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Abstract— Reducing power consumption is one of the important design
goals for circuit designers. Power optimization techniques for bulk
CMOS-based circuit designs have been extensively studied. As technology
scales, FinFET has been proposed as an alternative for bulk CMOS when
technology scales beyond 32nm technology [1]. In this paper, we propose
a power optimization framework for FinFET based circuit design, based
on genetic algorithms. We exploit the unique feature of independent gate
(IG) controls for FinFET devices to reduce the power consumption, and
combine with other low power techniques such as multi-Vdd and gate
sizing to achieve power optimization for FinFET-based circuits. We use
32nm PTM FinFET device model [2] and conduct experiments on ISCAS
benchmarks. The experimental results show that our methodology can
achieve over 80% power reduction while satisfying the same performance
constraints, comparing to the case that all the FinFET transistors are
tuned to be the fastest ones.

I. INTRODUCTION

The ever increasing power consumption due to aggressive tech-

nology scaling is a great challenge to digital integrated circuits, as it

introduces problems with heat dissipation, battery life, and reliability.

Power optimization techniques for conventional bulk-CMOS circuits,

such as multi-Vdd, multi-Vth, and gate sizing, have been studied

extensively [3].

FinFET device, a special quasi-planar double-gate (DG) device,

has been proposed as an alternative for bulk CMOS when technology

scales beyond 32nm technology [1]. One of the unique features for

FinFET device is the independent gate controls – the front gate and

the back gate of a FinFET device can be controlled by different

voltages, which enables flexible circuit designs.

Compared to planar bulk CMOS, double-gate (DG) FinFET shows

lower subthreshold leakage due to improved gate control over the

channel [1]. Sairam et al [4] have proved the enhanced power

efficiency of FinFET over that of conventional bulk CMOS. Ananthan

et al [5] have explored the design space of fin height, Vdd and Vth

in FinFET based SRAM. In addition, independent-gate (IG) FinFET

offers design flexibility and more power margin. Cakici et al [6]

used IG FinFET in the pull-down net of an SRAM cell to keep the

∼20pA/um standby power budget. Datta et al proposed the modeling

and synthesis of FinFET-based logic circuits using independent gate

control [7]. Swahn et al. [8] and Muttreja et al [9] studied gate

sizing and negative biasing on the back gate of FinFET and showed

significant power reduction.

In this paper, we study the impact of independent gate control on

the performance and power consumption for FinFET-based circuits,

and propose a power optimization framework, which is based on

genetic algorithms, to combine independent gate controlling with

other traditional design-time power reduction techniques (multiple

Vdd assignment and gate sizing) so that the total power consumption

can be minimized. To the best of our knowledge, this is the first
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power optimization framework that simultaneously uses multiple Vdd

assignment, gate sizing, and independent gate controlling.

II. INDEPENDENT GATE CONTROL IN FINFET CIRCUIT DESIGNS

FinFET device shows better suppression of the short channel

effects, reduced subthreshold swing and reduced leakage current [1]

[4] compared to the bulk CMOS counterpart, and renders itself a

potential candidate to replace bulk CMOS in the deep submicron

era. In addition to better control over the channel by using double

gates, the structure of FinFET allows for fabrication of separate front

and back gates. In other words, a FinFET transistor can work in two

modes:

• Double-gate (DG) mode, in which both the front and the back

gates are tied to the same control signal.

• Independent-gate (IG) mode, in which the front and back gates

are tied to different control signals.

Independent gate control makes it possible to apply different

voltages to the front and back gates of a single FinFET, and thus

allows for flexible circuit designs. Furthermore, due to the capacitor

coupling of the front gate and back gate in the IG mode, the threshold

voltage of the front gate varies in response to the back-gate biasing.

