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Abstract—In nano-CMOS technology, capacitive switching
power, gate-oxide leakage, and subthreshold leakage are each
significant and one can not be ignored with respect to the
other. To achieve power-performance trade-offs different research
works have been proposed in the high-level synthesis literature
including scaling of various process and design parameters. These
approaches handle the optimization of these different components
independently and/or do not effectively account for the variation
of different process and design parameters. Thus, they do not
result in a power and performance optimal circuit that has
minimal gate-oxide leakage, minimal subthreshold leakage, and
minimal dynamic power consumption for a target performance
or area. A resource-time constrained algorithm is proposed in
this paper for simultaneous scheduling, binding, and allocation
for reduction of the total power (both leakage and dynamic)
while taking into account process variation during behavioral
synthesis. Assuming dual values of 7,., Vs, and Vpp for a
particular K and L, the values for gate-oxide leakage, subthresh-
old leakage, dynamic power, and performance are estimated for
architectural units such as adder, multiplexor, and multiplier,
etc. Statistical variations in the parameters, each assumed to
be Gaussian, are explicitly taken into account by using Monte
Carlo simulations while characterizing the architectural units.
The proportion of values of gate-oxide and subthreshold leakage
and dynamic power in the total power consumption of these
units is then analyzed. This in essence gives a relative and
integrated perspective of various power-performance tradeoffs
against the nominal case, thus serving as a guideline to help
designers to take appropriate decisions. Experiments on several
standard benchmarks show a significant reduction in gate-oxide
and subthreshold leakage, dynamic, and total power dissipation.
To the best of the authors’ knowledge, this is the first-ever
behavioral synthesis work simultaneously addressing gate-oxide
and subthreshold leakage and dynamic power together with
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process variation.

I. INTRODUCTION AND MOTIVATION

Today an increasing number of electronic devices are being
designed to be small and mobile thus heavily relying on battery
power for portability. Power dissipation is an important design
constraint in high performance processor systems, system on
a chip (SoC) designs as well as application specific integrated
circuits. To meet the increasing demand of low-power VLSI
circuits with high performance and higher integration density
and functionality of digital devices, VLSI design engineers
are resorting to relentless scaling in process as well as design
parameters of CMOS transistors. However, this has resulted in
a number of new concerns which include a new reality of leak-
age current distribution. Both dynamic and static power are
significant fractions of total power dissipation in a nanoscale
CMOS circuit.
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Fig. 1. Current flow paths in a nanoscale CMOS transistor during power
dissipation in different states of its operation [1], [2], [3]: I - drain to source
active current (ON state), I2 - drain to source short circuit current (ON state),
I3 - subthreshold leakage (OFF state), I4 - gate leakage (both ON and OFF
states), Is - gate current due to hot carrier injection (both ON and OFF
states), Ig - channel punch through current (OFF state), I7 - gate induced
drain leakage (OFF state), Ig - reverse bias PN junction leakage (both ON
and OFF states).

In short channel nano-CMOS transistors, several short chan-
nel effects (SCE) become significant, such as drain induced
barrier lowering (DIBL), large V;; roll-off, diminishing on-
to-off current ratio and band-to-band tunneling (BTBT.) As
a result, there has been a drastic change in the leakage
components of the device both in the inactive as well as
active mode of operation. The leakage current in short channel
nanometer transistors has diverse forms, such as reverse biased
diode leakage, subthreshold leakage, SiO, tunneling current



(leading to gate-oxide leakage), hot carrier gate current, gate
induced drain leakage, and channel punch through current [1],
[2], [3]. Each one of them has several forms and origins; they
flow between different terminals and in different operating
conditions of a transistor as shown in Fig. 1. While biased
diode leakage and SiO; tunnel currents flow during both active
and sleep mode of the circuit, the other currents flow during
the sleep mode only.

The ITRS prediction of major sources of power dissipation,
such as dynamic current, subthreshold leakage and gate leak-
age is presented in Fig. 2 [4], [5]. The major sources of power
dissipation in a nanoscale CMOS circuit can be summarized
as follows [2], [6], [7], [1]:

Ptotal = Pgatefo:m'de + Psubthreshold + denamic (1)

Thus, the principal power components are due to gate-oxide
leakage current (I4q¢c), subthreshold leakage (I yp) current,
and capacitive switching (dynamic) current (Igyy,).
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Fig. 2. Prediction of trends of major sources of power dissipation in nanoscale
CMOS transistors and circuits [4], [5]. It is predicted that gate-oxide leakage
and subthreshold leakage will dominate the total power dissipation of nano-
CMOS circuits and hence need designers attention.

The prominent current/power components predominantly
depend on the gate oxide thickness (75,), threshold voltage
(Vin), supply voltage (Vpp), and device length (L(e)). Hence,
any methodology for power reduction must focus on the
variation of these process and design parameters. This has
been the motivating factor to consider process variation during
high-level synthesis and facilitate fast and correct design space
exploration right at the early stages of the design cycle. This
will ensure that wrong design decisions are not propagated to
the lower levels of circuit abstraction which may be costly to
correct at that stage due to increasing complexity. Our method-
ology consistently does so and incorporates the variation in
the model for average power. Our reduction methodology
also considers several possible design corners in a resource
and time constrained approach by optimizing a multicost
objective function. We provide statistically characterized gate
and functional unit models which were simulated at transistor
level for obtaining the mean (x) and standard deviation (S.D.
o) of gate-oxide leakage, subthreshold leakage, capacitive-
switching current and propagation delay with simultaneous
variation of all process and design parameters. Although L e)

is an important parameter, we will not consider it in the present
paper for brevity; however, we note that the presented method-
ology can be easily extended, at the expense of additional
runtime, to include Le) scaling and variation.

