5. Leakage power in each state of a 3-input NAND gate and NOR gate for Vdd=lV and Vth=0.2V.



3.2. CMOS Gates When power supply voltage (Vdd) reduces. leakage power reduces significantly. This is because the leakage power is a function of power supply voltage (see Figure 3). Note that the leakage power is dropped significantly if the best state is chosen. However the supply voltage reduces. the throughput and noise margin increases. To maintain the throughput and noise margin. the zero bias threshold voltage (Vth) should be reduced. When the threshold voltage reduces. it causes a significant increase in the leakage power (see Figure 4). This implies that an increase leakage power offsets the savings of overall power if the supply voltage decreases. Therefore. applying the best state with n e u m leakage power to circuits during their standby mode significantly reduces the leakage power (that causes the overall power to reduce).
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In inverter. the state { I ) has the minimum leakage power, 2.236e-9 Joules and the state {0} has the maximum leakage power, 5.994e-9 Joules for the Vdd=lV and Vth=0.2V. The leakage power variation due to different Vdd and Vth.
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State (000) has the minimum leakage power. 4.01e-11 Joules for NAND gates but the state { 111) has the minimum leakage power. 1.496e-11 Joules for NOR gates. The leakage power for the state { l l l } is less than the leakage power for the states {Oll.lOl.llO} that is less than the states {001.010.100} if we assume all PMOS transistors are the same in a 3-input NOR gate. The leakage power variation due to different Vdd and Vth.



Figure 3. Leakage power in each state of a 3-input NAND gate for different Vdd (using BSIM3v3 Model).



ILP MODEL FOR DETERMINING THE BEST STATE WITH MINIMUM LEAKAGE POWER



We develop a simple integer linear programming (ILP) model based on the previous parameters. Our objective function is to detemiie the best state with minimum leakage power. The ILP model can be formulated as follows: Let xi be an .[0.1} integer value. which assumes a value of 1 if state i is selected and is 0 otherwise.



 x;: state i: E: Leakage Power: e;: Leakage power for state i.



State



Objective function: min: E: (i) state constraint: z; x; =1: (i) power constraint: V IIi I #of states, e,& SE: (iii) Integer constraint: V 15 i 5 # of states, int &:



Figure 4. Leakage power in each state of a 3-input NAND gate for different Vth (using BSIM3v3 Model). The leakage power for the state {000) is less than the leakage power for the states {OOl.OlO.lOO} that is less than the states {Oll.lOl.llO} if we assume all nMOS transistors are the same in a 3-input NAND gate. If all nM0S transistors are not identical. then the state {OOO} may not have the smallest leakage power.



3.3. 3-input NOR Gate While the best state with niininiuni leakage power for a 3input NAND gate is {OOO}. the best state with minimum leakage power for a 3-input NOR gate is { 111) (see Figure 5).



We explain this ILP model with the help of the example in a 3input NAND gate. The table is constructed according to the nuniber of states and the value (obtained by the abobe close fomi model) of leakage power for each state for the ILP model shown in Figure 6. The ILP fomiulations and results are also shown in Figure 10. Using this ILP model. we determine the best state for CMOS gates such as NAND gates and AND gates having the same state of (000) with the minimum leakage power of 4.010e-11 Joules. and NOR gate and OR gate having the same state of { 111) with the ninimuni leakage power of 1.496e-11 Joules. and Inverter g t e having the state of { I } with the minimum leakage power of 2.236e-9 Joules shown in Figure 7.
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State {OOO} { 001,010,100) { 01 1,101,110) 111



Variables in ILP



Leakage Power 4.01e-11 1.82e-09 5.99e-09 6.71e-09



ILP formulations h4m: E; S: xl+x2+x3+x4=1; State{ 000) : 4.0 1Oe- 11x 1


States{001/010/100) : 1.816e-9x2


(a) NAND



\-



(b) different states



Figure 8. Schematic for Iinput (a) NAND @e and (b) different states.



Figure 6. Ehmple illustrating the ILP model.



6. CONCLUSION In this paper, we use a simple accurate close form model to estimate the leakage power and an ILP model to determine the best state with the minimum leakage power in all input combinations of a CMOS gate. Our benchmark shows that close form model is very efficient for estimating the leakage power for each state. Besides that the methods based on the ILP scheme and heuristic algorithm are very simple for determining the best state with the minimum leakage power in accuracy. This technology is used to apply the best state for the gate when the gate is idle, thus further causes an overall leakage power reduction.



Figure 7. Results of the best state for each gate for Vdd=lV and Vtl~0.2V.



5. HEURISTIC ALGORITHM We develop a heuristic algoritlmi based on the nature of close form model. Here we assume all the nMOS transistors are identical. Similarly for the PMOS transistors. This means states (001.010.100) are identical. Similarly for states {011.101.110). In a 3-uiput NAND gate. the value of Vds ui state { 000) is equal to Vdd3 because of three OFF nMOSs connected in serial. The value of Vds in state (001) is equal to Vdd2 because of only two OFF nMOSs connected in serial. The value of Vds in state (011) is equal to Vdd because only one existing OFF nMOSs (see Figure 8). Since the substrate current Isub is a function of Vds and leakage power is a function of Isub (assuniing the CMOS parameters are a constant due to the identical characteristics). This implies that state {000} has a smaller Vds. Isub. and leakage power coniparing with state (001) and state {Oll}. Therefore. in a sinput NAND gate, we only need to compare two states: one is state {OOO) and the other one is state { 11 I }. This is because states { 000) and state (111) may have different values of W/Leff. and CMOS parameters. In suniniary. for the nature of stacked OFF transistors we only explore two states instead of the entire space. This helps to reduce the search space significantly.
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hi our heuristic algoritlmi. we only compare two states in any xinput NAND gate or NOR gate to obtain the best state with i i ~ i i m n leakage power. Similarly for AND gates and OR gates. Note that if the values of W/Leff and CMOS parameters are different for all i N 0 S transistors (or PMOS transistors). then we need to explore the entire space to obtain the best state with ininimuni leakage power using our ILP model.
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