Under relatively small back-gate biasing, in the channel region near

the front gate the thin inversion layer approximation is valid and a

linear relation between the variations of the threshold voltage and

back-gate biasing is obtained :

δVth

δVgb
= − CoxbCsi

Coxf (Coxb + Csi
) ∝ tox

tsi
(1)

in which Csi, Coxf and Coxb are body capacitance, front gate

capacitance, and back gate capacitance, respectively; tox and tsi are

the thicknesses of the gate oxide and the body (assuming the front

and back gate oxides have symmetric dimensions). Eqn. (1) shows

that increasing the negative bias δVgb on the back gate (decrease the

back-gate voltage of the N-type transistor and increase the back-gate

voltage of P-type the transistor) results in the increase of δVth and

thus an exponential decrease of leakage power. By turning off one

gate, IG FinFET also has reduced input capacitance which translates

to smaller loading but weaker driving strength. As a result, the

dynamic power is reduced at the expense of increased gate delay

(As shown in Figure 2(a) and (b)).

To exploit the unique feature of independent gate control for

FinFET-based logic gate design, we adopt the FinFET gate topologies

introduced in [7] and [9]. Among all possible design options, we

select four design options, all of which have matching rising and

falling delays. Figure 1 shows an NAND example of the four modes:

• Double-gate (DG) mode: it is the simplest FinFET gate with

shorted front gate and back gate;

• Independent-gate (IG) mode: merges the parallel P-type Fin-

FET, and ties the back gates of the N-type FinFET to ground to

achieve matching rising and falling delays;
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Fig. 1. Four different modes of a FinFET NAND gate: (a) double gate, (b) independent gate, (c) independent gate/low power, (d) low power.

• Low-power (LP) mode: negative biasing is applied on the back

gate of each transistor, and the leakage power is largely reduced

• IG/LP mode: it is a hybrid mode, with the designs of pull-up

and pull-down nets are transplanted from the IG mode and LP

mode, respectively.

To determine the back-gate biasing voltage of the P-type and N-

type FinFETs in the LP mode, we simulate the power consumption

of LP mode in response to the variation of back-gate biasing.

The result is plotted in Figure 2(a), which shows a rapid roll-

down when the biasing starts to increase but the gain in power

consumption diminishes when the biasing keeps growing. According

to the simulation result and the discussion in [9], we set the negative

biasing voltage for PMOS and NMOS to 0.17V and −0.25V (the

back-gate voltage is Vdd+0.17V for P-type FinFET and −0.25V for

N-type FinFET), respectively. Figure 2(b) shows the measured power

consumption and the FO4 delay in simulation across the four modes.

We notice from the DG mode to the LP mode, the leakage power

and the dynamic power are reduced by 90% and 50%, respectively,

at the expense of increased gate delay.
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Fig. 2. Electrical characteristics of FinFET logic gates: (a) Power consump-
tion vs. back-gate biasing, (b) Power and FO4 delay across four modes.

III. POWER OPTIMIZATION FRAMEWORK FOR FINFET-BASED

CIRCUITS

In this section, we propose our power optimization framework,

which explore the design space by simultaneously decide the FinFET-

based gate mode, multiple voltage assignment, and the gate size. The

framework is based on genetic algorithms.

A. Genetic Algorithms

In order to handle simultaneous supply voltage, gate size and

mode assignment, we use genetic algorithms in this work to find

the optimized power consumption for FinFET-based circuits.

Genetic algorithms (GA) are a class of search and optimization

methods that mimic the evolutionary principles in natural selec-

tion. The solution is usually encoded into a binary string called

chromosome. Instead of working with a single solution, the search

begins with a random set of chromosomes called initial population.

Each chromosome is assigned a fitness that is directly related to the

objective function of the optimization problem. The population of

chromosomes is modified to a new generation by applying three

operators similar to natural evolution operators - selection, crossover,
and mutation. The selection operator selects individual solutions that

have high fitness and duplicates them. The crossover and mutation

are then performed on the selected individuals to generate a new

population. Crossover randomly selects a common position in the

chromosomes of two survivors, i.e. the parents, and swaps the

portions before this position with a probability Pc; the result of

crossover is two new chromosomes. Mutation picks up a random bit

in each chromosome and flips it with a probability of Pm, to generate

a new chromosome. After iteratively applying selection, mutation and

crossover, the state of population gradually approaches the state that

contains global optimal solutions. The iterations of the algorithm may

be terminated by specifying a upper-bound on number of iterations,

or if the state of population has converged or the optimal solution has

been found. It can very effectively search a large solution space while

ignoring regions of the space that are not useful. This algorithmic

methodology leads to very time-efficient searches. Figure 3 shows a

general flow of genetic algorithms. In general, a genetic algorithm

has the following steps:

• Generation of initial population.