To achieve power-performance trade-offs different research
works have been proposed in the high-level synthesis literature
including scaling of various process and design parameters,
such as T,,, K, L, Vi, and Vpp through the use of
technologies such as dual-Vpp, dual-V;, etc. These research
handle the optimization of various components independently
and without addressing the variation of various process and
design parameters in the nanoscale CMOS regime. In view of
the optimization regime above, the following question arises:
1) it Ty,y, L, Vip, and Vpp, etc. are scaled simultaneously, will
a power and performance optimal circuit that has minimal gate
leakage, minimal subthreshold leakage, and minimal dynamic
power consumption be obtained ? (ii) How the results will
be affected due to process variation? (iii) Given architectural
constraints, how to judiciously scale such that a global power
and performance optimal circuit is obtained? The research
proposed in this paper is further motivated by these important
facts. A resource-time constrained algorithm is proposed in
this paper for simultaneous scheduling, binding, and allocation
for the reduction of total (accounting leakage and dynamic)
power and process variation during behavioral synthesis that
judiciously uses dual-T},,, dual-V};, and dual-Vp p technology.

The rest of the paper is organized as follows. In Section II
the novelty and contributions of this paper is outlined. Sec-
tion III summarizes relevant prior research works that consider
various forms of power optimization using dual-75,,, dual-V;,
and dual-Vpp technology. In Section IV We briefly describe
some specific research issues and challenges arising in the
nanoscale CMOS regime. The optimization problem formu-
lation is presented in Section V. Section VI propose a new
framework for statistical behavioral synthesis needed to handle
nano-CMOS regime circuits. In Section VII, a hierarchical
methodology to characterize architectural level units for gate
leakage, subthreshold leakage, and dynamic power, as well as
their propagation delay is presented along with investigation
of the effects of process variation on scaling. The proposed
optimization approach during high-level synthesis is presented
in Section VIII. Section IX discusses the experimental results.
The paper concludes in Section X.

II. NOVEL CONTRIBUTIONS OF THIS PAPER

The contributions of this paper, all relating to fast and
effective high-level synthesis of nanoscale CMOS circuits, are
in multiple forms as summarized below.

o A statistical high-level synthesis framework is presented
that can perform different forms of power optimization
while accounting for process variation.

« A novel methodology is proposed to characterize nano-
CMOS based architectural components for gate-oxide
leakage, subthreshold leakage, and dynamic power while
simultaneously accounting for process variation. Statis-
tical variations in the parameters are explicitly taken
into account by using Monte Carlo simulations while
characterizing the architectural units.



o We rovide a comparative and integrated perspective of
various power-performance tradeoffs weighed against a
nominal case, thus serving as a guideline to help design-
ers take effective decisions. The interdependency of T,,,
Vin, and Vpp scaling on various power (current) com-
ponents is analyzed with and without process variation.
Seven different cases, such as (1) only 7y, scaling, (2)
only V4, scaling, (3) only Vpp scaling, (4) simultaneous
T,, and Vi, scaling, (5) simultaneous 7,, and Vpp
scaling, (6) simultaneous V;;, and Vpp scaling, and (7)
simultaneous T, and Vy; and Vpp scaling, are analyzed
for various forms of power dissipation.

« An efficient resource-time constrained algorithm is pro-
posed for simultaneous scheduling, binding, and alloca-
tion for the reduction of total power accounting for gate-
oxide leakage, subthreshold leakage, and dynamic power,
and process variation during behavioral synthesis.

III. RELATED PRIOR RESEARCH WORKS

The current literature is rich in techniques for power op-
timization. These techniques are proposed for various levels
of circuit abstraction, starting from system-level to silicon.
As the level of abstraction goes lower, the complexity of the
circuit increases and the degrees of freedom, and thus power
reduction opportunity, reduce. So high-level or behavioral
level is an attractive level and provides balanced degree of
freedom for design space exploration. Several techniques such
as, architecture-driven voltage scaling, operation reduction
and substitution, precomputation, and clock-gating have been
proposed [8], [9], [10]. In addition, technology dependent tech-
niques, such as dual-T,,, dual-V;;, and dual-Vpp have been
proposed that consider various form of scaling for power op-
timization. However, these scaling methods have been applied
relatively independently. For example, researchers apply dual-
Vi1, to reduce subthreshold leakage without studying its impact
on gate leakage and dynamic power. On the other hand, the
goal of this research is to study the interdependency of these
scaling methods from the power (current) and performance
(propagation delay) point of view.

A. Dual-T,,/K Research

In [11] Mukherjee et al. have proposed a gate oxide leakage
minimization approach using dual-7,, and dual-K. Mohanty
et al. in [12] have presented analytical models and a datapath
scheduling algorithm for reduction of tunneling current. The
heuristic assigns higher thickness resources to more leaky
nodes (multipliers), but does not address the area overhead.
In [13], Lee et al. developed a method for analyzing gate
oxide leakage current in logic gates and suggested utilizing
pin reordering to reduce gate leakage. Sultania et al. in [14],
developed an algorithm to optimize the total leakage power
by assigning dual T,, values to transistors in a given circuit.
In [15] Sirisantana and Roy use multiple channel lengths and
multiple gate oxide thickness for reduction of leakage. In [16]
Mukhopadhyay et al. have carried out extensive modeling
and estimation of total leakage current of CMOS devices
considering the effect of parameter variation.

B. Dual-V,;, Research

Multiple threshold CMOS have been used by Pant et al..
[17] as well as Rao et al. [18] for subthreshold current reduc-
tion. Khouri and Jha [19] proposed a dual-V;; technique for
subthreshold leakage analysis and reduction during behavioral
synthesis, targeting the least used modules as the candidates
for leakage optimization. Gopalakrishnan and Katkoori in
[20], [21] also use the multi threshold CMOS approach for
reduction of subthreshold current during high-level synthesis
and propose binding algorithms for power, delay, and area
trade-off. They used a clique partitioning approach in [21]
and a knapsack based binding algorithm in [20]. In [22],
Liu et al. have applied probabilistic analysis to V;; variation.
The analysis of dual V;; design methodology is done in the
presence of large variations in threshold voltage. In [23], a
dual V3, and dual T, technique is applied to SRAMs in order
to reduce leakage. In [24], a dual V;;, FPGA architecture has
been proposed in which the logic elements are used for dual
Vin assignment. In [25], Wei et al. have tried to reduce the
leakage power by using high V;;, transistors in the non-critical
paths, and low V};, transistors in the critical paths.

