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Abstract—In this paper, an integer linear programming
(ILP) based algorithm is presented that considers resource
constraints and optimize leakage delay product (LD P) using
a precharacterized register transfer level (RTL) library. For
nanoscale CMOS (nano-CMOS) circuits leakage is a predom-
inate form of power dissipation. Leakage optimization at the
early stage of design cycle, such as during high-level synthesis
is quite few. Two techniques, dual-7,, (DOXCMOS) and dual-
Vi, (DTCMOS) technology are explored during the high-level
synthesis for leakage optimization. The leakage is assumed
to be sum of gate-oxide leakage and subthreshold leakage.
Register transfer level (RTL) components are characterized for
DOXCMOS and DTCMOS technology accounting for process
variations, which is an important issue for nanoscale circuits.
Experiments were performed on several high-level synthesis
benchmark circuits, which show an average reduction of 79%
gate leakage and 76% of subthreshold leakage for DOXCMOS
and DTCMOS technology, respectively. It is observed that
DOXCMOS technology based optimization out performed the
results from DTCMOS technology based optimization.
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I. INTRODUCTION

CMOS device scaling is performed aggressively to
achieve higher integration density and more functionality.
Industry has now reached to a point where 32nm CMOS de-
vices are reality and production ready. The transistor count in
the integrated circuits (chips) has reached one billion mark.
For examples, Intel Core i7 (Quad) has 0.731B transistors
(Intel is supposed to reach 1B transistor count chip produc-
tion mark by this year end with another processor), NVIDIA
GT200 has 1.4B transistors, and Xilinx Virtex-5 has 1.1B
transistors. Power dissipation is an important axis in the
design space exploration for nanoscale CMOS technology
based design of these chips. In short channel nanoscale
CMOS circuits both leakage power is as important as the
dynamic power dissipation [1], [2]. Hence, optimization of
leakage has become important. The leakage optimization
can be carried out at different levels of design abstraction
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from system level to physical, however, it is proposed to
optimize leakage at the architectural level as the possibility
of reduction is higher and circuit complexity lower which
will ensure faster solutions.

The leakage current in short channel nano-CMOS device
has diverse forms, such as reverse biased diode leakage,
subthreshold leakage, gate-oxide leakage, hot carrier gate
current, gate induced drain leakage (GIDL), channel punch
through, and (reverse-biased) drain-substrate and source-
substrate junction band-to-band tunneling [1], [3], [4]. Each
one of them has diverse origins and they flow between
different terminals and in different operating conditions of
a nano-CMOS transistor. In this paper, the optimization of
subthreshold leakage and gate-oxide leakage is proposed in
order to contain the leakage of short channel devices with
ultra thin oxide thickness in both their ON and OFF states.

Due to demand of portable systems, thermal consider-
ations, environmental concerns and reliability issues, the
need for low power synthesis is increasing. These factors
affect the battery life, cooling and packaging costs, and use
of natural resources. For energy efficient (longer battery
life) and high performance (smaller delay) circuits, the
leakage delay product (LD P) has to be reduced. Although
tons of research works addressing analysis of leakage have
been presented in literature, the research works on leakage
reduction is quite few in number, particularly at higher-level
of circuit abstraction [3], [5], [6].

The prior research in high-level synthesis mostly consid-
ered dynamic power and few of them have addressed leak-
age. In [7], dual-V},, technique is proposed for subthreshold
leakage reduction. In [8], [9], MTCMOS approach is used
for reduction of subthreshold current. In [10], power island
partitioning has been used to reduce subthreshold leakage.
In [11], a heuristic based approach using dual-V}j, library is
proposed for subthreshold leakage reduction. First ever high-
level synthesis works optimizing gate leakage is presented
in [3] that uses dual-7},, technology. It may be noted that
none of these research account process variations in their
optimization, thus are limited in terms of accuracy.

In this paper, a resource constrained integer linear pro-
gramming bases (ILP) algorithm is proposed that optimizes



leakage delay product (LDP) of nano-CMOS datapath
circuits. The leakage power includes both gate-oxide leak-
age and subthreshold leakage. The algorithm considers an
unscheduled data flow graph (DFG), and schedules each
of its node at appropriate control steps and simultaneously
binds them to the best available resource so as to achieve the
desired optimization. The algorithm uses a precharacterized
register transfer level (RTL) library for optimization. The
RTL library is constructed for two nano-CMOS technology,
dual-T,, (DOXCMOS) and dual-V;;, (DTCMOS), account-
ing process variation. The optimization is performed for
these two technology and a comparative study of the two
is performed for their efficacy in reducing leakage.

