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SUMMARY

The objective of the dissertation is to develop a vertically integrated framework
for software-hardware-technology co-optimization for low-power digital systems. Such
co-optimization has been difficult due to the complexity of the optimization problem and
the fact that the optimization parameters stretch across software, hardware and
technology parameters. The proposed framework for power optimization in the
dissertation shows that while energy saving is possible using software, hardware and
technology optimization individually, much larger savings are possible if a vertically
integrated power optimization approach across software, hardware and technology
boundaries is undertaken. The key contribution of this thesis is the formulation of a

hierarchical delay-driven power-optimization approach that can be applied to
architectural modules as well as gate-level design. Using architectural-level studies of
module usage and activity, it is shown how low-level physical design and technology
parameters can be selected to minimize power consumption. The proposed work in this
thesis will impact cross-disciplinary research in the areas of solid-state microelectronics,

computer architecture and computer science.
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CHAPTER 1

INTRODUCTION

Recent advances in wireless networking technology and the exI.)onential
development of semiconductor technology have introduced new challenges in the design
of portable devices such as personal digital assistants (PDAs). Power optimization for
these embedded systems and power constrained mobile computing devices is an active
area of research that has received considerable attention in recent years. As the scale of
integration expands, more transistors, faster and smaller than their predecessors, are being
packed into smaller chip. The steady growth in clock frequency and processing capacity

per chip has increased power dissipation dramatically. Overall technology characteristics
of the 2001 Edition of the International Technology Roadmdp for Semiconductors (ITRS)
show that the total number of transistors integrated on a chip will exceed the human
population by 2013 and will become larger than the total number of neurons in a human
brain by 2015. This reflects the rapid progress of technology and the need for new design
paradigms [1-1].

Historically, design priority in the semiconductor industry has been driven by the
competitive market forces of simultaneously increasing integration and speed, and

reducing chip area and cost. Higher integration and speeds have resulted in increased

1



power consumption and heat dissipation. The problem is that in the case of battery
technology, there is no equivalent of Moore’s Law that forecasts a doubling of the
complexity of microelectronic chips every 18 months, and Gilder’s Law, which theorizes
a similar exponential growth in communication bandwidth. In contrast, battery
technology has improved very slowly, and only a 20% improvement in capacity is
expected over the next 10 years. Therefore, it is clear that power optimization is a major
concern for designing future generation digital systems [1-2].

In this thesis, we propose an efficient approach to minimize total power
(switching, short-circuit, and leakage power) without performance loss for ultra-low
power CMOS circuits. We present a framework for a hierarchical delay-driven power-
optimization approach. At software level, we minimize total activity of target system by
using an efficient instruction scheduling mechanism. At module level, we hierarchically
assign each module’s delay for minimum power. Given minimized activity and optimal
delay, at gate level, we combine supply/threshold voltage scaling, gate sizing, and
interconnect scaling techniques for power optimization in the presence of back end (post-
layout-based) ultra-deep-sub-micron (UDSM) technology effects. We have tested the
proposed algorithms on a set of benchmark circuits and several building blocks of a
synthesizable ARM core. The experimental results show that our polynomial-time
solvable strategy achieves over an order of magnitude savings in total power without

compromising performance.



1.1 Background

The capability to fully exploit the signal processing power of the transistor was
provided by the invention of the integrated circuit in 1958 [1-3]. Recently, there have
been considerable interests in the design of power/energy-aware electronics seeking to
reduce the power consumption of military and consumer applications by over two orders
of magnitude [1-4~1-7]. This interest is driven by the power demands of today’s high-
speed, high-density, (portable) integrated electronics. Unless new power-efficient design
methods are developed, there will be stringent limitations on the levels of electronics
integration possible in the future as well as limitations on the speeds at which hardware
can operate. Hardware portability will also be affected by battery size and weight. Simple
calculations reveal that future microprocessors will dissipate several hundred watts of
power unless drastic power reduction features are implemented. High power consumption
and the associated high temperatures can also lead to reliability problems leading to early

failure. If current trends in reduction of feature sizes and the increase in the levels of

integration in silicon are to continue well into the future, the power consumption problem
must be handled effectively and solved urgently.

In general, low-power optimizatioﬁs that do not compromise system performance
are dependent on time slack calculation and the surplus delay (slack budget) distribution
among the circuit modules. Time slack 1s 3ineasured as the difference between the signal
required time and the signal arriyal jtime;a"‘[ the primary output of each module. The first
observation of this research is ;LhatK the‘ lié)gic modules on non-critical paths in digital

circuits typically have high timing slack which may allow the increase of their delay

3



without violating the timing constraints. Our experience shows that, in most circuits,
there are few logic modules on critical paths of the total number of modules.

Figure 1 shows the slack map for several benchmark circuits. In these figures, the
slack values (y-axis) have been normalized to the critical path delay. The y-axis shows

slack ratio (slack / critical delay) in circuit and the x-axis represents each gate/module.
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Figure 1. Slack map for benchmark circuits.



As shown in Figure 2, after investigating 12-benchmarks after technology
mapping, we found that the number of gates on critical paths accounts for only about
12 % of total gates, while more than 60 % of gates have their slack larger than 25% of the
critical path delay. This potentially provides much room for power reduction through

scaling of supply voltage, threshold voltage, and device/interconnects width.
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< e
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Figure 2. Slack distribution for 12 benchmark circuits.
The activity variation of each module/gate in digital circuits is shown in Figure 3.
The activity is dependent on the topology of the circuit, the technology-mapping

techniques, and the input vector.

Figure 3 shows activity profiles some benchmark circuits. Monte Carlo
simulation is used to generate the activity profiles module/sub-module. This approach
consists of applying randomly generated input patterns at the primary inputs of the circuit
and monitoring the switching activity per time interval T using a simulator. Under the

assumption that the switching activity of a circuit module over any period T has a normal



distribution, and for a desired percentage error in the activity estimate and a given
confidence level, the number of required simulation vectors is estimated. The simulation
based approach is accurate and capable of handling various device models, different

circuit design styles, single and multi-phase clocking methodologies, tristate drives, etc.
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Figure 4 shows the rationale for module/gate level power optimization. The more
the slack assigned to a module (a more power hungry module), the higher is the potential
to save power by slowing down the module. This “slowing down” is achieved by
optimally adjusting the modules’ supply voltage, threshold voltage and by resizing the
gates and interconnections in the module to minimize total (dynamic and static) power.

After critical path and slack analysis of the target circuit, for modules on non-
critical path(s), power-optimal delay is assigned according to the rationale shown in
Figure 4(a). Figure 4(b) shows that the delays on critical path (no slack on the path) can
be readjusted for minimizing power. The Figure 4(c) showsl the power optimization
rationale for multiple modules on multiple paths. The problems of the delay assignment
algorithms are the complexity due to the exponentially increased the number of paths and
the non-linearity of the trade-offs among the multiple technology parameters. To handle
the complexity problem, we propose a simple optimization metric. By using such a
metric, the problem of technology optimization (Vdd, Vth, Wgate, and Wint scaling) can
be decoupled from that of system-level optimization without compromising the quality of

the solution obtained.
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1.2 Key Contributions and Research Scope

The goal of this dissertation is power minimization without performance loss for a
given target system and a given a range of applications. The proposed method in this
dissertation is vertically integrated power optimization across instruction, architecture,
and gate-level boundaries. The main contributions of this dissertation are categorized as
follows:

i) Hierarchical delay-driven power-optimization across the hierarchical design

boundaries from software level to gate level

ii) Novel slack distribution by Energy-Delay Ratio (EDR) paradigm

iiij) Ultra-Deep-Sub-Micron (UDSM) awareness during gate-level power

optimization

Table 1 shows the research scope of this dissertation according to the full CR

(computing reviews) classification scheme from ACM.

Table 1. Research scope.

Categories and Subject Description General Terms Key Words and Phrases

D.2.10 [Software]
Software Engineering: Methodologies Low-Power Design,
Application-Specific Design,

C.5.4 [Computer Systems Organization] Alg(:;lithr:ns, Instruction Scheduling, Time
Computer System Implementation: VLSI Systems Perfor n%ar’we Slack Analysis, Circuit

Partitioning and Gate-Level
B.7.2 [Hardware] Circuit Optimization
Integrated Circuits: Design Aids-simulation




1.3 Overview of the dissertation

Our proposed vertically integrated framework consists of a couple of algorithms
at software level, module level, and gate level.

At software level, we minimize total activity of a target system at system level by
using our proposed instruction scheduling mechanism' (approach I in Figure 5). We solve
the instruction scheduling and reordering problems for minimum activity as a Precedence
Constrained Hamiltonian Path Problem for directed acyclic graphs (DAGs) and the
Traveling Salesman Problem (TSP), both of which are NP-Hard. We propose an efficient
instruction-level optimization algorithm for solving the NP-Hard problem. Minimum
spanning tree (MST) and simulated annealing (SA) mechanisms are used for the
optimization. In addition, a validation method for the optimization is also presented.

For delay assignment at architectural module level, we, first, partition the whole
system into functional building blocks and perform activity profiling for the building

blocks by using the activity-minimized input vectors from the previous software-level

and Monte Carlo simulation. At module level, we hierarchically optimize the time slack
in order to minimize power by using the proposed net-based algorithm (approach II in
Figure 5) and the path-based algorithm (approach III in Figure 5). To handle the
complexity problem of such a hierarchically integrated power-optimal delay assignment,
a very simple optimization metric is proposed for the module-level delay assignment.
This metric seeks to allocate delays to hardware modules in such a way that the delay of

the module is proportional to the energy consumed by the module. We use the minimized

10



functional-level activity (from software-level analysis) as an input vector for estimating
power/energy of each module.

Finally, at gate level, we optimize the technology parameters (approach IV in
Figure 5) within the delay constraints from the module-level delay assignment scheme.
We implement an efficient approach to minimize total power (switching, short-circuit,
and leakage power) tremendously without performance loss for ultra-low power CMOS
circuits in nanometer technologies. We present a framework for combining
supply/threshold voltage scaling, gate sizing, and interconnect scaling techniques for
power optimization, including UDSM effects and back end (post-layout-based) design

techniques.

11
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The remainder of this dissertation is described as follows. The second chapter
discusses technology trends, power sources, and previous low-power techniques at each
design hierarchy and describes the proposed new design flow. The third chapter
illustrates the instruction scheduling algorithm for minimizing total switching activity at
software level. For the architectural module-level approaches, the fourth chapter
illustrates a net-based time-slack distribution algorithm and the fifth chapter presents a
path-based hierarchical delay-assignment scheme that minimizes power consumption. In
Chapter 6, we present UDSM-ware gate-level power optimization algorithm for ultra-
low-power CMOS VLSI design. Finally, Chapter 7 summarizes the work of this thésis

and suggests possible future research directions.
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CHAPTER 2

PRIOR WORK AND PROPOSED NEW DESIGN

FLOW

The semiconductor technology has continuously improved and has lead to ever
smaller dimensions of transistors, higher packaging density, faster circuits, and lower
power dissipation. Overall technology characteristics of the 2001 edition of the
International Technology Roadmap for Semiconductors (ITRS) are summarized in Table

2 [2-1]. The overall roadmap technology characteristics tables provide a consolidated

summary of the key technology metrics. Historically, in the 1970’s the total number of
transistors on a chip doubled every 12 ‘months, this trends continued until the 1980°s
where the trend slowed down, the tOtali»numvber of transistors doubled every 24 months
[2-2,2-3]. Wafer sizes continue toi gr:ov;/ ‘anv’dvthe die size has increased with wafer size.
Let us assume that performance demand, and consequently the frequency trend continues.
Every two years, technology feature size reduces by 50%, electrical nodes in a given area

increases by 2x, die size grows by 14%, supply voltage reduces by 15%, and frequency

increases by 2x. The primary problem is that in the case of low-power technology, there
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is no equivalent of Moore’s Law that forecasts a doubling of the complexity of
microelectronic chips every 18 months, and Gilder’s Law, which theorizes a fourfold
increase of the Internet traffic every year. In contrast, energy saving techniques have
improved very slowly and only a 20% improvement in capacity will be expected over the

next 10 years [2-8]. These trends for the last 6 years are shown in Figure 6.

~ Table 2. Progress of technology and change of applications [2-1].

Year 1995 2001 2004 2007 2010 2013 2016
LSI technology _
technology node (um) 0.35 0.13 0.09 0.065 0.045 0.032 0.022
number of transistors Smilion 193 milion 386 milion 773 milion 1546 million 3092 million 6184 million
power supply voltage (V) 33 14 1.0 0.7 0.6 05 04
operating frequency (Hz) | 300M 1.684G 39%G  6.739G 115116 19.347G  28.751G
power dissipation (W) 50 130 160 190 218 251 288
cell area (ym?) - 0.130 0.049 0.024 0.012 0004  0.002
Application
computer PC Portable Pervasive/Ubiquitous
communications LAN PAN Computing
18 ¢ Processor (MIPS)
16 /
14 / Hard disk
12 //‘ P Capacity
Technology 10 ..,"' //
Improvement 8 "/ Memory
(%) 6 e P _~Capacity
4 ({/,.o" ] _',,./
2 - Energy
1 Stored
1996 2001
Time (Years)

Figure 6. Improvement in technology [2-8].
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2.1 Sources of Power Dissipation

Four main sources of current contribute to power dissipation in digital CMOS circuits as

shown in Figure 7. These are summarized in Equation (2-1) and discussed below.

B = Probpg -Cp Vg Vo fop + I Vg + Ileakage Vg + Laic Via (2-1)
Vdd
- Switching Power (l,.) [70-90%] : Referred to as capacitive power \
Poacsng = proby-Cyp Vs -Vas* Jon __¢":P T Caifrt
- Short-Circuit Power (I,) [10-30%]: Referred to as internal power ~ '"Pt transiu'onl -—H ./
- niCa ' Out
Powns = 1o -V, v —_— sc
— ‘ \ Cint
Static t |Cg2 N == lsw c
- Leakage Power (l,.) [< 1%]: Sub-threshold leakage dominates, Cuifi2 load
some due to leakage substrate /_ lieak

Poa= | leakage * Vdd v

@
=
o

Total Power b = Transition Probabil Vss = Voltage Swing
r = t
proog ransition Probability V,, = Supply Voltage

Foa = Probey -Cp Vs Vo Jon + Ise Vay + LV € =CruetCay +Cyy Jou = Clock Frequency

total
Vi Cyare = Gate Capacitance I, = Short-Circuit Current

Cd,.”_ = Drain/Source Diffusion Capacitance 1,4 =Leakage Current

+1

static ©

C,,, = Interconnect Capacitance I,... = Static Current

slatic

Figure 7. Sources of power dissipation.