C. Dual-Vpp Research

The research using this techniques is quite mature and
several approaches have been proposed in the literature over
the last several years [10], [26], [27], [28], [29]. A certain
type of circuitry called voltage-level converters are used for
this purpose, but in turn it is an overhead for this kind of
technology. The transistors on critical paths are operated on a
higher supply voltage (Vppr), whereas transistors on the non-
critical paths are operated on a lower supply voltage (Vppr)
[30] and [31].

D. Summary and Observation from Prior Research Works

In summary we observe that at present, low power high-
level synthesis works mostly address dynamic power reduction
only, while some of them address subthreshold leakage only,
and a few address gate-oxide leakage only. All of these
forms of power reduction have been addressed individually but
not simultaneously. The dual-Vpp methods only account for
dynamic power consumption and do not consider either gate-
oxide leakage or subthreshold leakage. The dual-V};, methods
only account for subthreshold leakage and do not consider
either gate-oxide leakage or dynamic power consumption.
The dual-T,, methods only account for gate-oxide leakage
and do not consider either dynamic power consumption or
subthreshold leakage. Thus, independently they are inadequate
to address the demand for power reduction in nano-CMOS
circuits. If they are applied simultaneously without considering
the interdependency of power and causing parameters, they
may not results in optimal solution as will become evident
from discussions in this paper. Thus, there is a need for
development of optimization approaches that consider such
interdependencies of parameters to be scaled and judiciously
use scaling for global optimization. Moreover, the above
discussed existing research works do not take process variation



into consideration which is very crucial for nano-CMOS
circuits. Hence, process variation aware statistical optimization
approach is needed for the new technologies.

IV. PROCESS VARIATION ISSUES AND CHALLENGES AND
OUR SOLUTION FOR HIGH-LEVEL SYNTHESIS

To facilitate fabrication of circuits using nanoscale CMOS
technology more and more sophisticated lithographic, chemi-
cal, and mechanical processing steps are adopted. The uncer-
tainty in the processes, such as ion implantation, chemical me-
chanical polishing (CMP), chemical vapor deposition (CVD),
etc. involved in nano-CMOS fabrication has caused variations
in process parameters [32], [33], [34] such as channel length,
gate-oxide thickness, threshold voltage, metal wire thickness,
via resistance, etc. These variations are categorized as inter-die
variations and intra-die (systematic or random) and are treated
as global, local, and spatial variations. The above process
variations have profound effect on electrical parameter and
performance variations in a VLSI circuit. The situation is fur-
ther worsened due to variations of temperature, power supply
voltage, wear-out, and use history. All these are manifested
in the variation in power and delay, and other attributes of
CMOS circuits. These variations can be either temporal or
spatial in nature [32]. They ultimately affect design margins
and yield and may lead to loss of money in the ever reducing
time-to-market scenario.

The major challenge arising in the nanoscale CMOS varia-
tion scenario is the correct understanding of the process varia-
tions and their modeling. Without proper models of variations,
designers will include substantial design margin or risk yield
loss when they use traditional CAD tools not accounting for
such variations. The magnitude of each leakage component of
the device is mostly dependent on the device geometry, doping
profiles and temperature. At nanometer dimensions variations
of these factors become comparatively more prominent. This
leads to the need of accounting for process variation during
characterization and modeling and also integrating process
variation in design and synthesis frameworks. Moreover, de-
signing for the worst case scenario may cause severe com-
promises on the performance of the device. This has led us
to consider a process variation aware power minimization
technique. We perform statistical estimation of the various
power-performance components considering statistically vary-
ing process and design parameter changes. Hence, statistical
variation in each of these parameters translates to variation in
each of the leakage components, thereby causing significant
variations in nominal values. The challenges posed in such
a scenario are as follows: (i) How to model variations at
the lower level of circuit abstraction? (ii) How to estimate
power and performance at the higher levels of abstraction
while accounting for variations? (iii) How to optimize power
and performance at the higher level of design abstraction
while accounting for the variations to enable design space
exploration?

The following solution to account for the variations from
the lower level of design abstraction accurately is proposed to
enable fast design space exploration and optimization at higher

levels of abstraction. Following a hierarchical approach we
propose to pre-characterize datapath components (functional
units) in which the variations would be faithfully propagated
from the lower level to the higher levels of abstraction. Then
express the power and performance attributes of these func-
tional units as probability density functions instead of single
valued functions of parameters. Finally, develop statistical
optimization approaches in which mean () and standard devi-
ations (o) of probability density functions would be considered
while performing various tasks of high-level synthesis such as
scheduling or binding, and allocation.

V. OPTIMIZATION PROBLEM FORMULATION AND OUR
PROPOSED SOLUTION FOR BEHAVIORAL SYNTHESIS

Let us assume that the datapath is specified as a sequencing
data flow graph (DFG) [35]. In the DFG denoted as G(V, E),
V' represents the set of vertices and E represents the set of
edges. Each vertex of the DFG represents an operation and
each edge represents dependency. Let V' be the set of all
vertices and Vop be the set of vertices in the critical path
from the source of the DFG to the output or sink node. For
simplicity, we assume that the DFG has a single source node
and a single sink node as is the case of sequencing data flow
graph [35], which is a directed acyclic graph.

The problem can be then stated as follows:

Given an unscheduled data flow graph (UDFG) G(V,E), it
is required to find the scheduled data flow graph (SDFG)
with appropriate resource binding such that the total power
(current) dissipation of the associated circuit is minimized
while accounting for process variation and such that resource
constraints (representative of silicon cost) and latency con-
straints (representative of circuit performance or delay) are
satisfied.