II. LEAKAGE MODELING IN NANO-CMOS DEVICES

Gate-oxide leakage is due to the quantum mechanical
tunneling of carriers (electrons or holes) across gate-oxide
potential barrier. For direct tunnelling, the tunneling proba-
bility of an electron is affected by barrier height, structure
and thickness. The current density of a MOS is expressed
by the following [4], [12], [13], [3], [6]:
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where, ¢ is electronic charge, V,,, is voltage across the gate
oxide, i is Planck’s constant, T,, is electrical equivalent
oxide thickness, ¢p is barrier height for the gate dielectric,
and myy is effective carrier mass.

The gate-oxide leakage current is divided into five compo-
nents, such as I, and I,q (components due to the overlap
of gate and diffusions, called edge direct tunneling), I
and I;.q (components due to tunneling from the gate to
the diffusions via the channel) and Iy, the component due
to tunneling from the gate to the bulk via the channel
[5], [14], [15]. Depending on the biasing conditions either
source or the drain component dominate the total gate
leakage. The gate-oxide leakage of NMOS is more than
that of the PMOS, however, PMOS gate-oxide leakage is
not insignificant and need to be accounted for accurate
estimation and optimization [2]. The gate-oxide leakage for
a device is then calculated using the following expression:

Ig = |Igs+Igd+Igcs+Igcd+Igb|~ (2)

The direction and values of these components are different
for different operating states of the device.

The subthreshold leakage current in a CMOS transistor is
given by the following expression [16], [1], [4]:
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where po is the zero bias mobility, €,, dielectric constant
of the gate oxide, L.y is the effective channel length, V};,
is the threshold voltage, v¢perm, is the thermal voltage, S is
the subthreshold swing factor, Vj, is gate-to-source voltage,
and Vg, is the drain-to-source voltage.

The above models are used for each transistor in a circuit
level netlist and using SPICE as a nonlinear equation solver
the currents are calculated.

III. ILP BASED OPTIMIZATION ALGORITHM

This section discusses the two technology for leakage
optimization and the ILP based optimization approach for
leakage reduction during RTL synthesis.

A. DOXCMOS and DTCMOS Technology

From Eqn. (1) and (3), it can be observed that leakage
of a device is affected by several parameters, such as
Tow, B> o> €ozs Leff, Vin, Vgs, and Vgq, and operating
temperature, etc. Scaling of gate-oxide thickness 7,, and
threshold voltage V;;, has been used to reduce gate-leakage
and subthreshold leakage, respectively as they affect the
leakage more strongly than other parameters. Thus, giving
rise to dual-T,, (dual oxide, DOXCMOS) and dual-V};, (dual
threshold, DTCMOS) technology, respectively.

In DOXCMOS technology, devices of two different oxide
thicknesses are used for gate-oxide leakage reduction while
preserving the performance [17]. In context of high-level
synthesis, resources made of either high-7,, or low-T},, are
used selectively for leakage and delay trade-offs.

In DTCMOS technology, additional high-V};, sleep tran-
sistors are used between supply to ground which are turned-
off to discontinue the flow, thus reducing the leakage [18].
In the context of high-level synthesis, resources of high-V;j,
or low-V4;, are used for leakage and delay trade-offs.

B. Datapath Specifications and Target Architecture

It is assumed that a nano-CMOS circuit is specified by:
(i) a sequencing data flow graph (DFQG), (ii) a RTL library
precharacterized for gate and subthreshold leakage and delay
for DOXCMOS and DTCMOS technology, and (iii) a set of
resource (R.,,) and time constraints (7,,,). The datapath
is assumed to be specified as a sequencing DFG, which is
a directed acyclic graph. Each vertex of the DFG represents
an operation and each edge represents a dependency. Each
vertex has attributes that specify the operation type. In
the assumed target architecture model, each functional unit
feeds one register and also has a multiplexer. A register
or a multiplexer is made of same technology as that of
the associated functional unit. A controller decides which
functional units are active in each control step and the
inactive ones are disabled using the multiplexers or sleep
signals. The delay of a control step (d.) is dependent on the
delays of the functional unit, the multiplexer, and register.