1. Switching Power: The first term in the expression for total power in Figure 7
represents the switching component of power, where Cj. is the load capacitance, f.j is
the clock frequency, and probry is the node transition activity factor. The dominant
source of power dissipation is the current that flows during charging and discharging
the capacitive load that the gate is driving. In most cases, the voltage swing, Vss, is
the same as the supply voltage, Vdd; however, some logic gates, such as in single-

transistor pass-transistor implementations, the voltage swing on some internal nodes
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may be slightly less [2-2]. Sometimes, power can be saved by reducing the voltage
swing. This method is particularly useful for high capacitance nodes such as long
buses, I/Os etc. [2-3]. Reducing the switching power dissipation has been the subject
of extensive study. Most of these methodologies aim at lowering one or more of Vg,
probrg or Cy.

. Short-circuit Power: The second term is due to the direct-path short-circuit current,
Isc, which arises when both the NMOS and PMOS transistors are simultaneously
active, conducting current directly from supply to ground [2-2]. This current flows
when the input waveform rises/falls at a slower rate than the output. Thus, for a short
- time (When Vipy <Vis <Vaa - | Vipl) both the nFET and the pFET driven by the input
remain on, and as a result there may exist a direct current path from V4 to ground.
Models for this dissipation component were developed in [2-15]. It has been found
that, under typical loads, the short-circuit dissipation is a small fraction (~10%) of the
total power dissipation of a CMOS gate.

. Leakage Power: The third term is due to the leakage current, .Ileak. There are two
types of leakage current: (i) reverse-bias diode leakage, which flows in the p-n
junctions formed at the substrate-diffusion interface, and (ii) sub-threshold leakage,
which occurs when the MOSFET is turned off, but there is still some current flowing
because of the inversion charges that exist at gate voltages below the threshold
voltage. Both of these currents are determined predominantly by process technology.
Leakage currents are usually small and do not pose a major problem in most

conventional ICs. However, because of the exponential increase in sub-threshold
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currents with reduced threshold voltages, this component becomes significant in low-
voltage devices.

4. Static Power: Finally, static current, Iy, arises from circuits that have a constant
source of current between the power supplies such as bias circuitry, pseudo-NMOS
logic families, etc. This source of power dissipation, also known as standby
dissipation, is due to the DC current that is continuously drawn from V4 to ground.
This was a significant contribution in earlier nMOS design styles. In CMOS circuits,
however, standby dissipation is not so important, as in steady state there is no direct

connection between V4 and ground.

2.2 Summary of Low-Power Techniques

Table 2.3.1 shows a summary of existing low-power design techniques fc/)r each

level of design hierarchy and for each digital system component.
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Table 3. Low-power techniques in design hierarchical view.

Design .
Hierarchy Low-Power Techniques
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Power System Component
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General |  Clock Bus | DataPath R?:;igm Memory o
P Giitch Suppress et {[==  CA —
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Figure 8 shows typical low-power techniques according to the main approach and
the overhead. The methods of the low power techniques are categorized as reducing
activities, reducing capacitances, supply voltage scaling, and threshold voltage scaling.

The overheads of the low-power techniques can be area, speed, or noise.

Methods Techniques Overheads

Voltage Scaling
Instruction-Level Optimization

Control-Data-Flow Transformation

Reducing
Activity Dynamic Power Management Very Small
Approximate Signal Processing
"! Memory Optimization
i RREES Hardware-Software Partitioning
Conasitarce IR Parallelism/Pipelining Area
\,;‘i:;:\\\‘\" Don't-care Optimization
'o"“\‘,'& Path Balancing
seaimg 1SN\ Teshnoloay DesormgosioniiazD Speed
echnology Decomposition/Mapping® pee
Supply V Encoding A
Retiming
- Gated Clocks
Th?:::"g% v _Pre-computation _ Noise
Transistor/Interconnect Sizing

Transistor Reordering
Threshold Voltage Scaling

References: Voltage Scaling [2-17~2-26], Instruction-Level Optimization [2-124~2-132],
CDF Transformation [2-133~2-141], Dynamic Power Management [2-142~2-154],
Approximate Signal Processing [2-155~2-157], Memory Optimization [2-89~2-114],
Hardware-Software Partitioning [2-115~2-120], Parallelism/Pipelining [2-121~2-123],
Don't-care Optimization [2-62~2-65], Path Balancing [2-66,2-67],
Factorization [2-68,2-69], Technology Decomposition/Mapping [2-70~2-74],
Encoding [2-75~2-78], Retiming [2-79~2-81], Gated Clocks [2-82~2-85],
Pre-computation [2-86~2-88], Transistor/Interconnect Sizing [2-27~2-39],
Transistor Reordering [2-40~2-45], Threshold Voltage Scaling [2-46~2-61]

Figure 8. Low-power techniques in methodology view.
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2.3 Energy and Delay Tradeoffs

In general, there are three ways to save power dissipation while maintaining
operation frequency by utilizing surplus time slack: i) employing multiple supply voltage
(Vdd) to lower supply voltage, ii) employing multiple threshold voltage (Vth) to reduce
leakage current, and iii) employing multiple device width (Wgate) to reduce circuit
capacitance. Figure 9 presents the fundamental characteristics of those three device
parameters (Vdd, Vth, Wgate) for power and delay tradeoffs [2-4]. Figure 9(a) shows the
Vdd/Vth and (delay x energy) tradeoffs. It shows that the supply voltage should be larger
than four times of the threshold voltage if the delay is not to increase eﬁcessively. Figure
9(b) shows the Device Width and (delay x energy) tradeoffs. It is shown that the delay
decreases with increased device width but the delay-energy product is minimized when
the devices contribute half of the total load capacitance. The technology parameters
trade-offs are summarized in Figure 9(c). In this thesis, we try to optimize the non-linear

parameters of those tradeoffs efficiently to minimize the total power.
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Figure 9. Energy and delay tradeoffs for power optimization.

2.4 Previous Work

2.4.1 INSTRUCTION SCHEDULING

Recently, new research directions in reducing power consumptions for embedded
systems have begun to address the issues of arranging software at the instruction level to

control power dissipation [2-124~2-132]. The energy consumed by a processor depends
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on the previous state of the system and the current inputs. Therefore, it is clear that proper
instruction choice and ordering should be considered for low-power systems.

The focus of instruction-level power optimization is closely related to hardware
processor systems because these methods are based on a processor power model, where
each instruction (pair of instructions) has a power cost. Power consumption per
instruction and for a sequence of instructions can be determined accurately for different
applications [2-124,2-125,2-132].  After  cost analysis, instruction-level
scheduling/optimization is performed at compile time. These optimizations consist of
instruction set design, instruction packing/ordering, register re-labeling, etc. Some
processor architectures support dedicated low-power instruction sets for the purpose of
facilitating instruction-level power optimization of the ARM architecture or the Xscale
processor [2-129~2-131].

There has been previous research on instruction-level scheduling to reduce total
power consumption. In [2-158], a technique called cold scheduling was combined with
Gray code addressing to reduce the switching acﬁvity in the control path of high-
performance processors. The cold scheduling algorithm works much the same way as
traditional list scheduling with the exception that it schedules instructions based on a
modified priority scheme. Another scheduling technique for reducing power consumption
is introduced in [2-124,2-125]. The goal here is to reschedule code such that instructions
are more judiciously chosen as opposed to actually reordering instructions to reduce
power. In order to achieve the goal of low-power scheduling, the authors implement a

methodology for determining the energy consumption of a single instruction in which
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they measure the current through the processor when that instruction is executed, using
hardware. In [2-159], the authors introduce a redundant search space reduction scheme
called BARS. Basically, BARS examines all possible schedules of a DAG, and finds the
schedule with the lowest cost. The BARS algorithm employs two techniques for runtime
efficiency. One technique avoids potentially redundant search, and another technique
limits the number of sub-trees to be searched. Table 4 shows previous results for

instruction-level power optimization.

Table 4. Previous results for instruction-level power optimization.

Techniques Test Power Savings
q Circuits/Benchmarks (%,x)
Evaluating power cost of §oﬂware and Instruction 486DX2 based system 40 %
level analysis [2-124]
Optimization heurlstlfzzsjc;‘r2 1]nstruct10n scheduling Algorithm applications 29 %

2.4.2 TIMING ANALYSIS

A key principle of low power design maintaining speed is the surplus delay (slack
budget) distribution among the circuit modules. The first use of the slack distribution
approach is the popular zero-slack algorithm (ZSA) [2-160]. The ZSA is a greedy
algorithm that assigns slack budgets to nets on long paths for VLSI layout design. It
ensures that after the assignment, the net slack budget is maximal, which means that no
more slack budget could be assigned to any of the nets without violating the path
con_straints. Most other slack-distribution algorithms are pruned versions of the ZSA [2-

161. In[1-162], maximum?independence-set algori'thm (MISA) shows that the ZSA is far
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from the optimal solution in terms of total slack budget and introduces a way to increase
the total slack budget only if fan-out numbers of modules in a target circuit are quite large.
The ZSA and its off-springs are only for improving delay performance in layout design

hierarchy. Therefore, we need a low-power version of time slack distribution algorithm.
2.4.3 SUPPLY VOLTAGE SCALING

Voltage scaling techniques for low power have been investigated for almost all
levels of fhe design hierarchy, from the system level to the device level, as a result of the
quadratic effect on the switching poWer consumption. However, as the supply voltage
becomes lower, the circuit delay increases and the performance degrades. There are three
ways to maintain performance: i) reduce threshold voltage to improve circuit speed, ii)
introduce parallelism into the architecture while using slower device speeds, iii) use
multiple supply voltages and choose the lowest supply voltage for different circuit
components that satisfies the speed requirements. The power and performance
relationship of the first approach is shown in Figure 10. The second approach is discussed
in [2-2] in detail. The idea here is to utilize the increasing transistor density to provide
additional circuits to parallelize the computation and trade-off silicon area for power
consumption. It should be noted that chip sizes are still increasing even though transistor
density is increasing by 60% per year [2-3]. It should also be pointed out that there are
limits on the degree of parallelism that may be allowable for a given architecture. The

problem with the third approach is the need for level conversion every time across
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components with different supply voltages. Table 5 presents results for previous

techniques of the supply voltage scaling.
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Figure 10. Power-performance tradeoffs for supply voltage scaling [2-26].

Table 5. Previous results for supply voltage scaling.

Techniques Test Power Savings
Circuits/Benchmarks (%,%)
Structuring synthesis, placement, and routing with Mpact media processor 47%
dual-Vdd [2-24] chip
Timing slack exploratio[r; a1t7g]ate level with dual-Vdd SIS package circuits 19.6 %
ritical Path and Delay Balancing at gate level with o
C dualyv o [2_22% g ISCAS 85 25 %
Dynamic programming in pipelined/non-pipelined .
y é’atagpaths wi%h ﬂf’ufv o [2_21]" P Test DFG, DSP Filters 4374 %
multiple supply voltages at microarchitectural level
by exploiting the difference in latencies of different SPEC Benchmarks 27%
pipeline stages [2-25]

2.4.4 THRESHOLD VOLTAGE SCALING

With the scaling of supply voltage, transistor threshold voltage needs to be scaled

properly to offset the undesired speed loss. Device threshold voltage is one of the main
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determinants of circuit speed at low voltages in CMOS circuits. If supply voltage is
greater than four times the threshold voltage, conventional CMOS static circuits are
relatively insensitive to supply voltage variation with respect to delay [2-3]. Reducing the
threshold voltage improves low-voitage performance with respect to power.
Unfortunately, such low threshold voltage design practice not only exponentially
increases the leakage power but also deteriorates the noise immunity. Furthermore, given
the trend that leakage power increases by a factor of 5X with each technology generation,
it will become a significant portion of the total power in future ICs [2-1,2-3,2-4,2-6]. The
general mechanism for threshold voltage scaling is that for the active mode of operation,
a low threshold voltage is preferred becausev of the need for higher performance, and for
the standby mode, high threshold voltage is useful for reducing leakage power. Different
threshold voltages can be obtained by changing the substrate and source bias and by
controlling the back gate of double-gate silicon on insulator (SOI) devices [2-6]. Some
techniques in the literature are: i) SATS (self adjusting threshold voltage scheme) [2-52];
ii) MTCMOS (multi-threshold voltage CMOS) [2-51]; iii) DTMOS (dynamic threshold
voltage MOSFET) [2-53]; and iv) DGDT-SOI (double fate dynamic threshold control
SOI) [2-54]. In general, threshold voltage is a function of a number of parameters,
including the following: i) gate conductor, ii) gate insulation material, iii) gate insulator
thickness-channel doping, iv) impurities at the silicon-insulator interface, and v) voltage
between the source and the substrate. Table 6 shows previous results for the threshold

voltage scaling.
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Table 6. Previous results for threshold voltage scaling.

Techniques o Test Power Savings
Circuits/Benchmarks (%,X)
Transistor level time slack exploration and Mixed-
Vth static CMOS design tichnique [2-50] 32-adder, ISCAS 85 80 %
Multiple Vth in 1V, 0.5 micron technology [2-51] 16-b fixed-point DSP 10 x
Optimization Vdd/Vth corresponding to min. 0.18 micron dual-Vth 40 %
energy*delay [2-58] MOSFET
Dual-Vth with criticality exploration [2-59] ISCAS 50 %
High level synthesis based on the dual-Vth [2-25] GCD, Communication 59 %
protocols

2.4.5 GATE SIZING

Transistor and gate sizing affects for dynamic and leakage power reduction and
delay. A large gate is required to drive a large load capacitance with acceptable delay but
it requires more power. The basic rule is to use the smallest transistors or gates that
satisfy the delay constraints. To reduce dynamic power, the gates that toggle with higher
frequency should be made smaller. An interesting problem occurs when the sizing goal is

to reduce leakage power of a circuit. The leakage current of a transistor increases with
decreasing threshold voltage and channel length. In general, a lower threshold or shorter
channel transistor can provide more saturation current and thus offers a faster transistor.
This presents a tradeoff between leakage power and delay. There have been a number of
optimization algorithms for gate sizing for dozens of years [2-27~2-39].

Transistor sizing in a combinational gate circuit can have significant impact on
circuit delay and power dissipation. If the transistors in a given gate are increased in size,
the delay of the gate decreases. However, the power dissipated by the gate increases.

Further, the delay of the fan-in gates increases because of increased load capacitance.
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Given a delay constraint, finding the appropriate sizes of transistors that minimize power
dissipation is a computationally difficult problem. A typical approach to the problem is to
compute the slack at each gate in the circuit, where the slack of a gate corresponds to how
much the gate can be slowed down without affecting the critical delay of the circuit. Sub-
circuits with slacks greater than zero are processed and the sizes of the transistors reduced
until the slack becomes zero or the transistors are all minimum size. Table 7 shows
previous results for this technique.

Table 7. Previous results for gate sizing.