The above can be stated as an optimization problem. The
cost (resource constrained) and performance (latency con-
strained) driven power (current) minimization problem can
thus be formulated as follows:

IDFG(

DFG _DFG
total ) ) (2)

Minimize urt o7
such that the following resource and latency constraints, re-
spectively, are satisfied:

Allocated (FUy ;) < Available (FUy;) |V clock cycle ¢,(3)

DBEC (48P0, 0B7C) < Do (15,05). @

Itlo)f;? (u?F G,U?F G) in Eqn. 2 represents the probability

density function (PDF) of the total current dissipation due to
the DFG, which can be presented as an equally weighted sum
of probability density functions (PDF) of all current (gate-
oxide I44¢, subthreshold I, and dynamic I4,,,) components
as presented below:

Ligtat’ = Tgare” (1. 0) + 105 (1,0) + Ly (. 0), - (9)

where, p, o are the mean and standard deviation of each of the
current distributions and are different for different components.
The resource constraints in Eqn. (3) ensure that the total
allocation of type k resource (functional units) of technology
(or design corner) 7 is less than or equal to the total number



of corresponding resources available for every control step
(or clock cycle) ¢ of the DFG. The type k refers to adder,
subtractor, multiplier, etc. and ¢ technology (or design corner)
refers to the resource made of transistors of design corner
1 corresponding to specific values of parameters 1,,, Vi,
and Vpp. The time constraint in Eqn. (4) ensures that the
probability density function (D25 (uBFC,0BFC)) of the
critical path (CP) delay is within the specified limit dictated by
the probability density function (D¢ (13,05)) of the delay
constraint (C).

To solve the optimization problem presented in Eqn. (2), (3),
and (4) in the framework of high-level synthesis we present a
Simulated Annealing based algorithm. Even though algorithms
for optimization are plentiful in the mathematics literature
we chose to follow the Simulated Annealing approach as
our number of parameters is reasonably large and faster
convergence can be provided by this kind of algorithms [36],
[37].

VI. STATISTICAL LOW-POWER BEHAVIORAL SYNTHESIS
FOR FAST AND ACCURATE DESIGN SPACE EXPLORATION

We present the overall framework for statistical low-power
behavioral synthesis in Fig. 3. The synthesis framework as-
sumes behavioral VHDL as input and generates a statistical
power and statistical delay optimal RTL description accounting
for process variations. As can be seen from the figure, the
entire high-level synthesis framework is divided into four main
modules or engines as follows:

« Input generation engine

« Datapath and control generation engine

e Characterization engine

o Process variation engine

o Power-Delay estimation engine

o Output generation engine

A. Input generation engine

The “input generation engine” accepts the input HDL, does
compilation and transformation, and generates a sequencing
data flow graph (DFG) for use by the proposed algorithm.
Each vertex of the DFG represents an operation and each edge
represents a dependency. The DFG does not support hierar-
chical entities and conditional statements are handled using
comparison operations. Also, each vertex has attributes that
specify the operation type. At this step technology independent
optimizations can be performed.

B. Datapath and control generation engine

The datapath and control generation engine is the princi-
pal unit of the process variation aware power minimization
synthesis framework. It carries out behavioral scheduling,
resource allocation and binding and generates datapath and
control following the power minimization model embedded
in the engine. The model provides feedback to the modules
carrying out scheduling, binding and allocation at each step of
datapath and control generation so as to minimize the power.
The process variation engine provides this engine with the
statistical model library comprising of various resources with
dual T,,, Vi, and Vpp.

Input HDL

Q- ‘i 77777 |
| |
Input Generation | Compilation
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|

Datapath and Control
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Process
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I Output Generation |
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Fig. 3. The proposed statistical behavioral synthesis framework for process
variation aware design space exploration.

C. Characterization engine

The “characterization engine” forms a vital part of the
process variation aware synthesis framework. It builds the
datapath and component model library and provides statistical
models of the functional units used to synthesize the datapath
to the process variation engine. Here the characterization
engine is a process variation aware statistical model library
generator. It takes a multiple set of statistical inputs and
generates a set of statistical outputs in terms of current and
delay. This engine can also be tuned to generate characterized
data for other components. Since the subsequent power and
fluctuation model considers process variation in terms of
dual-oxide-thickness, dual-supply voltage and dual-threshold
voltage, the engine is supplied with a statistical distribution of
the three parameters. The characterization engine considers the
combination of the dual values of the three input parameters
(Tozs Vin and Vpp) as eight corners of a design cube.
The engine then processes the input cube and generates a
corresponding output cube. The output consists of eight sets
of current (Iy4¢¢, L5y and 14yy,) and propagation delay (I7p)
probability density functions, each set corresponding to a
particular design corner of the input cube.

D. Process variation engine

The “process variation engine” consists of a process param-
eter extractor which is designed to supply the environment
with the statistical data for the requested variable parameter.
It also consists of a resource table populated by the charac-
terization engine. The datapath and control generation engine
is the principal unit of the process variation aware power and
fluctuation minimization synthesis flow.

E. Power-Delay estimation engine

The power(current)-delay estimation engines calculate the
probability density functions of different current components



and delay. It works in co-ordination with the “characterization
engine”, the “datapath-control generation engine”, etc. and
estimates the probability density functions for a given data
flow graph (DFG).

F. Output generation engine

The power performance optimized datapath and control
generated are represented through an RTL description which
is processed by an “output generation engine”. This RTL is
used to carry out logic synthesis.

VII. PROCESS VARIATION AWARE CHARACTERIZATION
AND STUDY OF PARAMETER SCALING

In this section we present a hierarchical methodology to
characterize architectural level units for gate-oxide leakage,
subthreshold leakage, and dynamic power, as well as their
propagation delay as shown in Fig. 4. Initially a 2-input NAND
gate was designed and tested for functional correctness using
a nano-CMOS technology.

A 2-input NAND gate was designed and tested using
Cadence tools for functional correctness at a 4bnm effective
channel length (L). We chose to use the Berkeley Predictive
Technology Model (BPTM) as it is widely used [38]. The
BSIM4 deck generated through BPTM represent a hypothet-
ical 45nm CMOS process. The base (or nominal) values for
design corner (1) is as follows: Ty, = 1.4nm, Vi, = 0.22V
for NMOS, V;;, = —0.22V for PMOS, W:L = 4:1 for NMOS,
W:L = 8:1 for PMOS, and Vpp = 0.7V.