C. Optimization Problem Statement

RTL synthesis involves various steps: compilation, trans-
formation, datapath scheduling, resource allocation, opera-
tion binding, connection allocation and architecture genera-
tion. Resource or time constrained scheduling time stamps
the variables and operations in the DFG so that the opera-
tions in the same group can be executed concurrently. While
allocation fixes the number and types of resources to be
used in the datapath, the binding process involves attaching
operations to functional units and variables to memory units.

The gate or subthreshold leakage optimization problem
during high-level synthesis can be formalized as follows:
Given an unscheduled data flow graph (UDFG) Gy (V, E),
it is required to find the scheduled data flow graph (SDFG)
Gs(V, E) with appropriate resource binding such that the
total leakage and delay product (LD P) is minimized under
given resource constraints.

The above can formally be stated as an optimization
problem. Let V' be the set of all vertices and V, be the
set of vertices in the critical path from the source vertex of
the DFG to the sink vertex. R ; denotes resources (func-
tional units) of type k& made up of transistors of a specific
T, or Vi, t is called technology index which represents
high-T,,/low-T,, for DOXCMOS or high-V;;/low-V,;, for
DTCMOS. c is a clock cycle in the total number of clock
cycles N in a DFG. The optimization problem can then be
stated as follows:

Objective Function: Minimize (LD P(DFG)) , “)
Constraints: Allocated (Ry, ;) < Available (Ry ), Ve € N. (5)

The objective function ensures minimization of gate or
subthreshold leakage and delay simultaneously. The con-
straints ensure that the total allocation of the i*" resources
of type k and made up of transistors of technology index
t is less than the total number of same resources available.
The LD P of the DFG is estimated as the sum for all control
steps using the following expression:

N
LDP(DFG) = Y LDP, (6)
c=1
N
= Z Z ]Dleakage (Ui,c) X de, (7)
c=1VYv;

where, v; . is a vertex v; scheduled in cycle c of delay d..
Pieakage (vi,c) is the leakage of the corresponding resource
active due to the execution of the same vertex, which may be
either gate leakage P,q¢. or subthreshold leakage Pg.;. The
leakage and delay can either be nominal values or mean
values in the case of statistical data accounting nanoscale
process variations.

D. Integer Linear Programming (ILP) Formulation

The following notations are assumed in order to formulate
an ILP based optimization scheme for the DFG: My ; -

maximum number of R}, ; resources, S; - as soon as possible
time stamp for the vertex v;, F; - as late as possible time
stamp for the vertex v;, LDP(i,t) - leakage delay product
of Ry used by vertex v;, X, . - decision variable which
takes the value of 1 if v; is using Ry ; and scheduled in
control steps ¢, and L;; - latency in number of cycles
for v; using Ry ;. The ILP formulation needs to minimize
the LDP while satisfying the resource constraints and
data dependency ensuring that every vertex is scheduled
in uniquely allowable control steps. The formulations are
presented for single cycle scenario which can be easily
modified for multicycling through L; ;. When a vertex uses a
nominal-T,,/V;;, resource, then it is scheduled in one unique
control step. On other hand, when a vertex is using a high-
T,:/Vy, resource it may need more than one clock cycle L; ;
for completion, thus restricting the mobility.

(a) Objective Function: The objective is to minimize the
LDP of the whole DFG over all control steps. This can be
expressed using decision variable as follows:

Minimize : LDP(DFG), 8)
Minimize : Z Z Z Xiye* LDP(i,t). 9)
c 1 t

(b) Uniqueness Constraints: These constraints ensure that
each vertex v; is scheduled in the appropriate control step
within the mobility range (5;, E;) being assigned the re-
source Ry ;. A vertex may be operated with more than one
clock cycle sometimes depending on the delay of a resource.
These constraints are represented as, Vi, 1 <7 <V,

YD Xipe=1.
c t

(c) Precedence Constraints: These constraints guarantee that
for a vertex v;, all its predecessors are scheduled in earlier
control steps and its successors are scheduled in later control
steps. These constraints are modeled as, Vi, j,v; € Pred%,