Techniques Test Power Savings
i Circuits/Benchmarks (%,x)
Downsizing MOSFETs inside a cell by redundancy SICAS 85, LGSynth 93 65 %

cell-based circuits elimination [2-27]

16-adder, RISC logic,

TILOS heuristic [2-30] 40 % - 50 %

Video RAMDAC
Analysis parasitic capacitances and velocity ('?:3’ :;};;Z;I ?1?51 I:)r:(;;lg; 30 % - 50 %
saturation of micron technology [2-39] M OS'

2.4.6 INTERCONNECT SCALING

The interconnect delay and power have become dominating factor in determining
the circuit performance in ultra-deep-submicron designs because of mainly two reasons:
i) increased routing densities that have led to shrinking interconnect pitches and ii) aspect
ratios that attempt to keep the resistance of these narrower interconnects constant. Both
have resulted in an increase in the capacitance per unit length, particularly due to
interlayer coupling capacitance. Interconnect scaling approaches have been introduced

for the optimal interconnect structure of each net in terms of interconnect topology, wire
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width (Wint) and spacing, buffer locations and sizes to meet low-power demand , speed

limit, and signal reliability requirements [2-163~2-165].

2.5 The New Design Flow

The key step of the proposed vertically-integrated design flow is shown in Figure
11. Starting at the top of Figure 11, the first high-lighted box represents the use of
instruction-level approach to minimize the total activities in a target system. For a given
architecture, activity profiling and hierarchical circuit partitioning are performed. Then,
beginning with the topmost level of the design hierarchy, delay values are assigned to
every module at that level as denoted in the second high-lighted box in Figure 11. The
total delay from primary input (PI) to primary output (PO) is given. The problem is to
determine the delays of the individual modules so that total power consumption is

minimized by optimizing the supply voltage, threshold voltage and device/interconnect

sizes of module for the assigned delay values. The procedure is repeated hierarchically.
We use the proposed EDR-based heuristic to assign delays to each module. Given the
assigned delay for each module, we optimize technology parameters (Vdd, Vth, Wgate,
Wint) at gate level as presented in the third high-lighted box in Figure 11. At this stage,
UDSM effects and total power (switching, short-circuit, and leakage power) are

considered and the optimal technology parameters are provided for each module.
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CHAPTER 3

LOW-POWER INSTRUCTION SCHEDULING

3.1 Introduction

In this chapter, we propose an efficient instruction-level optimization algorithm
for low power at software level of the design hierarchy. The proposed scheme has the
following features: i) the instruction-ordering problem for low power is formulated as a
combinatorial graph-search optimization problem, yielding near-optimal results, ii) an

efficient heuristic is proposed to solve the problem, iii) cycle-by-cycle RTL-level power
simulators are implemented to drive the optimization process, and iv) a methodology for

validating the results of the optimization process is presented.

3.2 Problem Description

The general procedure for instruction-level analysis is shown in Figure 12:
1) Assembly instructions are assembled from the source program.

2) The assembly code is decomposed into Basic Blocks (BB).
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3) Control and data dependency graph (CDG) is constructed.
After obtaining the CDG, instruction scheduling is performed for each BB and

optimal instruction code for low power is provided.
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Figure 12. Pre-procedure for instruction scheduling.

It is well known that the choice of instruction sequences is critical to reducing
power consumption for embedded systems design. The problem is the complexity of the
instruction scheduling. With » instructions, there are (n-1)!/2 possible instruction
sequences. For example, for 11 instructions, there are 16,314,400 possible combinations
of the instruction sequences. For large numbers of instructions, it is practically impossible
to examine all possible instruction sequences to find the optimal sequence that minimizes

power consumption. An example of search space for possible instruction sequences is
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shown in Figure 13. This example shows that even though only six instructions of an FIR
filter source code for one BB are considered, the search space is large. Therefore, we
proposed a heuristic algorithm to solve complex problems in this research. We use the
fact that the instruction scheduling or reordering problem is equivalent to the Precedence
Constrained Hamiltonian Path problem for DAGs and the Traveling Salesman Problem in
general, both of which are NP-Hard. In the next section, we present the procedure of the

proposed power-driven optimization algorithms for instruction scheduling in detail.

fir.c (FIR source code) A Part of BBI1
int main() { 1-> subu $1,52,83
initialization 2 - move $5,53
for (i=Gii<11ii+) { 30w $4224(Shp)
for (j=0;j<i;j++
(s(ﬁlm -FL hijl “)x[i-j];) 4 sl $2,832
yli] = sum;
5—> addu $4,5p,32
return(0);
6 — addu $3,$2,$4

(a) Source Code (b) Assembly Code in  (¢) Control Flow Graph (d)CDG
BBI

(e) Search Space

Figure 13. CDG and search space example.
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3.3 Instruction-Level Power Optimization Algorithm

The procedure of the instruction-level optimization methodology is given below:
Stepl: Assemble the source code
Step2: Decompose into basic blocks
Step3: Construct control and data dependency graph (CDG) for each basic block
Step4: Generate power dissipation table (PDT) from power simulation
StepS: Build weighted strongly connected graph (SCG) from CDG and PDT
Step6: Solve traveling salesman problem (TSP) problem to find optimal or near

optimal solution

Step7: Validate the optimization algorithm

Step8: Generate instruction sequence for low power

Now, we discuss specific steps of the optimization procedure. Figure 14 provides

an example of the optimization procedure. Figure 14(a) shows a power dissipation table

(PDT) that shows the average power consumed when an instruction in the left most
column is followed by an instruction in the topmost row. The control flow and data
dependency graph (CDG) of Figure 14(b) shows the inter-dependency of instructions. For
example, instruction @ can be executed only after both instruction @ and @ have both
been executed, while instructions ©,®, and ® may be executed in any order. The
weighted strongly éonnected graph (SCG) of Figure 14(c) contains all the edges of the
CDG in Figure 14(b) and some addiiional edges. If the order in which any two

instructions are executed can be interchanged without violating the constraints of the
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CDG, then an additional edge is inserted between the graph nodes (vertices)
corresponding to the two instructions. For example, the instructions @ and ® of the CDG
in Figure 14(b) can be interchanged. Hence, in Figure 14(c), there is an edge between the
nodes @ and ®. Each edge of the SCG is assigned a weight corresponding to the power
consumed by running the pair of instructions repeatedly. It is assumed that the order in
which an instruction pair is executed does not matter. Once the SCG is obtained, a
minimum spanning tree algorithm (MST) in Figure 14(d) is used to obtain an initial
sequence for the optimization. After the MST is performed, local improvement heuristics
are conducted by using simulated annealing to obtain an optimal (least cost) Hamiltonian
Tour of all the vertices of the SCG as shown in Figure 14(e). This tour gives the optimal

sequence of instructions from the viewpoint of power. In this case, the optimal sequence

is ®,0,0,®,6,6.
subu move Iw sl addu
wha | s 1 | s | s | s © @ &
move 1 2 3 9 2
- @ &
Iw s 3 2 3 7
s 3 9 8 2 1 (o)
addu 8 2 7 1 1
(b) CDG
(@ PDT
T
@/;@ 20
3\ /N/
6 < :) 5
4 1
(c) Weighted SCR (d) After Minimum (e) After Simulated
Spanning Tree Annealing

Figure 14. Proposed instruction-level optimization approach.
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3.3.1 CDG CONSTRUCTION

First, we review basic graph notations that are used in this research. A graph G
consists of a set of nodes V, and a set of edges E, G = <V,E>. The degree of a node is the
number of neighbors adjacent to it. We write X— ¥ when <X, ¥> € E in a directed graph.
We define PRED(X) as the set of the all predecessors of node X, and SUCC(X) as the set
of all successors of X. If X— ¥, then X € PRED(Y) and Y € SUCC(X). The indegree of a
node X is the cardinality of PRED(X) and the outdegree of a node X is the cardinality of
SUCC(X). The indegree(X) is the number of edges of the form W—X, and the
outdegree(X) is the number of edges X — Y. If W—X , then W € INDEG(X) and X €
OUTDEG(W). So, the OUTDEG(W) is a sub set of SUCC(W), and the INDEG(X) is the
sub set of PRED(X). The notation X *—Y is to mean that there is a path from X to Y.
The control flow and data dependency graph specifies the execution order among the
components for given instructions to obey the original program semantics. Figure 15

shows the CDG construction algorithm.
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Algorithm 1 Algorithm for CDG Construction

Input: An instruction-level source code
Output: Control and Data flow DAG representation

Definition: BB : Basic Block
idn:x : id number (idn) for each instruction x
src_pre(x) : previous source operands of x
des_pre(x) : previous destination operands of x
src(x) : current source operands of x
des(x) : current destination operand of x

step 0: Set identify number ( idn:x ) for each instruction x.

step 1: Calculate total BB number and store the start idn of
each BB.

step 2: For each x in BB, visit x, identify src_pre(x),
des_pre(x), src(x), and des(x).

step 3: IF there is any y in des_pre(x) associated with sre(x),
THEN create an <x,y>€E in G=<V,E> and remove
y from des_pre(x)

step 4: IF there is any y in des_pre(x) associated with des(x),
THEN create an <x,y>€E in G=<V,E> and remove
y from des_pre(x)

step 5: IF there is any y in src_pre(x) associated with des(x),
THEN create an <x,y>€E in G=<V,E> and remove
y from src_pre(x)

step 6: IF there is any x in BB to be scheduled,
THEN go to step 2.
ELSE generate CDG graph and return.

Figure 15. CDG construction algorithm.

3.3.2 PDT GENERATION

The power dissipation table describes the power consumption due to the
execution of an instruction itself and a pair of instructions. We use a cycle-accurate data
path energy model at the RTL level. A cycle-by-cycle instruction-level simulator is used
to collect the switching activity at all latches in the data path during execution of the
program. The SimpleScalar tool set [3-11], version 3.0 with RTL level power model is
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used. Our target machine has a five-stage pipelined data path and the functional units are
32-32bit general registers, I-cache, D-cache, divider, multiplier, ALU, shifter, and control
units. Details of generating infinite loops to measure the power dissipation due to an
instruction itself and an instruction pair are shown in Figure 16. To avoid any corruption

due to loop overhead, we repeat the instruction pair 200,000 times with a nop operation.

main:

lw  $2,228(3fp)
move $5,54

nop

lw  $2,228(8fp)
move $5,84 }
nop

Iw  $2,228(Sfp)
move $5,54 }
nop

««. 200,000 times

Figure 16 PDT generation example.

3.3.3 SCG GENERATION

We define a strongly connected graph that is a set of nodes S such that there is S

*— S, for any two nodes S;, Sz €S. As showp in Figure 14(c), the weighted SCG is a sub

Ll
set of all possible instructions correspondi;gg to the CDG. The SCG generation algorithm

is shown in Figure 17. I
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Algorithm 2 Algorithm for SCR Extraction

Input: CDG stream
Output: SCR DAG representation
Definition: indegree(X) : the number of edges of W—X
outdegree(X) : the number of edges of X—>Y
INDEG(X) : If WX , then W € INDEG(X)
OUTDEG(X):If X—Y, then Y € OUTDEG(X)
SCC(X) : strongly connected components of X

means that the components in SCC(X)

can be followed by X
(i.e,, SCC(X)=Y, Z]:Y,Z can be followed by X)

Reverse CDG input stream in BB

'

o Visit Xi, identify outdegree(Xi)

SCC(X) = -1 End of BB
[OUTDEG(Xi){0},
b
5 Tndegree[OUTDEG(Xi)] —
A 4 A 4
SCC(X) = [OUTDEG(INDEG(Xi)) SCC(X) = [OUTDEG(Xi)]

i=i-1

A A

Figure 17. SCG generation algorithm.

3.3.4 TSP IMPLEMENTATION

In the general form of the traveling salesman problem (TSP), we are given a finite

set of points ¥ and a cost ¢y, of travel between each pair u.v € V A tour is a circuit that

i
P

The TSP can be modeled as a graph problem by considerfngkf complete graph G =

passes exactly once through each point in V. The TSP is to ﬁnd; a ;tour of minimal cost.

<V,E>, and assigning each edge u,v € E the cost ¢,y. A tour is then a circuit in G that

meets every node. The tours are sometimes called Hamiltonian Circuits. In this research,
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as a construction method, we use a minimum-cost spanning tree by using Prim’s
Algorithm [3-13], and as an improvement method, we use 2-optimal and 3-optimal local
search heuristics by using simulated annealing. Prim’s algorithm is used for computing a
minimum spanning tree. It builds upon a single partial minimum spanning tree, at each
step adding an edge connecting the vertex nearest to but not already in the current partial
minimum spanning tree. If Prim’s Algorithm is applied to the graph of Figure 18 (a) with

starting vertex a, edges are chosen in the order ab, af, ac, cd, dg, de as shown in Figure

18 (b).

(2) SCG (b) MST

Figure 18 Prim’s algorithm example for MST.

The MST solution is used as a starting point for further optimization using
heuristics. In this work, we use 2-optimal and 3-optimal mechanisms for the
improvement heuristic, using simulated annealing with the reasonable cooling parameters
as the optimization engine. The Z-QPtimal ‘heuristic proceeds by considering each non-
adjacent pair of edges of tree T in turn. If these edges are deleted, the T breaks up into

two paths T; and T,. There is a unique way that these two paths can be recombined to

form a new tour 7. If ¢(T”) <c(T), then we replace T with T’ and repeat the procedure.
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As shown in Figure 19, if ¢(T?) > ¢(T) for every choice of pairs of nonadjacent edges,

then T is 2-optimal and we terminate the procedure.

Figure 19 2-interchange local Search heuristics.

The 2-optimal algorithm can be generalized naturally to a k-optimal algorithm,
wherein we consider all subsets of the edge-set of a tour of size of &, or size at most &,
remove each subset in turn, then see if the resulting paths can be recombined to form a
tour of lesser cost. The problem is that the number of subsets grows exponentially with &,
and we soon reach a point of diminishing return. For this reason, k-optimal for k>3 is
rarely used. Figure 20 shows 3-optimal example. In this research, we use both the 2-

optimal and the 3-optimal heuristics for optimization.

Figure 20 3-interchange local search heuristics.
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3.4 Validation of the Optimization

Let us designate the sample space n=(k-1)!/2 for k instructions in a BB. Let us
define v as an input vector for an instruction sequence, define random variable W(v) to be
the power dissipation of the system when v is applied. If we choose j input vectors v;,
v2...,vj randomly and exclusively, the power dissipation obtained in each trial is also an
independent random variable (RV) W;=W(vy), j=1,...,n. Since the W; are independent, thé
set {W1, W,...,W;} constitutes a random sample. We define a new RV X=min(W,,
Wa...,W)), so that X; is the minimum power dissipation over j trials.

Let us designate the jth ordered observation oXjand the fraction of the population
below this observation as P=F(,Xj). Since the value of 0Xjvaries from sample to sample,
P; is a random variable. Thus, we must consider the distribution of P;. We will now
proceed with the development of the distribution for P;.