Via Monte Carlo simulations, we translated the process and
design variations (inputs) into gate-oxide leakage, dynamic
and subthreshold current and delay probability density dis-
tributions (outputs.) The input process and design variations
are assumed to be Gaussian in nature. This is demonstrated
in Fig. 5. While state dependent data are obtained at the
logic level and at the architectural level we followed a state
independent approach. This was done by using the state
averaged data derived from the characterized NAND gate. In
order to account for the lognormal distribution of the currents
at the gate level, we used the Central Limit Theorem (CLT).
Since a typical functional unit is comprised of hundreds of
NAND gates, according to the theorem, the leakage, dynamic
and subthreshold currents for the total unit will be normally
distributed even though the same currents are lognormally
distributed for each individual logic gates.

Based on the above discussion, we can model the currents
and the delay for the functional units by utilizing the char-
acterized data for the 2-input NAND gate. The total current
in the functional unit can be defined as the sum of currents
in the individual NAND gates comprising the unit. Assuming
that the distributions for each gate are statistically independent
of each other, the mean and variance of the currents can be
derived as:
= N unanp,
VN onanD,

HFU
OFrU =

(6)

where, there are N NAND gates in the implementation of the
FU. The assumption of statistical independence for all gates
in a given functional unit implies that there are no statistical

correlations between adjacent gates due to spatial effects. The
approach presented here can be modified to account for such
cases, but for simplicity it is not included here.

From the above equations the mean and the variance of
Igates Isup and Igy, for each of the functional units was
calculated. The calculation of the mean and variance for the
delay T'pp also was performed in a similar manner. The use of
universal NAND gates simplifies the construction of the cell
(datapath component) library containing functional units like,
adder, subtractor, multiplier, etc. The use of other types of
logic gates to build datapath component library can be done
using the above statistical expressions provided the number
of individual logic gates in a functional unit is large enough
to justify the use of the central limit theorem, a realistic
assumption for real-life designs.

At the end of this procedure, a complete process and design
variation aware cell library was obtained to be used in the
subsequent optimization procedure. Characterization data for
some sample design corners is shown in Fig. 6.

A. Accounting for Process Variation

In this section we describe the methodology via which the
statistical information regarding process and design parameter
variability is translated into statistical information regarding
power dissipation and delay (performance), as shown schemat-
ically in Fig. 5.

The SPICE characterization engine considers the combina-
tion of the dual values of the three input parameters (7.,
Vin and Vpp) as eight corners of a design cube. The engine
then processes each corner of the input cube and generates
a corresponding output cube. The output consists of eight
sets of current (Igqse, Lsup and Igy,) and propagation delay
(T'pp) probability density functions, each set corresponding
to a particular design corner of the input cube. The provided
statistical information for each input corner is used to generate
N = 1000 Monte Carlo runs (per corner) which provides the
statistical distributions of the output parameter.

It was observed that with normally distributed input param-
eters, the distribution of the output currents was lognormal
(as expected from their exponential dependence on the inputs)
while that of the propagation delay was gaussian. Sample
distributions of the logarithms of the currents (which are
normally distributed) and the delay are shown in Fig. 7.

B. Analysis of Effects of Scaling on Individual Power Com-
ponents

Characterization data for various corners are shown in
Fig. 6. For the analysis, we consider the 8 corners of the cube
as nominal corners. Corner 1 is considered as the baseline
corner having values of Vpp, T,;, and V;, as the standard
values for a 45nm nano-CMOS technology. The values in
the other nominal corners are varied with respect to this
corner. Then these nominal corners are processed through
spice characterization, and the outputs obtained are the values
of Igates Lsub, Layn, and T)q respectively, which are treated as
the eight corners of the output cube.
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body components of the PMOS and NMOS devices from the SPICE model and summing them as: ZMOS (Hgs; + Iga; + Iges; + Igca; + Igp;|). In
summary, we account for the gate-oxide tunneling current of both NMOS and PMOS devices for both their ‘ON and OFF states. Similarly, for a 2-input
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normal in nature.

For the purposes of this analysis, we are considering the case
of a divider only. But the trend is the same for other datapath
components as well. In total we had 7 cases. These are nominal
results without considering statistical distributions. In the next
section we will consider the results with the distributions. It
should also be pointed out that, in this discussion, we refer to
“scaling” as the process of reduction of power. In that sense,
scaling Vpp implies decrease in its value but scaling 7, and
Vi1, implies an increase in their values.

1) Only T,, scaling: This case may arise when
Tor1 changes to Typo, €82 (Toz1, Vini, Vpp1) versus
(Thz2,Vin1,Vpp1)). In this case we observe that all power
components are reduced with an overall reduction of 91.6%
achieved. As expected, the increase in oxide thickness results
in a 65.8% delay penalty.

2) Only Vi, scaling: Scaling Vi, only ((Toz1,Vin1,VDD1)
versus (1,.1,Vin2,Vpp1)). In this case we observe that total
power dissipation decreases by 46.1% while the delay penalty
is only 17%.

3) Only Vbbb scaling: Scaling Vbbp only
((Tox1,Vin1,Vpp1) versus (Toz1,Vin1,Vpp2)). In this case we
observe that total power dissipation decreases by 57.8% with
a modest 21.4% delay penalty.

4) Simultaneous T,, and Vi, Scaling: (Tpz1,Vin1,VDD1)
versus (1,22,Vin2,Vpp1)). In this case the combined effect of
T, and Vy;, increase results in 94.8% reduction in power but a
very significant 100% delay penalty. This is due to the inverse

relation of the delay to both T,, and Vy [39]:
1
Tox(VDD - Vth)2 ’

5) Simultaneous T,, and Vpp Scaling: (Tpz1,Vin1,VDD1)
versus (Tpz2,Vin1,Vpp2)). As anticipated from Eqn. 7, the de-
lay penalty is again significant (101.4%) with similar reduction
in power as in the previous case (93.4%).

6) Simultaneous Vi, and Vpp Scaling: (Ty21,Vin1,VDD1)
versus (T,:1,Vin2,Vpp2)). In this case we observe that since
both V};, and Vpp have been scaled, by Eqn. 7 we anticipate a
more pronounced delay: 42.1%. The overall power reduction
is not as large as when T, is scaled (due to the exponential
dependence of gate leakage on T,;): 71.1%.

7) Simultaneous T,, and Vi, and Vpp Scaling: We note
that the effect of scaling all the parameters cannot be easily
or accurately obtained from the responses (output results) of
varying a single or a few parameter(s).