E; E;
SN dxXipa— Y > exXjpe< -1 (1)

t d=S; t e=S,

(10)

(d) Resource Constraints: These constraints ensure that each
control step needs resources not exceeding available number
of resources (which are specified by allocation). These can
be enforced as, Vt and Ve, 1 < ¢ < N,

E Xite < Mgy
i€ERE ¢

12)

E. The Leakage Optimization Algorithm Flow

The flow of the proposed optimization approach is pre-
sented in Algorithm 1. The inputs to the algorithm are an un-
scheduled data flow graph (UDFG), the resource constraints,
the delay of each resource, the multiplexer, the register
for different technology. For given resource constraints,



the algorithm determines a RTL implementation that has
minimum LDP. The resource constraints are expressed as
number of different types of resources made of transistors
of each technology index.

Algorithm 1 ILP Based LDP Optimization during Low-
Power Nano-CMOS RTL Synthesis

1: Preprocess given behavioral description to construct a
sequencing data flow graph (DFG).

2: Perform simulations to estimate gate or subthreshold
leakage and delay of register-transfer level (RTL) units.

3: Construct resource allocation table and available re-
source table based on input resource constraints R op,.

4: Determine the number of different resources for each
technology index ¢ using the resource allocation table.

5: Obtain  resource constrained as-soon-as-possible
(ASAP) and as-late-as-possible (ALAP) schedules.

6: Construct the mobility graph based on above schedules.

7: Model the ILP formulations of the DFG using AMPL.

8: Obtain the final optimal solution by solving the ILP
formulations.

9: Estimate the gate and subthreshold leakage and delay.

10: Postprocess scheduled sequencing DFG to generate gate
or subthreshold leakage optimal RTL description.

IV. EXPERIMENTAL RESULTS

This section discusses the method adopted for creating the
RTL library. This is followed by the experiments performed
on selected high-level synthesis benchmark circuits.

A. RTL Library Characterization

To characterize the leakage and delay of datapath com-
ponents, their RTL description is synthesized to logic-level
netlist. As a trade-off accuracy and time, simulation is
performed on the netlist for a series of test vectors. The
input test vectors are generated as correlated signals. Then,
the results for all of the simulations is averaged over to
calculate the leakage and delay of a architectural unit.

For the logic level leakage analysis, it is assumed that in a
n-bit functional unit there are total ns,;,; NAND gates out of
which 7, are in the critical path. The assumption of NAND
realization is based on two facts: first it is a universal gate
and it is lower leaky logic gate compared to other gates [5],
[7]. Once the leakage current per gate is known, the average
leakage of an n-bit RTL unit is calculated as [19]:

Ntotal

PgateR = Z PgateNANDi’ (13)
j=1
Ntotal

PsubR = Z ]DsubNANDi, ' (14)

Jj=1

The critical path delay of an n-bit functional unit (i.e.
resource or datapath component) using the above NAND
gates as building blocks is calculated as follows:

Nep

T,aNAND (15)

=1

Tpip =

By probabilistic reasoning it is assumed that there are as
many low-to high transitions as there are high-to-low.

Gate and subthreshold leakage for the logic gate for a
specific state is calculated using device level models through
the use of SPICE. The average delay of a logic gate is
calculated as the average of ty; and tpp, high-to-low
transition time and low-to-high transition time, respectively.

The process variations are accounted through Monte Carlo
simulations while characterizing gate and subthreshold leak-
age and delay. It is observed that logic level distributions
of leakage are lognormal in nature and delay is normal
distribution. Using Central Limit Theorem (CLT) the logic
level distributions are translated to architectural level. Since
a typical resource comprise of hundreds of logic gates, the
leakage and delay for a RTL component will be normally
distributed. Assuming that the distributions for each gate
are statistically independent of each other, the mean and
variance of the leakages can be derived as follows:

Ntotal

HR = Y UNAND, and (16)
i=1
Ntotal
or = | 2_ “NAND; 17
i=1

Similar approach is used to account the process variations in
delay where 144 is replaced with n., in the expressions.