Given an ordered random sample ,Xj, X, ..., oXn Of size n from a population
having a cumulative distribution function F(X), where X is continuous, we try to find
estimators for F(,X1), F(,X1), «... , F(oXy). Let us define ,P;=F(,X;), where ,P; is the
probability of failing to find an optimal minimum sequence X, prior to the jth ordered
observation in a sample space n. Then, we have the F(,X)) probability for j-1 outcomes,
S(X)dX for 1 outcome, and I- F(,Xj)for n-j outcomes. Clearly, the multinomial
distribution is applicable in this situation. Recall that the multinomial distribution is given
by

!
GO GO COER
1. 2---0 k-

P(y1, Yy Vi) =
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where, the ©,is the probability of obtaining the ith outcome and y; is the RV

representing the number of outcomes of the ith type.
Then, the probability of j-I outcomes with F(,X])), I outcome with f(,XjdX, and

n-j outcomes with I- F(,X))is given by

n! » §
m[F(oJY;)]J f(oXj)dX[l—F(oXj)]" (3-2)

This is precisely the distribution of ,Xj, the value of the jth odered observation.

Now we know that
dF (X)) = (X )dX =d,p, (3-3)

Hence, the probability element becomes

g(,pd,p; = P A=p) 7 dp0S,p, <) (3-4)

nl
(-Di(n-)),

This distribution is commonly termed the rank distribution. Actually the p.d.f. of
the RV ,P; is the well-known beta distribution [3-14]. Figure 21 shows the p.d.f. for |

different values of j for a sample of size n=10.
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gG.py) j=9

1whPy
Figure 21 The rank distribution for a sample of size 10.

Recall that the ,P; is the probability of failing to find an optimal minimum
sequence X,, prior to the jth ordered observation in a sample space n. Let us define that £
is the error tolerance with a range of 0< £ <land a is confidence limit with range 0< a <1.

Pi,p;<etza (3-5)
This equation describes the method used to estimate the confidence limit of the

optimization with error tolerance & For example, in order to get 95% confidence with

less than 5% error tolerance for any optimization value, it is estimated as follows:

1) Estimate j trial number from the py, p,<005)2095 in the sample space n

2) Generate j input instruction sequences randomly and exclusively

3) Find the minimum value among all j trial sequences

4) Compare the minimum value (minimum power) and TSP optimized value

5) If two values are close, we can say that the TSP optimization has 95% confidence

limit with 5% error tolerance.
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3.5 Experimental Results

All simulations are done by using the SimpleScalar tool set [3-11], version 3.0 with
RTL level power model. The target machine includes a five-stage pipelined data path, 32-
32bit general registers, I-cache, D-cache, divider, multiplier, ALU, shifter, and control
units. The simulated annealing parameters are tuned for 95% confidence limit and 5%
error in Equation (3-5). We assume a fixed clock frequency, fixed supply voltage, and
0.35 micron technology. So, the terms “power” and  “energy” can be used
interchangeably because the clock frequency is fixed. Moreover, the power is almost
proportional to the switching capacitance, due to the fact that over 90% of the total
power dissipation is the switching power in well-designed circuits [3-15]. We analyze the
power consumption without any schedule and with the proposed optimal scheduling
method when running several embedded applications.

Figure 22 shows an optimal instruction sequence example for an FIR filter

application. When one basic block is optimized, 8.5 % of total power can be reduced with

our scheme. Figure 23 presents power savings in each component of the target system.
Table 8 shows that maximum 29% of the total activity can be reduced with our algorithm

about 95% confidence limit with 5 % error tolerance.
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Figure 22. Scheduling example for one basic block of FIR source.
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Figure 23. Power savings for each component .

Table 8. Total power saving results for some applications.

Total Power Total Power Confidence Activity
/ (Cycles) 1 (Cycles) Limit/ Error Reducti
without with Rate on (%)
Scheduling Scheduling (%)
(pF) (pF)
FIR Filter 100436.35 91885.50 %95/ =5 8.52
1(2900) 1(2790)
Bubble Sort 11948917.22 11627652.60 =95/ =5 2.68
(100 /(368100) 1(360675)
Samples)
Quick Sort 2711445.75 1919845.60 ~95/ =~ 5§ 29.19
(100 /(85502) /(61170)
Samples)
Heap Sort 3615121.35 3373014.48 ~95/ =5 6.69
(100 /(101136) 1(96329)
Samples)
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3.6 Summary

In this chapter, we proposed an instruction-level optimization algorithm that solves
the instruction scheduling and reordering problem for low-power systems design. The
proposed algorithm contributes for reducing switching activity (hamming distance) at
software level of the proposed design hierarchy, we solve the instruction scheduling and
reordering problem as a Precedence Constrained Hamiltonian Path Problem for DAGs
and the Traveling Salesman Problem (TSP), both of which are NP-Hard. We proposed an
efﬁcient. instruction-level optimization algorithm to solve the NP-Hard problem.
Minimum spanning tree (MST) and simulated annealing (SA) mechanisms were used for
the optimization. We describe the methods for generating the control flow and data
dependence graph (CDG), power dissipation table (PDT), and weighted strongly
connected graph (SCG) for the instruction-level low-power analysis. In addition,
confidence limits with error tolerance were considered for the validation of the
optimization. Finally, experimental results that demonstrate the effectiveness and the

efficiency of the proposed algorithms were shown.
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CHAPTER 4

GRAPH-BASED TIMING ANALYSIS FOR

MINIMUM POWER

4.1 Introduction

In general, low-power optimizations that do not compromising performance are
dependent on time slack calculation and the surplus slack (slack budget) distribution. The
time slack means the difference between the signal required time and the signal arrival
time at the primary output of each module. In actual designs, critical paths are small
portions of the circuit. In other words, excessive slack remains in the rest of the circuit.
Designers have to struggle with the slacks to minimize their power dissipations up to
meeting the timing constraints within a required design time. A number of timing-driven
approaches have been proposed. They are mainly categorized as: i) weighted net-based
algorithms and ii) critical path-based algorithms. In the weighted net (topological depth-

based or stage-based) algorithm, timing constraints on the paths are translated into their
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timing upper bounds for each net using a time slack distribution approach and the
calculated slacks are used for optimizing design criteria such as speed, area, and power in
the circuit [4-1~4-6]. In the critical path-based algorithms, path delays are analyzed
explicitly and the criticalities on the non-critical paths are used for minimizing power [4-
7,4-8]. This research focuses on the problem of the net-based slack distribution for ultra
low-power CMOS circuits.

First use of the slack distribution approach is the popular zero-slack algorithm
(ZSA) [4-3]. The ZSA is a greedy algorithm that assigns slack budgets to nets on long
paths for VLSI layout design. It ensures that after the assignment, the net slack budget is
maximal, which means that no more slack budget could be assigned to any of the nets
without violating the path constraints. Most other slack-distribution algorithms are
pruning versions of the ZSA [4-4~4-6]. In [4-6], maximum-independence-set algorithm
(MISA) shows that the ZSA is far from the optimal solution in terms of total slack budget
and introduces a way to increase the total slack budget only if fan-out numbers of
modules in a target circuit are quite large. The ZSA and its off-springs are only for
improving delay performance in layout design hierarchy. In this paper, we propose a
low-power version of ZSA. The proposed PA-ZSA shows that our surplus slack
distribution strategy ensures power optimal design without delay performance

degradation for CMOS logic circuits.
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4.2 Graph-Based Timing Analysis

A CMOS random logic network can be represented as a directed acyclic graph
G=(V,E) where each node veV represents a logic gate, and a directed edge e; € E exists
if the output of gate i is an i‘nput to gate j. A primary input (PI) node has no fan-in (f)
edges and a primary output (PO) has no fan-out (f,) edges. A combinational circuit
operates properly only within the satisfied functional and timing specifications. The
timing specification is given as the arrival time at each primary input and the required
time at each primary output.

Let fi(v) be the ith fanin of node v and let #; be the node driving fi(v). Also let #,,
be the propagation time from node #; to node v and #, be the delay of node v (see Figﬁre
24).

Definition 1. The arrival time of signals at node v is given by the time at which the last

(latest) signal arrives at the output of v and is given by

arr(v) = max {arr(u)+t, , +1} 4-1)
ie(L£;(v)) r

J
1

Ly
1

wy fv

arr(v) = iex(ll?%é»{arr(u,.) +1, ,+4}

Figure 24. Arrival time.
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Let f,(u) be the set of fan-outs of node u.
Definition 2: The required time of signals at node u is given by the time at which the

early (earliest) signal to be required at the output of & and is given by

req(u) =, min_{reg()~1, -1} (“-2)

I
T

uy Z,

req(u)= min {req(v)~t, ~1,,}

Figure 25. Required time.

Definition 3: The slack at node v is the difference between the require time and the

arrival time at v.

slack(v) = req(v)— arr(v) (4-3)

If a circuit initially meets its timing constraints, we have slack time slack(v) > 0 for each
node v.

Definition 4: The node v is defined fo ‘pe» slack-sensitive to node u if a change in the delay
of node u affects the slack of nbde? v A slack-sensitive sub-graph (path) of G(V,E)

consists of a set of nodes of G(V,E) that are mutually slack sensitive to each other.
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The node v is defined to be slack-sensitive to node # if an change in the delay of node u
affects the slack of node v. A slack-sensitive sub-graph (path) of G(V,E) consists of a set
of nodes of G(V,E) that are mutually slack sensitive to each other.

As an aid to analyzing timing characteristics, we used symbols for the graph-based
analysis as shown in Figure 26. The node name and energy consumption (simply activity
factor or effective capacitance) is located above the node.

Definition 5: The effective capacitance of a module is defined to the sum of the products
of the activity factors at each circuit node of the module and the corresponding switched
capacitance at that node, taken over all the circuit nodes.

Effecive Capacitance = Z 7, -¢, (n;: activity of node i, c,: physical capacitance of node i)
node i

The time duration values for each node are placed in the upper quadrant of the node. The
latest arrival time, arr(i), is placed in the left hand quadrant of node i and the earliest
require time, req(i), is placed in the right hand quadrant of node i. The time slack, slack(i),
for each node are placed in the lower quadrant of the node. The slack sensitive path is

presented on its edges.

Vertex i'(Aétivitj’ or Effective Capacitance)

Slack_Sensitive

Figure 26. Graph-based timing symbol.
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4.3 Energy and Delay Model

We use a transregional model for estimating the worst-case signal propagation
delay through a gate. The delay model has been derived using an extension of the alpha-
power law saturation drain current model [4-9] to the subthreshold region. The drain
current model incorporates effects of high-field and quasi-ballistic (velocity overshoot)
carrier transport in the MOSFET channel. The delay model consists of four major
components: 1) the delay due to switching MOSFETs, 2) the distributed interconnect RC
delay, 3) the time of flight delay, 4) the delay component due to the non-zero rise time of
the input signal are considered. These definitions of gate delay and interconnect
resistance delay allow the definition of arrival times and required times at the input and

output of a gate in the network, which are used for defining time slack.

Vis,

1—— Vd/
1 | g ) [

L)
fa, = f, )+ w,C, +
Y12 1+ r‘E(l.fu(v)){ Wl Ly = ;0B ;( y 7ty INT")]

V

+=C, Vi .

4-4
2 A I () 4

Lo ] 1 VACS I

1
C +=C +
Js(lf(V)){d }[ , (%G, 2 n,) Vor

In the above equation, V4 1s the power supply voltage, ts is the delay of gate G,,
Vrsi is the threshold voltage of the ith gate, o is the velocity saturation coefficient (1 < a.
< 2), tajyis the delay of the gate G, at the ith fan-in, ts; is the delay of the gate G, at the

Jth fan-out, Ip,, (fi) is the switching drain current per unit width, f; is the number of
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fanins, f;; is the number of fanouts, § is the pMOSto nMOS width ratio (8> 1), Lyis the
off current per unit Width, Cppy is the sum of the overlap, junction and fringing
capacitance at the output node per unit width, w, is the device width, adjusting w, scales
the widths of all the transistors in G, (wy > 1), wy; is the device width the gate at the jth
fan-out (wy > 1), Cpyis the input capacitance per unit width of the gate being driven by
the jth fan-out, Cjvpy; is the interconnect capacitance at the jth fan-out, Rjvny is the
interconnection resistance at the jth fan-out, Lyr, is the interconnection length at the jth
fan-out, vyyr is the propagation velocity through the interconnect, C,, is the intermediate
node capacitance of series connected MOSFET’s in multiple fan-in gates, f; is the clock
frequency, 1, is activity factor of the gate output, and K¢ is the coefficient for short-
circuit dissipation [4-10].

The equations used to compute the dynamic and static energy dissipations of a
gate are described next. Similar models have been presented and analyzed in a recent
work by [4-11]. It is assumed that the gates are simple multi-input gates with symmetric
series or parallel pull-up and pull-down MOSFET configurations. Contributions of
subthreshold leakage through the MQSFET channel as well as the ieakage across the
device drain junctions to static dissipation are included.

1) Static Dissipation of Gate Gy (v € N):
E = VW lgz! 1. (4-5)

Static,

2) Dynamic and Short-Circuit Dissipation of G,
1
EDynamicv = Eande (l + Ksc)

Sor (V)
'|:wv{CDPv +(f, (V) - l)Cm,} Z (wvjcr,, + ClNr,, )] (4-6)
=1
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4.4 Optimal Slack Distribution for Minimum Power

4.4.1 PREVIOUS APPROACHES

Before describing our algorithm, ZSA (Zero Slack Algorithm) [4-3] and MISA
(Maximum Independence Set Algorithm) [4-6] are explained.

The ZSA algorithm starts from nodes with minimum slack and locally performs
slack assignment such that the slack over the nodes is reduced to zero. This process
iterated over all the nodes until the slack of all nodes is zero. More specifically, at each
iteration, a node having the least positive slack (smin) is selected. A path in which all
nodes are slack-sensitive to the selected node is then identified and the slack spi,) is
distributed equally over all the nodes in that path. The procedure is repeated all such
slack-sensitive paths. After all slacks have been updated, the procedure is répeated

iteratively. The procedure of the ZSA algorithm is shown in Figure 27
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Zero-Slack Algorithm (ZSA)

Input: directed acyclic graph G = (V,E)

Output: time slack distribution vector TSD(v)

Begin
Phase 0: Initialization
Initialize the class variables of all nodes Vin G ;
(delay, early start time, early finish time, late start time,
late finish time, slack, level=co)
Phase I: Making Timing Graph

Phase II: Timing Analysis and Slack Calculation
Sort all nodes according to the topological levels;
For each node of the sorted V

Assign early startffinish times and late start/finish times;
Compute time slacks;

J
Phase lll: Distributing Time Slacks
Smin:= co;
Find minimum positive slack, Smin;
s := Smin;
For Slack-sensitive paths do begin

{ Vv's :=s/(Nmin); Nmin is the number of node on the path

delay(i) := delay(i) + V'S ;
§:=§8-VS;
J
Update TSD(v)
Repeat Phase Il and Ill until Smin:= <

End

Figure 27. Procedure of ZSA.