((To21,Vin1,Vpp1) versus (Toz2,Vin2,Vpp2)): When all
three parameters are scaled simultaneously, we obtain a power
reduction of 97.8% and a worst delay penalty of 142.9% when
averaged over all units. These performance results, indicated
in Fig. 6, are not easily anticipated from simple analysis of
the prior 6 cases (corners 2 thru 7). This is difficult because
of parameter interdependency and variation statistics, wherein
comes the usefulness of our quick statistical library models and
analysis methodology. This corresponds to the last column of
Table 1. This case is represented in Fig. 6.

From the above discussions it is evident that we can not
simply apply case 7 to obtain a globally power and perfor-

ty ~ N



PERCENTAGE (%) REDUCTION IN CURRENT DISSIPATION AND INCREASE IN PROPAGATION DELAY

TABLE I

Parameters varied or scaled
Current or Tow Vin Vop | Tow + Vin | Tox + Vop | Vin + Vbop | Tow + Vin + Vb
Delay case-(1) | case-(2) | case-(3) case-(4) case-(5) case-(6) case-(7)

Gate-oxide Leakage 96.2 11.3 69.2 97.7 98.8 72.7 99.3
Subthreshold Leakage 94.3 10.5 63.4 89.8 97.9 59.6 96.3
Dynamic 88.3 52.6 70.1 94.3 934 73.5 96.8
Total Current 91.6 46.1 57.8 94.8 96.4 71.1 97.8
Critical Path Delay 65.8 17.0 21.4 100.0 101.4 42.1 142.9

mance optimal circuit. Hence, this discussion demonstrates
the need for optimization algorithms for judicious choice of
scaling and serves as a guiding factor for the optimization
approach discussed in the next section.

VIII. OUR PROPOSED OPTIMIZATION APPROACH

In this section we present an algorithm that performs
simultaneous scheduling, binding, and allocation during the
statistical behavioral synthesis flow presented in Section VI.
The simulated annealing based algorithm performs the min-
imization of the cost function presented in Section V under
resource and time constraints.

We also present the methodology adopted in this paper
for statistical modeling of power and delay. Initially the
current(power) and delay models are developed to capture the
variability of current and delay for each cycle and then the
overall circuit. As the power consumption can be represented
in terms of the corresponding currents we present our method-
ology as a current based power. We assume that the datapath
is represented as a Data Flow Graph (DFG) derived from
a hardware description language (HDL) specification. In our
analysis, we assume all statistical quantities to follow normal
distributions. The delay of a control step is dependent on the
delays of the functional unit, the multiplexer, and register.
We assume that each node connected to the primary input
is assigned two registers and one multiplexer while the inner
nodes of the DFG have one register and one multiplexer. The
register and the multiplexer operate at the same supply voltage
level (Vpp) as that of the functional unit they are associated
with. Moreover, the register and the multiplexer are made of
transistors of the same V;; and T, as that of the transistors
of their associated functional units. Voltage level converters
are used when a low-voltage functional unit is driving a high-
voltage functional unit.

In this paper we propose a simulated annealing based
algorithm as the number of parameters involved in optimiza-
tion is large and simulated annealing approach can facilitate
faster convergence in reasonable time [36], [37] compared to
more sophisticated approaches like integer linear programming
(ILP). ILP can provide a globally optimal solution, but its
complexity can be substantial when so many parameters are
handled together. Simulated annealing algorithms borrow ideas
from Materials Science. Annealing is the process of heating
and cooling a material slowly until it crystalizes. The atoms of

this material have higher energies at very high temperatures.
This gives the atoms a great deal of freedom in their ability
to reconstruct themselves. As the temperature decreases the
energy of the atoms decrease. Analogous to the annealing
process, the mobility of nodes in a DFG (data flow graph
representing data path circuit) is dependent on the total avail-
able resources. Here the nodes of a DFG are analogous to
the atoms and temperature is analogous to the total number
of available resources. The mobility of the nodes is dependent
on the total number of available resources or functional units.
We apply the annealing principle to our problem and explore
the trade-offs between power and performance.

We present a simulated annealing based algorithm (Al-
gorithm 1) that minimizes the cost function subjected to
constraints. The inputs to the behavioral scheduler are an
unscheduled data flow graph (UDFG), and the resource and/or
time constraints that include a number of different types
of resources from different design corners. Given a time
constraint we need to determine an RTL implementation that
has minimum total power consumption. The starting point
of the algorithm is ASAP (as soon as possible) and ALAP
(as late as possible) scheduling, which help in determining
the mobility of vertices. The initial solution is the resource
constrained ASAP schedule with assignment of design corner
1 resources to all the operations (our base case, design corner
1, corresponds to the nominal Vi, T,,, and Vpp values of
the process.) This is done by the function Allocate_Bind. S
represents a scheduled DFG with resource binding. The total
current is determined as the weighted sum of currents of all
the allocated resources, so the minimum number of resources
required for the schedule is determined and allocated. Once
the execution of a clock cycle is finished all the resources are
assumed to be in ready state before running the next clock
cycle or control step.

In the outer loop during each iteration the number of re-
sources is decreased, which restricts the mobility of the nodes.
The algorithm attempts to find an RTL that has minimum
leakage for a given number of available resources. In the inner
loop during each iteration a neighborhood solution is gener-
ated. If this solution has lower cost than the current solution,
the neighborhood solution is made the current solution. This
way the algorithm converges to a solution that has minimum
cost function (minimum power fluctuation and total power).
In generating a neighborhood solution we randomly select



Algorithm 1 Simulated Annealing based algorithm for mini-
mizing the cost function

1: Perform ASAP and ALAP scheduling.
2: while {There exists a schedule with available resources}
do

3: 4 = Number of iterations.

4:  Perform resource constrained ASAP.

5. Perform resource constrained ALAP.

6:  Initial Solution +— ASAP Schedule.

7: S « Allocate_Bind().

8:  Initial Cost <+ Power_Cost(.5).

9:  while {(<>0)} do

10: Generate random transition from S to S* with other
assignments while satisfying constraints.