The result of the above approach is a RTL component
library which will be used in the optimization algorithm for
high-level synthesis. We have presented data for nominal
values corresponding to the 45nm BSIM4 model in the Fig.
1. Exhaustive data is not provided in this paper due to page
limitations and will be presented in longer journal version
of this research. For high-T,, devices, the channel length is
changed proportionately to avoid impact on its functionality.
This constant aspect ratio of ensures constant per width gate
capacitance of the transistor, as per fabrication requirements
and to reduce short channel impacts [17], [3].

B. Experiments with Benchmark Circuits

The overall design flow is implemented using C and
integrated into the high-level synthesis framework in [20].
The algorithm is experimented with various high-level syn-
thesis benchmark circuits [21]. The baseline case for the
experiments is the T,, = 1.4nm and V;;, = 0.22V, corre-
sponding to the nominal case of 45nm BSIM4 model. The
algorithm is experimented on data intensive digital signal
processing benchmarks whose applications are immense in
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Figure 1. Characterization data for nominal baseline parameters.

day to day life and needed to be low power consuming for
environmental friendly. For each benchmark several sets of
experiments are performed for various resource constraints.

The percentage reduction in leakage for a particular
experiment is calculated as follows: APyqte or APy, =

W) * 100%. The percentage penalty in critical
path delay for a particular experiment is calculated as
follows: AT, = (%mm) * 100%.

The percentage reduction in gate and subthreshold leakage
and critical path delay penalty averaged over all resources
constraints is presented in Fig. 2 for high-T,, = 1.7nm
and high-V;;, = 0.25V, reasonable for fabrication purpose.
For DOXCMOS technology, the average reduction in gate
leakage for the benchmarks ranges from 74% to 81%. This
is accompanied by subthreshold leakage reduction of 67% to
74% and delay penalty of 12% to 23%. For the DTCMOS
technology, the average reduction in subthreshold leakage
for all the benchmarks ranges from 70% to 77% accom-
panied with a gate leakage reduction of 62% to 70% and
time penalty of 17% to 27%. Experiments show that as the
number of available high-T,,/V};, resources increases, the
reduction in gate / subthreshold leakage also increases. The
benchmarks that had more number of operations needing
high leaky resources created opportunity to be replaced with
high-T,,./ V41, resources resulting in more reduction.

C. Discussions of Results: DOXCMOS Versus DTCMOS

For DOXCMOS technology, the reduction of subthreshold
leakage is due to change of V};, with T,,, related by:

To T

€ox

Vrn = Vip + 20 + ( ) \/2q€S'iN€ub (20F + Vbs). (18)

Where Vi, is the flat-band voltage, V;s is the body bias,
Ybody 1s the body effect coefficient, and ¢r is the Fermi-
level. Thus, Vi, and T,, have linear relationship. The
increase in T,, increases V;; and consequently decrease in
subthreshold leakage. The reduction in gate leakage due to
increase in V;y, is not straight forward. It may be attributed to
the fact that the gate tunneling current density is reduced due
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Figure 2. Average experimental results for various benchmarks.

to increase of Vjj, as voltage across oxide drops by V. A
comparative perspective of the DOXCMOS and DTCMOS
technologies is presented in Table 1.

V. CONCLUSIONS

An ILP based algorithm is presented for leakage opti-
mization during high-level, RTL, or architectural synthesis.
The algorithm uses DOXCMOS and DTCMOS technology
for leakage and delay reduction under resource constraints.
The experiments proved that both the techniques are quite
effective. Also, it is observed that the percentage reductions
in leakage is higher compared to existing literature [7],
[81, [9], [11]. It is observed that DOXCMOS technology
outperforms the DTCMOS technology and may be cheaper
from fabrication point of view as well as only parameter
need to be controlled. Evaluation of the impact of these
techniques on the area, capacitance and dynamic power is
ongoing research. While the optimization is performed based
on the mean value of power and delay distributions, our
future optimization will account the variances as well to
more accurately account process variations.
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Table T
COMPARATIVE PERSPECTIVE OF THE TWO TECHNOLOGY

DOXCMOS Technology

DTCMOS Technology |

One parameter varied.

Several parameters varied.

Less area overhead: T, and L.

More area overhead: additional transistors.

Gate/subthreshold directly affected.

Subthreshold directly and gate indirectly.

Higher reduction.

Lower reduction.
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