As opposed to ZSA, the MISA selects a node having the most positive slack (Syax)-
Then a maximum independence set (MIS) of a transitive slack-sensitive graph is
extracted. MIS is a set of independent vertices (i.e., no two vertices are connected bby an
edge) such that the number of vertices in this set is maximum [4-6]. An incremental dealy
(Smax-Smax-1y) is assigned to each node in MIS. This iteration is continued until all slack of
the nodes are zero. However, If the fan-out number is large enough, the maximum total

budget by MISA is as large as twice the maximum total budget by ZSA as shown in [4-6].
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This shows that MISA provides significant improvement over ZSA when there exist a

large number of fan-outs. The procedure of the MISA algorithm is shown in Figure 28.

Procedure Maximum Independent Set Algorithm (MISA)

Input: directed acyclic graph G = (V,E)
Output: time skack distribution vector TSD(v)

Begin
Phase 0: Initialization
Initialize the class variables of all nodes V in G ;
(delay, early start time, early finish time, late start time,
late finish time, slack, level=)
Phase I: Making Timing Graph
Phase lI: Timing Analysis and Slack Calculation
Sort all nodes according to the topological levels;

For each node of the sorted V

Assign early start/finish times and late start/finish times;
Compute time slacks;
}
Phase lll: Distributing Time Slacks
Find maximum positive slack, Smax; '
While (Smax > 0)
{ vs=min{v s , Smax - Smax-1};
Find slack sensitive graph Gsub (V'S) in G
Find maximum independent set Vmis of Gsub(V's);
Assign an incremental delay, Vs, to each node in Vmis;
delay(i) := delay(i) + V' s, all i in Vmis;
Update TSD(V) and Smax;
Repeat Phase Il ;

End

Figure 28. Procedure of MISA.

However, the ZSA and the MISA are guaranteed that the speed performance
improvement in placement, especially. Therefore, in this work, a power-aware version of

ZSA (PA-ZSA) is proposed showing that the ZSA or the MISA is far from the optimal

solution in terms of power.
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4.5 Power Aware Zero Slack Algorithm (PA-ZSA)

In this section, we present an optimal slack-distribution algorithm for low power
that generates a power-effective budget for any given directed acyclic graph G. Then, we
compare the proposed algorithm with the conventional ZSA and MISA algorithms in

terms of power savings
4.5.1 ALGORITHM DESCRIPTION

The proposed PA-ZSA algorithm begins with a set of vertices (circuit modules)
with maximum effective capacitance. Next, a transitive slack-sensitive sub-graph of the
circuit graph is constructed with the property that all the nodes of the sub-graph are slack-
sensitive to the initial set of vertices that are chosen, based on the measure of effective
capacitance. The slacks of the selected vertices are updated until all the slacks are
reduced to zero. The primary problem is to guarantee that the slack distribution is optimal

in terms of power and to reduce the complexity of exploring all circuit parameters for

estimating the power and delay values corresponding to each vertex of the circuit DAG.
A different metric for reassigning the slack values of all slack sensitive nodes at each
iteration of the PA-ZSA algorithm is proposed. This metric minimizes the total power
consumption over all the circuit nodes and is referred to as the energy-delay-ratio (EDR)
metric. The origirial zero-slack algorithm is modified to accommodate this metric with

additional objective of reducing all the slack values of the DAG nodes to zero.
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In the PA-ZSA algorithm, initially, Monte Carlo simulation is performed to determine
the activity profile of each module/sub-module. This consists of applying randomly
generated input patterns at the primary inputs of the circuit and monitoring the switching
activity per time interval T using a switching activity simulator. Under the assumption
that the switching activity of a circuit module over any period T has a normal distribution,
and for a desired percentage error in the activity estimate and a given confidence le\}el,
the number of required simulation vectors is estimated. The simulation based approach is
accurate and capable of handling various device models, different circuit design styles,
single and multi-phase clocking methodologies, etc. While other more advanced
techniques [4-1,4-2] may be employed to determine the switching activities, this is not
the primary focus of this paper and is not discussed here further.

In the phase I of the PA-ZSA algorithm (see Figure 29), the circuit topology is
mapped to a DAG by using a breath-first-search based algorithm. Then, slack times are
calculated via Equations (1~3) in phase II. Finally, in phase III, the surplus time slacks
are distributed iteratively according to the Assign_EDR metric function (see Figure 30)
until all slacks of the nodes are zero.

Definition 6: Let the slack associated with module i be given byA V5si. For N modules, the
slack gradient vector, Vs, is defined to be Vs =[Vs;, Vsa, Va3, ouoy Vinr, Van /.
Definition 7. The Gsub(v,e) is the slack sensitive sub-graph where the vector v is the

nodes and the vector e is the edges in Gsub after timing analysis and slack calculation.
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Definition 8: Let the v be the subset vector in Gsub(v, e) after timing analysis and slack
calculation. For N modules in v, TSD(v) is defined to be by the time slack distribution of
the subset vector v.

Definition 9. Amax(i,j) is defined by a maximum effective capacitance pair where the
node i is the node in Gsub(v,e) with highest effective capacitance and the node j is the

node in Gsub(v,e) with the second highest effective capacitance.

Power-Aware Zero-Slack Algorithm (PA-ZSA)

Input: directed acyclic graph G = (V,E)
Output: Power-aware surplus (increased) slack gradient vector Vs;
Begin
/* Phase 0: Initialization */
Initialize variables of all nodes Vin G;
(delay, activity, early start time, early finish time, late start time,
late finish time, slack, topology level)
Initialize time slack distnbution vector TSD(v) ;
Initialize surplus (increased) slack gradient vector v's;
/* Phase I: Making Timing Graph ¥/

While ( TSD(v) is not zero )

/* Phase lI: Timing Analysis and Slack Calculation */
Sort all nodes according to the topological levels;

For each node of the sorted v

Assign early start/finish times and late startffinish times;
Compute time slacks;

/* Phase lli: Distributing Time Slacks */
Find slack sensitive graph Gsub in G;
Whl{le (Gsub is not empty )

v's = Assign_EDR (y's ),
delay(i) := delay(i) + V's, alliin Gsub;
Update TSD(v) and Gsub;

}

}
End

Figure 29. Proposed PA-ZSA algorithm.

After obtaining the slack sensitive sub-graph, Gsub(v,e), and surplus slack
gradient vector, Vs, the surplus slack is distributed according to the EDR metric as shown
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in Figure 30. First the maximum effective capacitance set Amax (node i, node j) is
extracted. If the node i and the node j is slack-sensitive each other, the delay i and the

delay j are respectively assigned according to the cost function of

Effective_Cappacitance (E) _ Effective_Capacitance/(E)) Tn other words, the delay of the node i becomes
delay, delay,

delay, = delay, + (slack, + slack,)- 7
1

f:E within the slack gradient (Vs;) of the node i, and the delay of

node j becomes delay, = delay, + (slack, + slack)-——~ within the slack gradient (Vs;) of the node j. If

E
E+E,
a node is not slack-sensitive to another node, the delay of the node is increased up to the

slack gradient ('V5s) of the node.

Assign_EDR( Vs )

Input: Gsub =(V,E)
Output: power-aware surplus slack gradient vector /s
Begin
Find maximum effective capacitance pair-wise set Amax In Gsub;
Amax ={nodel, node ]}, where
node ! = node In Gsub with highest effective capacitance,
node ] = node in Gsub with second highest effective cap;

If node i and j Is slack-sensitive each other
{ . N effective cap ! s
delayl=min [ delay i+ (slack ]+ slack]) * Tofiactive cap T+ effective capl) * Vo1

. . effective cap | s
delay]=min [ delay]+(slack!+slack ) * Teffeciive cap I + effectve capj) ' "7

J
eise
{
delay I = delay ! + slack I;
delay j = delay | + slack ] ;
) .

Update Vs ;
End

Figure 30. Aggisn_EDR algorithm.

The EDR-based slack distribution is explained in Lemma 4.1, below. It is

assumed that the energy consumptions of the different modules in the DAG can be
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adjusted by modulating the supply voltage to each module. Subsequently, it is shown
empirically that the EDR metric yields near-optimal power consumption for the case in
which other technology features such as threshold voltage are also used to modulate the
power and delay of each module. !

Lemma 4.1: EDR (Energy-Delay Ratio) Paradigm: When the ratios of the energy and the
delay for each module are same, the total energy consumption is minimal. In other
words, the delay for each module should be proportional to the energy of that module for
minimum power consumption. Therefore the surplus time slacks should be assigned onto

E_E_ _E

Z2 ..., n: module
d  d, d

each module according to the cost function of

number) for low power.

Proof: Let us assume the energy consumptions of the modulel (M1) and module2 (M2)
in Figure 31 are E, =K, V,,” and E, =K, V,,,’, respectively. Here, the K; and K, are

proportional to the switching activities and load capacitances of the modules. The delay

of the M1 can be assumed by d, =L, /V,, and the delay of the M2 can be assumed

byd,=L,/V,,, where the L; and L, are dependant on the threshold voltage of each

module. And the total delay is T =d, +d,. We want to minimize the total power 7, :

P = K Vir' + K5 Vo
Total i ;T (4_7)

! For simplicity, we do not consider power-delay models for the logic level shifters that are necessary with the use of
multiple supply voltages. These can, however, be incorporated easily into the proposed optimization algorithms.
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A,V ] [y, Vaao]
A M1 @ ; >
| T'=d +d, | .
I I
EI(M])':KI Vddlz Ez(M2)=K2 Vddzz
dM\)=L 1V, d,(M2)=L, 1V,

Figure 31. Two nodes example.

Now,

g L\ _[TVan =1L
d,=T-d, =(T Vddl)—( V., ) (4-8)

d,

and after transposing, we have V, =( ]and Vi = (52-] . Let us substitute for

2

V.and V,,,, then the total power P, is

L] 2 ﬁ' 2
& (T—dz) s (dz) *9)

.. oP,
At minimum power, -a:l—""” =0, therefore,
2

66



!Eﬁ&ix —2)x ! x(-1) |-
(T DxG (D][

2K,
T

t~

2

Q

KL}
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, then —=a +1. So, when P, is minimum,
2
T
d,=——
Pa+l
d=T-d =L
a+l

RecallE, =K, V,,* and E, =K, V%, then,
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. Substituting for d,*with optimal d, from Equation (4-15),
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, KV KL} o 5 : :
VR R and Substituting for d,” with optimal d, from Equation (4-14),
2 2 2

2 2
-fj—z = K;fz (a+1)’. But from Equation (4-13), we know that K,L,” = K'];' , SO
; a
2
5 K'3L13 (a+1)°
d, T (4-17)

The Equation (4-16) and Equation (4-17) are exactly same. Hence, for total minimum

power,

by

2

B

(8]

O
In the following validation, an experimental proof of EDR is illustrated when
simultaneous supply voltage, threshold voltage, and device width optimization is applied
to an accuracy-proven complex device model [4-9].

Empirical validation of EDR metric for more complex technology mappings: An

experiment was conducted to see if the EDR paradigm holds up when supply voltage,
threshold voltage and device sizing are used to control the power consumption of the two
modules in Figure 32. A circuit power optimizer was used to optimize the designs of
modules 1 and 2 of the ﬁgure,. which were chosen to be a 8X4 MUX and a 4-BIT
ADDER, respectively. The tool takes as input, the circuit description and allowed
maximum delay of each module, optimizes the power supply voltage, threshold voltage,
and device sizes of the gates of that module for minimum power. The optimizer uses the

alpha-power law MOSFET model for power-delay-sizing optimization. A range of delay
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values were assigned to the MUX and the ADDER in such a way that the total delay is up
to 8ns. EDR-based metric is shown in Equation (4-18). The graph in Figure 33 shows that
the total power consumption of the circuit is minimal when the value of the metric is
close to 1. This shows that the EDR paradigm holds up when very complex power

optimizations are applied to complex device models.

= >
A3 > me
8x4 mux —,| 4-bitadder (—» result
—> = —>
B 3 D —
—p —b
fselect fC
< 8ns >
Figure 32. Two modules example.
Delayadd%) l
, ela
Metric = Y
Ener, gyadd% 4-18
Energy,,. (4-18)
c
£ 6.00E-12 — : : — e e
5 5.00E-12 {—==i- =P ‘ : -
2 4.00E-121‘\ e N
O 3.00E-12 11— Lloomner—l
2 2.00E12 ' '
2 1.00E-12
£ 0.00E+00
-

0.0 1.0 2.0 3.0 40 50 6.0 7.0 8.0 9.0 10. 11. 12. 13. 14. 15.
0 0 0 0 0 O

metric ( Energy Delay Ratio )

d(adder) P(adder) [d(mux) P(mux) d(total) P(total) [metric
5.00E-09 3.58E-12] 2.36E-09 3.35E-13] 7.37E-09 3.91E-12 0.20
5.31E-09 3.40E-12] 2.36E-09 3.35E-13] 7.68E-09 3.73E-12 0.22
6.39E-09 1.92E-12| 1.69E-09 6.34E-13| 7.98E-09 2.55E-12 1.33
6.75E-09 1.85E-12| 9.71E-10 1.52E-12| 7.72E-09 3.37E-12 5.71
6.94E-09 1.84E-12] 8.96E-10 3.26E-12] 7.84E-09 5.10E-12 13.77

Figure 33. EDR validation.
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4.5.2 COMPARISON WITH ZSA AND MISA

The power optimization capability of PA-ZSA vs. ZSA and MISA is
demonstrated by application to the benchmark circuit c17 as shown in Figure 34. Figure
35 presents the DAG graph mapping and Figure 36 shows the results of initial timing and
slack analysis for the circuit of Figure 34. Note that additional vertices 1, 2, 3, 6 and 9
are inserted into the DAG to represent the circuit inputs and the activities on those input
lines. Figure 37 shows the slack-sensitive subgraph of the DAG of Figure 36 obtained by

removing all vertices with zero initial slack.

#c17 (ISCAS 85)
#5inputs

# 2 outputs
#0inverter

#6 gates (6NANDs)

INPUT(1) 10 2
INPUT(2) )
INPUT(3) 16

INPUT(S)
INPUT(7) 3 1
6

OUTPUT(22) 23
OUTPUT(23) 7 }L
10=NAND(1,3)

11=NAND(3,6)

16=NAND(2,11)

19=NAND(11,7)

22=NAND{10,16)
23=NAND(16,19)

Figure 34. An example circuit (c17).
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A (1, 0.28) Node (Delay, Activity)
1 F (6, 0.48) J (10, 0.13)

(2,0.16) (10 22
2 H (8, 0.25)

(3,0.34 16
PO

PI 3 X G(7,0.28 K (11, 0.47)

4,0.39 11
( 6 ) 23 )

E (8, 0.5)
9 19

1(9,0.52)
Figure 35. DAG mapping.