11: A-cost « Cost(S) — Cost(S*)

12: if {A-cost >0} then

13: return S «— S*.

14: end if

15: 17— 11— 1.

16:  end while

17:  Decrement available resources.

18: end while

19: Determine variability current and delay of the circuit.
20: return S.

a node and check if a better resource (a resource with less
power) can be assigned in all possible clock cycles and that it
satisfies a time constraint. We have presented the pseudocode
of the algorithm that generates the neighborhood solution in
algorithm 2 for mobile vertices which handle both multicycling
and single cycle datapath. The algorithm prioritizes the design
corners based on the total current and delay. It ensures that all
non-critical path resources are assigned less power consuming
resources. After several trials we found that 50 iterations
provide a good trade-off between the algorithm performance
and the cost function reduction.

The cost function of algorithm 1 is calculated with the
help of algorithm 3. The total current and all the summa-
tions presented in the current cost functions are summations
of probability density functions (PDFs). Therefore the cost
function itself is a PDF. We translate it into a single value
by forming a weighted average of its mean (u) and standard
deviation (o) with weights a and 3, respectively. Depending
on whether the objective of the optimization is performance
or yield enhancement, « or 3, respectively are assigned higher
weights. The cost corresponding to the delay is calculated
in a similar fashion as shown in the algorithm. The total
cost associated with a scheduled DFG with specific resource
allocation and binding is product of current-cost and delay-
cost.

The average power for the circuit is modeled considering a
complete set of assignments and the computation of average
total power (sum of average gate leakage, subthreshold leakage
and dynamic current at each stage in the datapath) in each
cycle. The mean and standard deviation of each component of

Algorithm 2 Algorithm to generate random transition for
mobile vertices in DFG.

1: Select a random vertex v; € V.
2: for all {Possible cycles c¢ in the mobility range} do

3. if {If low-power resource is available for ¢} then
4: Schedule v; in step ¢
5: Adjust resource allocation Table accordingly.
6: TotalDelay=0 /*Initialize Delay*/
7: while {V v; € V execution of v; is not done} do
8: for all {v; € V} do
9: if {All predecessors of v; finished execution
and v; has not yet started execution and required
resource is available} then
10 start executing v;
11: end if
12: end for
13: for all {v; € V} do
14: if {v; started execution and not yet finished}
then
15: var=v;, break; /*var-node executed*/
16: end if
17: end for
18: Increment TotalDelay by delay of resource allo-
cated in this iteration.
19: for all {v; € V} do
20: if {v; started execution and not yet finished}
then
21: Execute v; for a period of delay of resource
allocated in this iteration.
22: else if {v; finished execution} then
23: mark v; as completed. /*executed*/
24: end if
25: end for
26: end while
27 end if
28: end for

current in clock cycle c are given by:

Nru
¢ _ 1 2 : FUg,i v
#Ico”mponent, - NFU 'uI ?

v=1

®)

NZFU FUj, 02
O-‘([:co?nponent - TM 0’[ iy . (9)

v=1

Here it is assumed that Ny functional units are active during
cycle ¢ and F'Uy ;, is the v-th instance of a functional unit,
which is of type k& and made of technology corresponding
to corner ¢. The FUj,; may be an adder, subtractor, etc.
made of transistors of specific 7,, with specific V;; and
operated at Vpp corresponding to corner ¢, each having
specific probability density functions. The mean and standard

deviation of I;, ; is then calculated as follows:

/”'Eotal (/’Lgcjate + Mgub + ngn) ) (10)

W =



Algorithm 3 Algorithm for Cost Calculation.

FU ;
. c C c — 3T,V
I: Igate (:u’gateﬂ Ugate) - ZVUEC I ate

. JC c c _ ki
2: Isub (Msub7 Osub) - EV’UGC Isub
FUyg ;..
. JC c c _ i
3: Idyn lu’dyn’ Udyn - ZV’UEC Idyn
. JC c c _ c c c
4 Itotal (:utotah Utotal) - Igate (:ugate’ Ugate) +

c c c c c c
Isub (/”Lsub’ Usub) + Idyn (lj‘dyn’ adyn

. 7DFG (, DFG _DFG\ _ ~Nee ¢ c c
5: Itotal (IU’I ’UI - Ec:l If,otal (/’Ltotal’o-total>

6: Cost; = ax pP¥Y + gx P
7: Calculate Costh = a * ugU + 3 * agU, for each FU
active in c.
g: for all {Control step ¢} do
if {Single Cycle Datapath } then

10: Cost$, = maximum (CostfV)
11:  else

12: Cost$, = minimum (Costh!)
13:  end if

14: end for

15: Costp = SN Costs,.
16: Cost = Costy * Costp.
17: return Cost.

1
\/3 (:u’gate2 + :ugub2 + ngrﬁ) . (1 1)
The total current dissipation of the overall datapath circuit
under synthesis that is being specified by the DFG for this
assignment is then given by summing over all cycles:

c
Ototal

N,
| e
MIDFG = N Zugotah (12)
cc =1
opt¢ = (13)

where N, is the total number of cycles in the datapath.

The variability in the delay of the datapath circuit would be
calculated in a similar fashion, but there is a distinct difference.
The clock cycle width in the case of single cycle datapath
would be fixed as the worst case delay (mean value) of any
functional unit active in any control step. Similarly, the clock
cycle width for the multicycle datapath is fixed as the fastest
functional unit delay (considering mean value). However, to
quantify the variability in delay of the overall circuit, the
mean and standard deviation similar to the current needs to
be considered. For clock cycle ¢ the variability in delay can
be quantified as follows:

1 FU
Wy = o 2 Hp (14)
FU w1
Nru
1 FUL ;. 2
of =  — o e (15)
b Nry ;1 b

Here it is assumed that Nz functional units are active during
cycle ¢ and F'Uy; , is the v-th instance of a functional unit.
The delay in the datapath circuit represents the delay for the

11

critical path. This is given by the following expressions for
N, number of cycles:

DFG

1295) = (16)

i (17)

The above presented models use the statistical process vari-
ation datapath component library containing base value, mean
and S. D. of currents and delay. Moreover, the above model
is implemented in the optimization algorithm that performs
simultaneous scheduling, binding, and allocation, which is
based on the simulated annealing methodology described in
this paper.