• Fitness function evaluation.

• Selection of chromosome.

• Reproduction, Crossover and Mutation operations.

One of the key steps of applying genetic algorithms is the encoding

of the possible solutions as chromosomes. Figure 4 shows the possible

encoding of our circuit optimization problems. Assuming that each

FinFET-based logic gate can have dual-Vdd assignments with two

different gate sizes, and can have four different operation modes as

described in Section II (DG, IG, LP, and IG/LP), then each gate’s

design options can be encoded as 4 bits. A circuit with N gates will

have a 4N -bit chromosome to represent one possible design solution.

In our framework, The goal of genetic algorithm is to minimize the

total power consumption. On the other hand, the power optimization

is performed under a certain performance constraints. If the timing

constraints is not satisfied, the configuration is not desirable and

the corresponding chromosome should have little chance to survive.

Therefore, the fitness function is defined as

Fitness =
1

Total Power
− Penalty (2)

where the penalty is a big number if timing constraints are violated,

such that those chromosomes with lower power and satisfy timing

requirement have better fitness to survive.
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Fig. 3. The flow graph of genetic algorithm.

Fig. 4. The encoding scheme, where the ’genes’ for each gate is concatenated
to form a chromosome.

B. Delay And Power Modeling

To compute the delay in the circuit, we adopt the logical effort

model. This simplified model generalizes the delay of a specific gate

in terms of its logic effort g, parasitic delay p, and the ratio of the

output and input capacitances (also known as electrical effort f ). g
and p are solely dependent on the specific topology of the gate, and

often quantified with respect to a reference inverter. In our work, a

double-gate, high Vdd and unit size inverter is taken as the reference

inverter, e.g. its logical effort g = 1, and then g and p for each gate is

characterized by using SPICE simulation, based on a 32nm FinFET

PTM [2]. f can be characterized by the specific geometries of the

gates in the circuit.

To compute the aggregate path delay, we first topologically sort

the logic gates in the circuit. Then starting from the first gate in the

sorted list, we compute the gate delay using logic effort model, add

the gate delay to the path delay, and propagate the path delay to each

of its fanout gates. This process is done iteratively until the last gate

of the list is reached.

The leakage and dynamic power consumption for each FinFET

gate can be characterized with SPICE simulation too. Such a lookup

table that contains the SPICE simulation results of leakage power

and dynamic energy is used for power calculation for the circuits.

IV. EXPERIMENT RESULTS

In this section, we present the implementation of our power

optimization framework, and evaluate the methodology by using the

ISCAS benchmark circuits with 32nm FinFET PTM model [2].

A. Implementation

To evaluate our methodology of simultaneously optimizing Vdd,

gate size, and mode of logic gates using genetic algorithm, we

implemented it in C++, and evaluate the framework by using the

ISCAS benchmark circuits.

A standard cell library is constructed and characterized in HSPICE

using the 32nm FinFET PTM model [2]. The library includes inverter,

2-input NAND, NOR, and XOR cells in all four modes (DG, IG,

IG/LP and LP). For simplicity, only two discrete sizes (X1 and X2)

for each gate are implemented, and a dual Vdd scheme is used. The

two supply voltages of the dual-Vdd library are set to 1V and 0.85V.

This allows us to use only a 4-bit string to represent each gate, as

shown in Figure 4. It is possible to include more gate types, gate

sizes, and multiple supply voltages, and as a result, more bits will

be needed in the chromosome encoding. A level converter is also

modeled and included in the library. It is inserted when a low Vdd

gate drives a high Vdd gate. The performance and power overhead

for the insertion of level converters are included during the timing

analysis and power analysis.