Vertex i (Activity or Effective Capacitance)

I ey Sy
£ )} D .2
K o % T R, "
o A, wy >
“:\‘n e n . '_-"' ™\
Sy ™, K(0.47) !

R

\_. 10.52)

Figure 36. Timing and slack analysis.
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Figure 37. Slack-sensitive paths.

According to the EDR metric, modules with higher effective capacitance should
be assigned correspondingly higher delay for minimal overall power consumption. This
indicates that the metric power budget as shown in below is a good indicator of the

efficacy of one slack assignment algorithm over another.

Power Budget = Z 7, -¢;+ Vs, (n,: activity of node i, c,: physical cap of node i, Vs,: surplus slack of node i)

In other words, a slack assignment algorithm that maximizes this metric over
another such algorithm is better from the viewpoint of power minimization for the given
circuit, Hence, this metric is used to compare PA-ZSA vs. ZSA and MISA. In the
following, we first explain the operation of ZSA ahd MISA on the circuit of Figure 34.
Then we show how the proposed PA-ZSA approach operates on the same circuit.
Operation of ZSA:

ZSA starts with nodes with minimum slack. In the example of Figure 38(5),

nodes C and node H have minimum positive slack (s). In the first iteration, the
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incremental delays (Smi/Nmin= 1/1=1) for node C and H are assigned respectively, where
Nmin is the number of nodes in the slack-sensitive path. After slack distribution and re-
calculation in the first iteration, the graph of Figure 38(b) is obtained. The delay of the
node C is increased from 3 to 4 and its slack becomes zero and similarly the delay of the
node H is increased from 8 to 9 and its slack becomes zero. In the next iteration, the
vertex with the minimum positive slack is identified again and slack re-assignment is
performed iteratively until all the nodes’ slacks become zero. Figure 38(c-¢) shows the
iterations. In the final iteration, shown in Figure 38(e), we can see that all slacks on the
nodes are zero and the slack gradient vector is VS = {3,1,9,9,1,2} corresponding to the
node vector V={A4,C,F,B,H,J} (the slack gradient vector is the vector of changes in the
slacks of modules A, C, F, B, H and J, respectively due to application of the ZSA

algorithm) . The total slack-budget is 25 and the power budget is 7.45 as shown in Figure

38 (9).

Vertex i (Activity)

1st iteration

H(0.25) X

vertex | A([C|F (B |H|J 1|90/ 2
slack |14 1 |12({10]| 1| 2
(a) Original timing graph (b) 1** iteration
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2nd iteration A(0.28) 3rd iteration

J(0.13)

vertex | A|C | F|B|H]|J vertex F|B J
slack (12| 0 (9|9 |0} O slack o(o|oO0o]|oO
] ) ; +t 1
(c) 2" iteration iteration
4th iteration
F(0.48) JI0.13)

V={4,C,F,B,H,J}

) A=(0.28,0.34,0.48,0.16,0.25,0.13}
J-.= """" Vs={3,1,9,9,1,2}
FTEThR T3 Total — slack =25
ololo]|o Power —budget =7.45
4 .
(e) 4™ iteration (®) Results

Figure 38. Slack distribution of ZSA.

Operation of MISA :

As opposed to ZSA, MISA selects a node having the most positive slack (Smax)-

Therefore, first, node A is selected for slack re-distribution as it has the largest initial

slack (Smax=14). An incremental delay (Smax-Spmar-y= 14-12 =2) is assigned to node A by

the MISA algorithm as shown in Figure 39(b). This procedure (iterations 2-6) is

continued until all the slacks of the nodes are zero as shown in Figure 39(c-g). As seen in

Figure 39(h), we can see that all the slacks of the nodes become zero and the slack

gradient vector due to application of the MISA algorithm is V8 = {11,1,1,10,0,2}
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corresponding to the node vector V={A4,C,F,B,H,J as before}. The total-slack budget is

25 and the power budget is 6.24 as shown in Figure 39(h).

Vertex i (Activity )

A(0.28) 1st lteration

F(0.48) J(0.13)

e

sz MISA

!
L

C(0.34)

&
L3 B{0.16) H(0.25)

vertex | A{C|F|(B|H|J
slack (12| 1 (12|10 1 | 2

vertex | A(|C|F|B|H|J
slack 1411|1210 1 2

(a) Original timing graph (b) 1% iteration

2nd Iteration A(0.28) 3rd Iteration

vertex | AJ]C | F|B|[H|J vertex | A|C|F|B|H]|J
slack 8(1 (8|10 1] 2 slack 8 (1 8 (1] 2
1 d d
(c) 2" iteration (d) 3™ iteration

4th Iteration 5th Iteration

J(O.‘}i)

&

H(0.25)
vertex | A|C|F|B|H|J vertex | A|C|F[(B|H|[J
slack [2[1]2]2[1]2 slack [o[1]o]1[1]1
1th1 1 " 1
(e) 4" iteration (f) 5" iteration
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A(0.28) 6th lteration

F(0.48)

A
by
.

V={4,C,F,B,H,J}
A=(0.28,0.34,0.48,0.16,0.25,0.13}
Vs ={11,1,1,10,0,2}

Total —slack =25

Power —budget = 6.24

(h) Results

Figure 39. Slack distribution of MISA.

Operation of PA-ZSA:

PA-ZSA begins with a set of nodes having the most activity (Auax). In this
example, nodes F and node C have the most activities (4c#(F)=0.48 and Act(C)=0.34)
and these two nodes are also slack-sensitive. Therefore, the transitive sub-graph Gy, =
(Amaxy Esup) is constructed, where A,,,,={F, C}. An incremental delay Vs for each node in
Amax 1s assigned according to the EDR metric and the maximum slack budget of the
nodes in A, are as shown in Figure 40(b). This procedure is continued iteratively until
al lthe slack§ of all the nodes are zero as shown in Figure 40(c-d). As shown in Figure
40(d), we can see that all slacks on the nodes become zero and the slack gradient vector
due to application of PA-ZSA is V8 = {3,1,10,9,1,1} corresponding to the node vector
V={A,C,F,B,H,J}. The total-slack budget is 25 and the power budget is 7.8 as shown in

Figure 40(e).
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oo\ £(028) 1st Iteration

vertex | A{|C | F[(B|H|J
slack | 14| 1 11210} 1

(b) 1% iteration

A(0.28) 3rd lteration

(c) 2" iteration (d) 3" iteration

V={4,C,F,B,H,J}
A=(0.28,0.34,0.48,0.16,0.25,0.13}
Vs ={3,1,10,9,1,1}

Total — slack =25

Power —budget =7.8

(e) Results

Figure 40. Slack distribution of PA-ZSA.

In this section, we compared PA-ZSA with the ZSA and MISA algorithms in
terms of the power-budget (power-saving possibility). Table 9 summarizes the results for
different slack distribution algorithms for the previous example. The proposed PA-ZSA

has more power-saving possibility than other algorithms.
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Table 9. Power budget comparison.

Algorithm

ZSA

MISA

PA-ZSA

Power-Budget

Vs={3,1,9,9,1,2}
Total - slack =25
Power — budget =7.45

Vs ={11,1,1,10,0,2}
Total - slack =25
Power — budget = 6.24

Vs={3,1,10,9,1,1}
Total - slack =25
Power — budget =7.8

4.5.3 TIME COMPLEXITY COMPARISON

At each iteration, the most time consuming operation is computation of slacks for
the circuits. Complexity of the PA-ZSA algorithm is O(nb™), where n is the number of
vertices, b is the branching factor (i.e., average fan-out number of the interconnections)

and m is maximum topological level. Table 10 shows time-complexity comparison with

ZSA and MISA.
Table 10. Complexity comparison.
Algorithm ZSA MISA PA-ZSA
Complexity O(ke) O(nelog(n’/e)) O(nb™)

Where, k is iteration number, e is number of edges, n is number of vertices, b
is branching factor, and m is topological depth.

4.6 Gate-Level Power Optimization

After the maximum delays have been assigned to each module/gate in the circuit,
we optimize each gate individually for minimum power. The strategy is to find iteratively,

using binary search, the optimal combination of Vdd, Vth, and W for each gate that meets
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the maximum delay condition while achieving minimum power dissipation. We used our
previous work for the gate level power optimization [4-7]. This strategy is based on the
observation that power consumption and delay are monotonic functions of Vdd, Vth, and
W, individually, other parameters being fixed. Since it is impractical to have more than
one power supply or threshold voltage in the circuit, we keep only one global value of
Vdd and Vth. However, the algorithm could be easily modified to allow the use of
multiple threshold values in the circuit if desired. The algorithmic complexity of this
procedure depends on the number of iteration steps that we allow for convergence to the
optimal values. Assuming that Vdd, Vth and W are each constrained to M quantized
values, it takes O(M°) simulations of the entire circuit to obtain the final optimal values.
This is many orders of magnitude lower than the complexity of any direct or random
search algorithm that may be used to search for the optimal solution. The procedure for

this optimizer is shown in Figure 41.
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Procedure Gate-Level Power Optimizer

V Range <— [0.6v-1.2v]

For M steps do
V4 €<— MID(V Range)
Vi,Range <— [0.1v-0.7v]

For M steps do
V,, <— MID(V,Range)
For all gates do
W Range <— [1-100]
For M steps do
If delay(g) smaller than max delay(g), then
WRange <«— LOWER(W Range)

else
W Range <— HIGHER(W Range)
endif
endFor
endFor
If All g: delay bounded and total energy decreased
then
V,, Range <— HIGHER(V,, Range)
else
V,, Range «<— LOWER(V,, Range)
endlIf
endFor

If All g: delay bounded and total energy decreased
then
V, Range «— LOWER(V,, Range)
else
V,, Range «— HIGHER(V,, Range)
endif
endFor

Figure 41. Gate-level power optimizer.

4.7 Experimental Results

We used several tools for the RTL Edescription, the functional verification and the
logic synthesis and developed some iItherf%lCC programs and simulators for the proposed
hierarchical optimization with C/C-H)STI; on Ultra-80 Unix machine. Some arithmetic
modules are used for the benchmark qircuits. For the range of the technology parameter
values, we refer to the 2001 updagted version of ITRS (International Technology

Roadmap for Semiconductors). We used verilog for the RTL design, VCS (synopsys) for
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the verilog functional simulation, and design analyzer (synopsys) with 0.25 micron
TSMC library for the logic synthesis. Figure 42 shows an overall procedure of the

optimization methodology.

Power-Aware

RTL Desi erilo i
sign (Verilog) Gate Level Net List Zero-Slack Assignment

Ny <3 (PA-ZSA)
Logic Synthesis Activity Profiling > 4
(Synopsys) Gate Level Vdd, Vth,
o oS W Optimization

Figure 42. Optimization procedure.

Table 11 demonstrates the impact of the PA-ZSA based optimization in terms of
power and area. We synthesized few arithmetic functional units from ARM core and then,
assigned slack budgets and optimized through our gate-level optimization tool. Table
11(a) shows power dissipation when we used fixed threshold voltage, optimal supply
voltage, and optimal device width as a reference before optimization. First column of the
table shows the system modules used in this simulation, second column presents the
number of gates and topological ;levcl.(dep;[h) of the circuits, third column shows the
delay constraints, fourth column showé different input activities (high and low activity
cases), fourth and fifth column shoWs optimal supply voltage and device width, and
finally static (léakage), switching, shOrt—circuit, and total power is presented in the next
columns. Table 11(b) shows power di;sipations after optimization with optimal values of
supply voltage, threshold voltage, aﬁd device width operating with the same circuit speed.
We can obtain average 2x — 10x power ;avings of total (dynamic and static) power. Table
12 shows the effectiveness of the proposed slack budget distribution scheme over
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traditional algorithms with same gate-level optimization and different slack budget
mechanisms. Table 12(a) shows the power dissipation results by using ZSA algorithm
with a 64-bit ALU circuit, Table 12(b) shows the power dissipation results by using
MISA algorithm, and Table 12(c) shows the power consumption results by using

proposed PA-ZSA algorithm. Approximately 17%-29% more power reduction over

conventional slack budget distribution algorithms is achieved.

Table 11. Results of PA-ZSA based optimization.

(a) Before Optimization [ Fixed Vth (0.7v), Optimal Vdd (0.6-1.2v), Optimal W (1-100u) ]

System | Gates/| Delay| Input W Power Dissipation

Modute | Depth| (ns) | Activity | V99 | min, avg, max Static Dynamic Short-ckt Total
a-Ful | ocuel| aagl 05 |0725] 215,24 | 2.19x10E-15 | 1.45x10E-11 | 2.22x10E-12 | 1.67x10E-11
Adder ‘ 005 | 075 | 21520 | 2.19x10E-15 | 1.33x10E-13 | 2.95x10E-14 | 1.65x10E-13
16-Ful |,03003 68| 07 |°:725] 2.4580 | 0.78x10E-15] 7.45x10E11 | 4.56x10E-12 | 7.91x10E11
Adder : 005 [0725] 242,68 | 9.78x10E-15 | 7.98x10E-13 | 8.74x10E-13 | 8.74x10E-13
16-Look [ ool 7o 05 [0728] 12.19.56 | s.02xt0E-15] 4.95xt0E-11 | 226x10E-12] 5.17x10E-11
ahead (1) | 005 |0.725] 10, 18.54 | 8.02x10E-15 | 1.98x10E-13 | 3.86x10E-14 | 2.45x10E-13
16-Look [, oo ool oo 05 | 075| 22448 | 7.82x10E-15] 3.45x10E-11 | 2.09x10E-12] 3.66x10E-11
ahead (2) "] 005 [To75 | 2.24.64 | 7.82x10E-15 | 1.91x10E-13 | 3.00x10E-14 | 2.20x10E-13
16 - Look 05 | 0.75] 8,16 45 5.88x10E-15 | 2.75x10E-11 | 1.15x10E-12 | 2.86X106-11
ahead (3) | 1928/89 59| 005 [G75 8 14,32 5.88x10E-15 | 1.80x10E-13 | 1.66X10E-14 | 2.02x10E-13

(b) After Optimization [ Optimal Vth (0.1-0.7v), Optimal Vdd (0.6-1.2v), Optimal W (1-100u) }

System | Gates/| Delay| Input W Total Power | Power Saving (x
Module | Depth| (ns) | Activity Vdd,vih min, avg, max 9 ()
R 0.625, 0.2 ] :
4-Ful | oeas| 33e] 05 2,6,12 6.48x10E-12 2.57x
Adder 0.05 0.625, 0.2 2.8 14 7.57x10E-14 2.17x
16- Full 0.5 0.65, 0.2 2,20,42 9.16x10E-12 8.63x
Adder |1030/%3| €98| g 0.65, 0.2 2 16,24 1.96x10E-13 4.45x
16 - Look 0.5 0.6, 0.1 2,6, 14 5.15x10E-12 10.04x
1838/81] 7.0
ahead (1) 0.05 0.6, 0.1 2.6 14 1.40x10E-13 1.75x
16-Look [, oo -t 5| 05 0.65, 0.15 2,10, 14 4.20x10E-12 8.71x
ahead (2) 0.05 0.65, 0.125 2.8 14 7.04x10E-14 3.25x
16 - Look 0.5 0.65, 0.12 2.7, 18 3.18x10E-12 9.00x
{e . der L
ahead (3) | 1926/69 5° 0.05 065 0.12 2 6,13 7.06x10E-14 2 86x
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Table 12. Comparison with other ZSAs.