IX. EXPERIMENTAL RESULTS

In this section we present the experimental results and
our findings. The datapath component library characterization
was performed using Cadence’s Analog Design environment
and Spectre circuit simulator. On the other hand, the simu-
lated annealing algorithm is implemented in C and integrated
in the behavioral synthesis tool borrowed from [40]. The
algorithms were exhaustively tested with several behavioral
level benchmark circuits for several constraints. We present
the experimental results in this section for a selected set of
benchmarks and constraints.

For each benchmark circuit we discuss results based on
several sets of experiments. In the first set of experiments,
we used a smaller number of low-cost resources and a higher
number of high-cost resources. In the second set of exper-
iments we used a higher number of low-cost resources as
compared to the first set of experiments. In the third set of
experiments we used a higher number of low-cost resources
as compared to the second set of experiments. In the fourth
set of experiments we relaxed the resource constraints to study
the time constrained approach only. The time constraints are
specified as a multiple of the critical path delay corresponding
to this baseline case. We performed our experiments with
different delay trade-off factors (time constraints) ranging from
1.0 to 1.4. For each resource constraint these time constraints
are applied and exhaustive experiments are performed. The
resource constraints represent the functional units of differ-
ent oxide thicknesses available to the behavioral scheduling-
binding algorithms. The sets of resource constraints were
chosen so as to cover functional units consisting of different
oxide thickness. They are representatives of various forms of
the corresponding RTL representation.

We applied our optimization technique to several standard
high-level synthesis benchmark borrowed from [40]. We con-
sider design corner 1 (nominal T,,, Vi, and Vpp) as the
baseline. The percentage reduction is calculated as:

AJ = (IBaseline — IFinal) +100%.
IBaseline

(18)

This formula uses the mean () of the various components
of current as well as the total current for computation. The



percentage reductions for Iyate, Iayn, Lsup, and total current
Io1q; are calculated for the overall datapath circuit. The exper-
imental results take into account the current and propagation
delay of functional units and storage units present in the
datapath circuit. For brevity we present average percentage
reduction data; the percentage reductions for each set were
then averaged. It is observed that typical simulation time for
a benchmark circuit was in the range of 20 to 30 mins, which
proves that our algorithm converges to solutions is a very
reasonable time. We selected a = 1 and 3 = 1 as the values
of the cost function’s weighting factors, while calculating the
cost.

The experimental results are shown for selected benchmarks
in Fig. 8. We note that in all benchmarks, a 60 - 80 % reduction
in total power can be achieved without any performance
penalty. If a performance penalty is allowed in the algorithm,
the total power reduction can be increased to 95 % in some
cases. Looking at the individual leakage components, we note
the following:

e When a performance penalty is allowed, in the form of
a time constraint, in all cases the maximum reduction
is achieved in dynamic power, followed by gate leakage
with subthreshold leakage achieving the smallest reduc-
tion. This is consistent with the relative magnitude of
the individual leakage components and is due to the
fact that time constraints allow the use of low-leakage,
low-performance functional units throughout the circuit,
including the critical path.

o When a performance penalty is not allowed, there is no
clear trend in the relative reduction of the individual
components. In this case the algorithm places high-
leakage, high-performance functional units in the critical
path. The overall reduction depends then on the relative
number of critical vs. off-critical path components.

We also note that the IIR benchmark obtains the best results
while the HAL benchmark shows the least improvement,
assuming no delay penalty. This is consistent with the fact
that the IIR is more complex (in terms of number of adders
and multipliers) than the HAL.

To the best of our knowledge, we did not find behav-
ioral (high-level, or architectural) synthesis research works
having the same scope as the work presented in this paper
i.e. accounting for gate-oxide leakage, subthreshold leakage,
dynamic power dissipation together, process variation, and
statistical optimization. Hence, a fair comparison of the pre-
sented results is not possible. However, individual results in
gate-oxide leakage, subthreshold leakage, and dynamic power,
are comparable and considerably better than the related prior
research works. However, in view of the low power behavioral
synthesis works, we provide a broader comparative perspective
in Table II. In this table AP and AT, denote the percentage
power reduction and percentage delay penalty respectively,
averaged over all constraints for a particular benchmark circuit.
The data are provided wherever available. The work presented
in [41] uses a different set of benchmark circuits than the rest
of the works in Table II, so we provide the overall average
data. The work presented in [20] is area constrained so we did

not get the delay penalty data. The results produced show that
dual-Tj,, approach presented in this paper results in significant
reduction in gate leakage with reasonable time penalty. This
has outperformed the multi-V,,4 approach for dynamic power
reduction and multi-Vrj, for subthreshold leakage reduction.

X. SUMMARY AND CONCLUSIONS

In this work a novel process variation aware power charac-
terization and optimization methodology was presented. The
methodology is developed in the framework of behavioral
synthesis for nano-CMOS circuits. An extensive functional
unit model library was created by considering the individual
and combined variations of 1., V;, and Vpp via transistor
level Monte Carlo SPICE simulations. The statistical variation
of process and device parameters (assumed known) are thus
transformed into a resulting characterization consisting of the
mean and standard deviation of Iyq4e, Layn, and Ig,; as well
as propagation delay of the functional units. The effect of
scaling of three parameters, T,,, Vi ,and Vpp on various
power (current) components was studied. It was observed that
simultaneous, independent scaling of all three may not result in
the expected power-performance tradeoff, with the expectation
based on the effect of individual parameter variations. Hence,
power optimization techniques in circuit or process design,
which resort to parameter selection/assignment techniques,
need to do so judiciously. The proposed simulated annealing
based algorithm that performs scheduling and binding is
guided by these observations. Exhaustive experimentation with
standard benchmark circuits proved that significant reduction
in various components of current (power) along with total
current can be achieved using the proposed methodology.
Thus, the proposed algorithms, approach, and methodology
can advance the state-of-the-art research in high-level synthe-
sis and can make them suitable to handle the challenges of
complex nanoscale CMOS digital circuits.
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