The control parameters of genetic algorithm are selected based

on the observation of Hung et al. [11], and are listed as follows:

population size = 100, Pc = 0.9, maximum generations = 10000,

and Pm = 0.1. Moreover, the iterations will be terminated if the

power reduction during the iterations is small (< 0.001) during the

last 100 generations.

To make a comparison, we first set all the logic gates in the circuits

to be the fastest configuration (i.e., high Vdd, big size, and operate in

DG mode), and use the delay and power consumption in this initial

condition as the base case for comparison (depicted as initial timing
constraints and base power consumption).

B. Results Under Initial Timing Constraints

The results of optimized power consumption for each circuit is

plotted in Figure 5(b) (circuit with less than 2000 gates) and Figure

6(b) (circuit with more than 2000 gates). To make a comparison,

the power consumption of the initial condition is plotted in Figure

5(a) (circuit with less than 2000 gates) and Figure 6(a) (circuit with

more than 2000 gates). The base power consumption, for which all

the gates are working in the double-gate mode, consists of 81%

leakage power and 19% dynamic power. A remarkable improvement

(80%) in overall power consumption is observed for the benchmarks

after optimization. And the decrease (83.74%) of leakage power is

significantly larger than that of dynamic power (64.19%). As a result,

85% of power savings comes from the leakage power. The reason for

this result is that under the tightest timing constraints, the trade-off

between dynamic power savings and leakage power savings favors

the latter one. Since by swapping gates into the low power (LP and/or

IG/LP) modes, up to 90% leakage power can be saved(see Figure 2),

while the maximum achievable dynamic power saving in our dual-

Vdd and -size library is about 64%, the algorithm tends to swap gates

into lower leakage modes but use a significant portion of high-Vdd

and large-size gates to meet the timing constraints. This result can

also be illustrated by Figure 8 and conforms to the results of [9].

C. Results Under Relaxed Timing Constraints

The next experiment we conduct is to relax the timing constraints

and achieve more power reduction. Figure 7 shows the total power

consumption of all the 10 circuits in the benchmark when relaxed

constraints are applied. It can be easily seen that further increasing

the timing constraints results in continuous power savings. However,

if the dynamic and leakage power savings are considered separately,
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Fig. 5. Power comparison of circuits under 2000 gates between (a) before
optimization and (b) after optimization.
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Fig. 6. Power comparison of circuits above 2000 gates between (a) before
optimization and (b) after optimization.

the trends are different. From the initial timing constraints to 1.3X

timing constraints relaxation, the dynamic power is further reduced

by 37% and accounts for about 45% of additional power savings,

while leakage power is only reduced by 23% and accounts for 55%

of additional power savings. In addition, [9] concludes that in terms
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Fig. 7. Power optimization results across different timing constraints

of power optimization LP-mode is the most useful one while IG-

mode is the most rarely used one. We consistently observe the same

result, as in all cases the number of gates in LP-mode is larger than

the sum of that of gates in all other modes (Figure 8).

Finally, Figure 9 shows the power reduction process for c880 under

different timing constraints. The solution converges and the maximum

power saving is found within 8000 generations under the tightest

timing constraints. This shows our termination criterion serves to

avoid wasting computation time if the best solution has been found.

When the timing constraints is further relaxed (2.0X ATC in this

case), the convergence speed is improved (within 5000 generations)

and a lower power is achieved.

V. CONCLUSION AND FUTURE WORK

In this work, a genetic algorithm based framework is proposed to

optimize the power of FinFET-based circuits. Multi-Vdd assignment,

gate sizing, and independent gate control FinFET are simultaneously

incorporated into this framework. Our experiment results show over
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Fig. 8. (a) Breakdown of gates in LP mode and other modes (b) Breakdown
of gates in DG, IG and IG/LP modes.
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Fig. 9. Power reduction process of c880 across generations during optimiza-
tion.

80% total power reduction can be achieved from an initial high power

configuration under the same performance constraints, comparing to

the case that all the FinFET transistors are tuned to be the fastest ones.

Moreover, genetic algorithm can be easily extended to incorporate

additional low power technique options and multiple optimization

objectives such as area, performance, and power, and this may be

included in our future work.
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