(a) ZSA Based Optimization ( Vdd:0.6-1.2v, Vth:0.1-0.7v)

System Delay Gates/ Input vdd, Vth W Total
Module (ns) Depth Activity ! min, avg, max Power
3417/ 0.5 0.625, 0.1 2,6,22 2.93x10E-9
64 - ALU 20.0 —
7 226 0.05 0.625, 0.1 2 8 24 5.82x10E-10
(b) MISA Based Optimization ( Vdd:0.6-1.2v, Vth:0.1-0.7v)
System Delay Gates/ Input vdd. Vth w Total
Module (ns) Depth Activity ' min, avg, max Power
3417/ 0.5 0.625, 0.1 2,15, 24 3.88x10E-09
64-ALU , 15,
20,07 226 0.05 | 0.625,01 215,20 5.81x106-10
(c) PA-ZSA Based Optimization ( Vdd:0.6-1.2v, Vth:0.1-0.7v)
System Delay Gates/ Input Vdd, Vth w Total
Module (ns) Depth Activity ! min, avg, max Power
3417/ 0.5 0.625, 0.1 2,4,14 2.07x10E-09
64 - ALU X
20.07 226 0.05 | 062504 2.5.12 4.82x10E-10

4.8 Summary

In this chapter, we proposed a slack distribution algorithm for ultra low-power
CMOS logic circuits in a VLSI design environment. We introduced Power-Aware Zero-
Slack Algorithm (PA-ZSA), which distributes the surplus time slacks into the most

power-hungry modules. Based on these time slacks, we have conducted the low-power

optimization at gate level by using technology scaling technique. We have tested the
proposed algorithms on a set of benchmark circuits and some building blocks of
synthesizable ARM core. The experimental results show that our polynomial-time
solyable strategy delivers an order of magnitude savings in total (static and dynamic)
power over the design without power optimization and our slack distribution strategy

reduces more power over the conventional slack budget algorithms with the same power

optimization.

*Note: Scheme (c) is better than scheme (a)
around 17.9% - 29.5% in total power reduction
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CHAPTER 5§

HIERARCHICAL ACTIVITY-AWARE DELAY

ASSIGNMENT FOR LOW POWER

5.1 Introduction

Recent advances in wireless networking technology and the rapid development of
semiconductor technology have introduced new challenges in the design of portable
devices such as personal digital assistants (PDAs). Power optimization for those
embedded systems and power constrained mobile computing is an active area of research
that has received considerable attention in most recent years. Delay, area and power
trade-offs for complex systems require the use of advanced algorithms and EDA tools. To
achieve excellent power and performance results, future EDA tools must harness the
combination of technology parameters, i.e., multiple supply voltages (Vdd), multiple
threshold voltages (Vth), and transistor resizing (W). By combining the optimization
strategy with the on-the-fly technology parameter scaling, designers and EDA tools can

fully explore the design space of dynamic power, static power, and timing slack [5-1,5-2].
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In this chapter, we introduce the Hierarchical Activity-Aware Time Slack
Distribution (HA*TSD) algorithm, which distributes the surplus time slack into the most
power-hungry modules hierarchically as shown in Figure 43. HA*TSD ensures that the
total slack budget is maximal and the total power is near-minimal. Based on these time
slacks, we have optimized technology paraﬁeters (supply voltage, threshold voltage, and
device width) through a gate-level power optimizer and have tested the algorithm on a set

of benchmark example circuits and building blocks of a synthesizable ARM core.

| System level (ARM Core) |

( ALU j | Multlpller |

WEPM%M&»\%&

Hlerarchlcal Delay Ass:gnment for Ultra- Iow Power
(Objective: Assign more time to more Switching Activity module)

4L

Gate Level Technology Parameter Optimization
(Objective: Vdd, Vth, W Scaling to minimize total Power)

Figure 43. Hierarchical delay assignment and power optimization.

5.2 Hierarchical Activity-Aware Delay Assignment

The key steps of our approach are shown in Figure 44. First hierarchical circuit

partitioning is performed. Then, beginning with the topmost level of the design hierarchy,
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delay values are assigned to every module at that level. The total delay from PI to PO is
given. The problem is to d¢termine the delays of the individual modules so that total
power consumption can be minimized by optimizing the supply voltage, threshold
voltage and device sizes of module M; for the assigned delay values. The procedure is
repeated hierarchically. We use the following heuristic to assign delays to each module.

In a given data flow graph of M; modules, let c, =Y ne be the summation of the product

node {

of the activity 7, at node i and the capacitance c, at node i over all nodes i of the module

M;. If the delay assigned to module M; is Dj, then the best delay assignment for

minimizing power is obtained when-

D _ D _ gl 5-1)
¢ G C,

It is clear that such an assignment of delay to each M; can cause the overall path delay
constraint (sum of delays assigned to each module) to be violated for some of the paths in

the module. Therefore, the iterative HA>TSD algorithm is used to solve the problem.

HierarchicaI:Circuif Partitioning

e

Iterative hierarchical time slack distribution
for power. At each level of design hierarchy,
the total execution time budget is allocated
to each module. The execution times are
solved in a top-down manner.

<

Gate-level technology optimization
for low power

Figure 44. Power optimization overview.
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5.2.1 ToPOLOGICAL DEPTH-BASED PARTITIONING

For simulation run-time efficiency and power optimization effectiveness, we
introduce a circuit partitioning algorithm which ensures the minimization of the delay
skew between sub-modules, and constrains maximum sub-module size (or fan-out size).
Figure 45 gives conceptual overview of the topological depth-based partitioning. First of
all, labeling of each circuit node is conducted according to the topological order. Then,
according to the maximum depth and maximum size constraints, the whole flattened
gate-level digital circuit is partitioned into sub-module circuits. The detailed algorithm
for the partitioning is shown in Figure 46. The complexity of this algorithm is O(b"™),
where b is the branching factor (i.e., average fan-out number) and m is maximum

topological depth.

Mapping into
Graph Theory

0 — 5 0

i) Generate topological level
(depth) for each module by using
labeling algorithm

S
Q S0P
D-0D-0

if) Define max depth and max number of nodes inside of each module
iii) Generate partition of each module so as to minimize skew for
given depth and size

Figure 45. Partitioning overview.
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HA2TSD Algorithm 1:  Partitioning

Input: Directed acyclic graph G = (V,E)
Output: Partitioned sub-graphs G, (V,, E,),i=2...n

Begin
Phase 0: Initialization
Initialize the class vanable of allnodes Vin G ;
(level (topological order) = 0 )
Phase I: Labeling {ldentify topological order}
Put a start node to FIFO Queue q;
Initialize the level of the start node = 0;

\{Nhile (qIs not 0}

Obtain a reference to the first element(x) in q;
Remove node x from q;
For each fan-out node y of node x

If level of y = « then

If number of fan-in node of y =1 then

level of y = level of x +1;
else if number of fan-in node of y >1 then

level of y =MAX( levels of fan- in nodes of y) +1;
Add node y into q;

) J
]
Phase Il: Partitioning

Sort all nodes according to the topological order;
Partition the graph G by constraints (max node number & depth);

End

Figure 46. Partitioning algorithm.

5.2.2 ACTIVITY-AWARE DELAY ASSIGNMENT

In this section, we illustrate the hierarchical delay aSsignfﬁent algorithm‘by using
an example of the module level circuit. Let’s say we have the folldwing functional
modules of the target system after partitioning and directed-acyclic-graph mapping as

shown in Figure 47.
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3 §1: = Total Switching Activity * Total

Capacitance Activity « Cap.

Lol =20

L

ke

F Tmax =30 ns

Figure 47. An example module-level circuit.

The object is that given total maximum time (in this case 30 ns), maximum delay
of each module is assigned for minimizing total power (summation of the each module’s
power). In the first step, each module is sorted by the amount of load capacitance of each
module (step 1) as shown in Figure 48. Then the highest priority module (the modﬁle
which has most power-saving possibility) is selected. In this example, we select module
M4 as the highest priority module. After selecting module M4, we assign maximum
delay for module M4 by using the “objective function” and “delay assignment” formula
as we described at the beginning of the section V. The “objective function” and the

“delay assignment” formula is:

‘D1 . D2- D6
ObjectFunction= ~— = — = +¢os = —

‘c1 G2 Cc6

D1+D2+D3+D4+D5+D6 < Tmax

c = 2 N C] : Load Capacitance
Node | ) : Activity
cl: Capacitance

Cj
Total Load Capacitance in the Path

Delay ssignment =

x Tmax
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Activity * Cap.

k » N

r Tmax =30 ns 4

Step 1: Module Priority queue for sach module
by load capacitance

ME M6 (6)

Figure 48. Module-level delay assignment (step 1).

In step 2, all paths which have module M4 are enumerated according to the total
load capacitance of each path and we make another priority Queue, which is called
priority path queue. Then we select the highest priority path on the queue. In this example,
the path 1 is selected. Therefore, as shown in Figure 49, the delay of module M4
becomes 20ns (=20/60 *30) from the above “object function” and “delay assignment”
formula because the module load capacitance of M4 (Cpy) is 20, total load capacitance on
the path 1 is 60, and the max delay for the path is 30 ns. These stepl and step 2 are

repeated until all modules have their maximum delay as shown in Figure 50 (step 3).

Assigned
Delay

Activity * Cap.

r Tmax =30 ns i

Step 2; - Select M4 (The highest priority modute in Step 1)
= Path Priority queue for esch path with M4
I Path1: M1,M2,M4,M6 (60) I
I Path2: M1,M3,M4,M6 {55} |

- Select Path1
-Delay of M4 = (20/60)°30 = 10 ns

Figure 49. Module-level delay assignment (step 2).
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Assigned
Delay

Actlvity * Cap.

P Tmax =30 ns a
Step 3: - Repeat Step2 for all modules
= Delay of M1 = (20/40)*20 = 10 ns
= Delay of M2 = (15/20)*10 = 7.6 ns
=Delay of M3 = (10/15)*'10 = 6.68 ns
«Delay of M6 = 10 ns
«Delay of M6 = 2.6 ns

Figure 50. Module-level delay assignment (step 3).

In step 4, we check the criticality of all the paths and if any path is not critical, we
conducted local heuristic improvement on the path. The path in Figure 51 is not critical,
so we increase the delay of module M3 from 6.6ns to 7.5ns. Figure 52 shows the final
results of the delay assignment for this example module-level circuit. If all modules’
delays are assigned and all the paths are satisfied the criticality, conduct the technology

parameter optimization at gate level (step 5).

Assigned
Delay

Actlivity * Cap.

L ' 6.6 ns —) 7.6 ns J
F Tmax = 30 ns a

Step 4: - Check the criticality for all paths
= It the path Is not oriticel, do local search Improvement
~Increase 8.66 to 7.6 for M3

Figure 51. Module-level delay assignment (step 4).
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Amgn-d
Dela
Ons v

Activity * Cap.

F Tmax = 30 na a

Step 5: - Go to Gate level optimization {(Vdd, Vth, Wgste, Wint Scaling)
with this Max delay of each module

Figure 52. Module-level delay assignment (step 5).

In the algorithm, each module (M]1,...,Mi) can be a functional module or a sub-
partitioned sub-module, the total physical capacitance of a module is sum of the fan-
in/out counts inside the module, and the load capacitance of each module can be
calculated by multiplying the total switching activities by the total fan-in/out net counts.
Algorithm 2 in Figure 53 illustrates the algorithm. The complexity of the algorithm is
O(nb™), where n is the number of modules, b is the branching factor (i.e., average fan-out

number) and m is maximum topological depth.
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HA2TSD Algorithm 2 : Delay Assignment

Input: Partitioned sub-graphs G, (V,, E;)

Output: Delay weighted sub-graphs G, (V,, E;, W(v,))

Begin

Phase 0: Initialization
Enumerate the cntical paths Pj inG=A{G, ... G}};
Sort PI in decreasing order of criticality;

Phase I: Delay assignment for each path
Identify maximum delay T, of all paths;
Calculate switching activity &, for all nodes V,
Set the delay for nodes V, on critical path(s)
\{Nhile( all path P; )

\{Nhile ( unassigned 'V, =0)

Tmlx (Vl) = [aI/ (a1 + "+al-1 + al#1+"+ an )] * Tmax;
/* where n = number of nodes on the P/ V4
WIV) =T (V) 5

j J

End

Figure S3. Hierarchical delay assignment algorithm.

5.3 Experimental Results

We developed a simulation frame work with C/C++/STL and Perl on Ultra-80
Unix machine for the hierarchical power optimization. Also, we used off-the-shelf
commercial tools for the RTL description, the functional verification, and the logic
synthesis of the target system. A few arithmetic modules from the target system and
ISCAS89/MCNC91 benchmark circuits are used for the experimental demonstration. For
the range of the technology parameter values, the 2001 updated version of ITRS
(International Technology Roadmap for Semiconductors) and the MOSIS (Integrated
Circuit Fabrication service) parameter test results with TSMC 0.25 micron are used. For

the RTL design, we used verilog hardware description, for the functional simulation, we
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used VCS (synopsys), and for the logic synthesis, we used design analyzer (synopsys)
with 0.25 micron TSMC library. Monte Carlo simulation is performed for activity
profiling of each module/sub-module as described in [5-2]. This approach consists of
applying randomly generated input patterns at the primary inputs of the circuit and
monitoring the switching activity per time interval T using a simulator. Under the
assumption that the switching activity of a circuit module over any period T has a normal
distribution, and for a desired percentage error in the activity estimate and a given
confidence level, the number of required simulation vectors is estimated. The simulation
based approach is accurate and capable of handling various device models, different
circuit design styles, single and multi-phase clocking methodologies, tristate drives, etc.

The experimental results of the proposed HA*TSD algorithms in terms of power savings
and cpu time reductions are shown in Section 6 with gate-level gate/device-interconnect

co-optimization in ultra-deep sub-micron technology.

5.4 Summary

In this chapter, we proposed an efficient approach for minimizing total power
(switching, short-circuit, and leakage power) without performance loss for ultra low-
power CMOS circuits. We introduce a hierarchical activity-aware delay assignment
algorithm, which distributes the surplus time slack into the most power-hungry modules
hierarchically. Given the delay constraints, we present a framework for combining
supply/threshold voltage scaling, gate sizing, and interconnect scaling for minimizing

total power in Section 6. The proposed delay assignment algorithm and the device-
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interconnect co-optimization ensures that the total power is minimal in the presence of

back end (post-layout-based) UDSM (ultra deep sub-micron) effects.
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CHAPTER 6

ULTRA DEEP-SUB-MICRON (UDSM)-AWARE
GATE-LEVEL POWER OPTIMIZATION FOR

LOW-POWER CMOS VLSI

6.1 Introduction

As technology sizes continue to decrease (with features below 0.1 micron), many

new effects are being observed due to the use of ultra-deep sub-micron (UDSM)
technologies. The significant UDSM effects are caused by i) leakage power increase
which is the most undesirable short-channel effect and ii) on-chip interconnect limits
which potentially threaten to decelerate or halt the historical progression of the
semiconductor industry because the miniaturization of interconnects, unlike transistors,
does not enhance their performance. For the past two decades the driving force for
integrated circuits has been scaling of both the devices and interconnects [6-2~6-5]. We

believe that the most effective approach to power optimization in UDSM designs is to
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consider both device and interconnect properly throughout the entire design process from
RTL level to layout design according to the need of the design complexity and the
accuracy.

Layout-based on-chip interconnect effects due to electrical, thermal, and
mechanical stresses in a multilevel interconnect stack and MOSFET’s short channel
effects are considered to minimize the total (switching, short-circuit, and leakage) power.
In this chapter, we describe a strategy for solving the following problem for ultra-low

power CMOS circuits in nanometer technologies.

Given: i) A logic or gate net-list from synthesizable applications, ii)
device/interconnect technology and parasitics from initial layout, iii)
a required operational clock frequency, iv) activity profiles at each
input, and v) delay/area constraints.

Minimize: Total Power (Vdd,Vth,Wgate, Wint)

Subject to:  Delay(Vdd,Vth,Wgate, Wint) < Tspec
vddi = Vdd-optimal (dual), V' gate i
Vthi = Vth-optimal (multiple), V gate i
Maxsize(i) = Wgatei = Minsize(i), V' gate i
Maxsize(j) = Wintj > Minsize(j), Vintj

Determine: 1) The optimal supply voltage Vdd, ii) the threshold voltage Vthi of
each MOSFET, iii) the channel width Wgatei of weach MO SFET, and
iv) the interconnect width Wintj of each 1nterconnect such that the
sum of the static, dynamic and short-circuit components of energy
consumption in a clock is minimized while allowmg operation at the
desired clock frequency fc. ‘
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6.2 UDSM-Aware Design

Significant UDSM effects in terms of power and delay are mainly caused by low-
threshold voltage and high density-interconnections as shown in Figure 54. We
demonstrate those effects with 12-typical benchmark circuits (MCNC91, ISCAS89) by
using the parameters in Table 13. As shown in Figure 54(a), leakage power portion is
getting larger as the technology feature size is smaller. And the interconnect delay and
power have become dominating factor in determining the circuit performance in UDSM
designs because of mainly two reasons: i) increased routing densities that have led to
shrinking interconnect pitches and ii) aspect ratios that attempt to keep the resistance of
these narrower interconnects constant as shown in Figure 54(b). Both have resulted in an
increase in the capacitance per unit length, particularly due to interlayer coupling
capacitance. Interconnect scaling approaches have been introduced for the optimal
interconnect structure of each net in terms of interconnect topology, wire width and

spacing, buffer locations and sizes to meet the performance and signal reliability

requirements [6-3].
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Figure 54. UDSM Effects for 12-Banchmark Circuits
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Table 13. Summary of Technology Parameters [6-1]

[ Technology (nm) | 250 180 130 100 70 50 |

Min. Vdd (v) 2.0 1.8 1.5 1.3 0.9 0.6
Vth-high (v) 1.0 0.9 0.75 0.65 | 0.45 0.3
Vth-low (v) 0.5 0.45 | 0375 0325 | 0.225 | O.1
Tox (A°) 60 45 35 30 20 12
Wgate (um) 5.75 4.1 3.0 2.3 2.8 | 3.9
fc (GHz) 1.0 1.2 1.6 2.0 2.5 3.0
Levels 6 6 7 8 9 9
H (um) 0.2 0.15 0.13 | 0.1 0.07 0.07
Poly W (um) | 0.25 0.18 0.13 | 0.1 0.07 0.05
S (um) 0.25 0.18 0.183 | 0.1 0.07 0.05
R (ohm) 4 5.3 6.2 8 11.4 11.4

H{um) | 05 0.46 | 034 | 026 | 02 | 0.14
W (um) | 0.30 023 | 0147 | 0431 0.1 | 0.07
M1-2 [ 5 (um) | 0.30 0.23 ] 017 | 013 ] 0.1 | 0.07
T(m) | 650 500 | 360 320 | 270 | 210
R (ohm) | 0.044 | 0.048 | 0.065 | 0.085| 0.11 | 0.16
H (um) 2.0 2.0 1.2 1.0 0.6 | 06
Wum | 1.0 1.0 0.6 | 05 0.3 | 03
M3-4 | S (um) 1.0 1.0 0.6 | 0.5 0.3 | 03
T (nm) 900 900 | 900 900 | 900 | 900
R (ohm) | _0.011 | 0.011] 0.018 | 0.0224 | 0.036 | 0.036
H (um) 2.5 25 2.0 2.0 1.5 | 1.5
Wum)| 2.0 2.0 1.0 1.0 | 0.75 | 0.75
M5-6 | S (um) 2.0 2.0 1.0 1.0 | 0.75 | 0.75
T (nm) | 1400 [ 1400 | 900 900 | 900 | 900
R (ohm) | 0.009 | 0.009 | 0.011] 0.011] 0.015[ 0.015

H (um) - 2.5 2.5 2.4 2.4
W (um) - - 2.0 2.0 1.2 1.2
M7-8 | S (um) - - 2.0 2.0 1.2 1.2
T (nm) - - 1400 | 1400 | 900 [ 900
R (ohm) - - 0.009 | 0.009 | 0.0094] 0.0094
H (um) - - - - 2.5 2.5
W (um) - - - - 2.0 2.0
M9 S (um) - - - - 2.0 2.0
T (nm) - - - - 1400 | 1400
R (ohm) - - - - 0.009] 0.009
Via size (um) 0.5 0.36 0.26 0.2 0.14 0.1
(M1-M2) | R (ohm) | 0.46 0.69 | 0.95 1.43 | 2.16 [ 3.27
K 3.3 2.7 2.3 2.0 1.8 2.5

Performance-driven logic synthesis followed by performance-driven layout [6-
4,6-5,6-9] has become a necessity for designing high performance circuits. However, this
loosely coupled two-phase timing optimization methodology has serious limitations for
deep-submicron-based designs in which interconnection delays become the dominant

factor in determining the circuit speed. Accurate information regarding the
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interconnection delays is not available during the logic synthesis phase and the
interconnection delays are just roughly estimated in this phase. The estimation errors in
the estimation could result in a logic design far-off from an optimal one. Therefore, in

this research, we use post-layout parameters for interconnect scaling.

6.3 Delay and energy model

We used reasonably accurate UDSM-aware model (below 10% errors compared
to HSPICE level 49 model) for delay and power, compared with most of the literature [6-

15~6-17], of MOSFET itself and also interconnect éomponent of CMOS circuits.

6.3.1 MOSFETSs IN UDSM

Since Shockley’s square model is not accurate for UDSM’s MOSFETs due to
velocity saturation, short channel effect, mobility degradation, and series resistance, new
MOSFET’s models have been developed to replace it [6-15]. Traditional long-channel
MOS theory states that device current in the saturation mode of operation is proportional
to the square of gate drive (Vdd-Vth) and inversely proportional to channél length. At
ultra-short channel lengths most carriers travel at a maximum saturated velocity, Vsat,
throughout the channel, which nearly eliminates the impact of channel length on current.

We used a recent version of alpha-power law model [6-15~6-17].
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6.3.2 INTERCONNECTS IN UDSM

In UDSM, interconnect models must carefully monitored and controlled since the
impact of interconnect on system performance is rising. Physically meaningful voltage is
developed only across a capacitance and the interconnect capacitance in UDSM
dominates the total net capacitance due to; i) the increased routing densities that have led
to shrinking wiring pitches and ii) the aspect ratios that attempt to keep the resistance of
these narrower wires constant. Many researches have been studied for modeling of the
coupling effect in time domain [6-16] and also frequency domain. In general, frequency
domain approaches are ideal for measurement of high-frequency phenomena such as skin
effect but unsuitable for recreating the actual environment in real designs [6-17]. We used
post-layout time-domain model for the interconnect effect so that the analysis results give
easily measurable delay and energy, rather than hard-to-measure frequency response and

phases.
6.3.3 COMPONENT DELAY (GATE+INTERCONNECT) MODEL

We use a transregional model for estimating the worst-case signal propagation
delay through a gate. The delay model has been derived using an extension of the alpha-
power law saturation drain current model to the subthreshold region. The drain current
model incorporates effects of high-field and quasi-ballistic (velocity overshoot) carrier
transport in the MOSFET channel. The delay model consists of four major components:
i) the delay due to switching MOSFETs, ii) the distributed interconnect RC delay, iii) the

time of flight delay, iv) the delay component due to the non-zero rise time of the input

102



signal are considered. These definitions of gate delay and interconnect resistance delay
allow the definition of arrival times and required times at the input and output of a gate in

the network, which are used for defining time slack.
6.3.4 COMPONENT ENERGY (GATE+INTERCONNECT) MODEL

The equations used to compute the dynamic and static energy dissipations of a
gate with similar models which have been presented and analyzed in a recent work from
original work in [6-15]. It is assumed that the gates are simple multi-input gates with
symmetric series or parallel pull-up and pull-down MOSFET configurations.
Contributions of subthreshold leakage through the MOSFET channel as well as the

leakage across the device drain junctions to static dissipation are included.

6.4 UDSM-Aware Post-Layout Power Optimization

We believe that the most effective approach to power optimization in UDSM
designs is to consider both device and interconnect designs at gate level after initial
layout in terms of optimization complexity, simulation efficiency, and estimation

accuracy. The proposed design flow of our approach is shown in Figure 55.
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Figure 5S. Proposed power optimization design flow.

At the highest level, hierarchical design decomposition is first performed via
architectural partitioning. Then, using simulation based methods, activity metrics for all
the architectural modules and sub-modules are derived. Next, system-level timing
constraints are decomposed into module-level delay specifications. This module-level
delay decomposition is based on an energy-delay-ratio (EDR) heuristic that prescribes

how module-level delays can be computed from system delay (timing) requirements in
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such a way as to minimize total power consumption. The EDR heuristic uses knowledge
of the effective capacitance of each module in the hierarchical design description to
perform near-optimal (in terms of power) delay assignment. The procedure is applied
hierarchically to every system module while delay values for gate/device-interconnect

level modules are obtained.

Level 0
delay decomposition: EDR heuristic

............ SN Level 1
delay decomposition: EDR heuristic

............ Level m

( gate/device-interconnect level )
delay decomposition: EPDR heuristic

Figure 56. Hierarchical delay decomposition.

In Figure 56, LEVEL 0 represents the highest level of design description. The
system-level delay requirement 7'n the Figure 56 is decomposed into delay requirements

for the 7/ th module at level O ﬁsing the EDR heuristic. The procedure is repeated
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hierarchically obtaining the delay values  of the j th module and level of / of the design
hierarchy. At the lowest level (level m in Figure 56) each module consists of logic gates
and associated interconnect. At this level of design description, the individual paths in the
logic module can be determined efficiently and a different path-based delay assignment
heuristic called the EPDR (energy*path effort and delay ratio) heuristic is used to
optimize the logic gates and interconnect for minimum power. This is because at the
lowest level of design hierarchy, accurate path-based delay analysis of the logic gates and
interconnect can be performed taking into account UDSM scaling effects. At higher
levels of design hierarchy, it is sufficient to perform worst-case delay assignment for all

the logic modules using EDR metric.
6.4.1 PRE-PROCEDURE

For simulation run-time efficiency and power optimization effectiveness, we used
our topological depth-based partitioning [6-7] which ensures the minimization of the
delay skew between sub-modules, and constrains maximum sub-module size (or fan-out
size). First of all, labeling of each circuit node is conducted according to the topological
order. Then, according to the maximum depth and maximum size constraints, the whole
flattened gate-level digital circuit is partitioned into sub-module circuits. The complexity
of this algorithm is O(b™), where b is the branching factor (i.e., average fan-out number)
and m is maximum topological depth.

We used Monte Carlo simulation for activity profiling of each module/sub-

module. This simulation based approach is accurate and capable of handling various
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device models, different circuit design styles, but take very long simulation time.
However, our hierarchical partitioning approach can be used for compensating this
problem.

We placed and routed the synthesized circuits by using feasible technology library
and then scaled the device/interconnect dimensions such as oxide thickness, effective
channel length/width, and interconnect length /width according to the scaling factor in [6-
1,6-17]. For some geometric and electrical parameters like interconnect
capacitance/resistance, W/S/T/H of each metal layer, Vdd/Vth range of each technology,
etc..., we followed 2001 edition of the ITRS projections [6-1].

After obtaining the post-layout gate-level net lists, we enumerated all possible
paths for the circuits.

Figure 57 shows the pre-procedure for a benchmark circuit.
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: 1(1)-G(5)-1(11)-G(7)-1(13)-G(10)-1(16)

: 1(2)-G(2)-1(8)-G(7)-1(13)-G(10)-I(16)

: 1(3)-G(2)-1(8)-G(7)-1(13)-G(10)-1(16)

: 1(3)-G(3)-1(9)-G(5)-I(11)-G(7)-1(13)-G(10)-I(16)

: 1(3)-G(3)-1(9)-G(6)-1(12)-G(11)-1(17)-G(13)-1(19)

: 1(3)-G(3)-1(9)-G(6)-1(12)-G(9)-I(15)-G(12)-I(18)-G(13)-1(19)
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Path 10: I(5)-G(1)-1(7)-G(4)-1(10)-G(6)-1(12)-G(9)-I(15)-G(12)-I(18)-G(13)-1(19)
Path 11: 1(6)-G(8)-1(14)-G(11)-1(17)-G(13)-1(19)

Path 12: 1(6)-G(12)-1(18)-G(13)-I(19)

(c) Path Enumeration

Figure 57. Pre-procedure for c499.

6.4.2 PROPOSED HEURISTIC

In general, there are several methods to solve non-linear optimization problem for
VLSI circuit optimization; i) exhaustive search, ii) restriction (work on subset of the
original problem), iii) pseudo-polynomial time algorithm like Lagrangian and Dynamic
Programming, iv) approximation or randomization, and v) heuristics. Our experience
shows that heuristic method is the best fit for this device and interconnect co-

optimization problem (The experimental validation is not included in this research due to
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page limit). For better understanding of our proposed algorithm, we illustrate our
algorithm with the example circuit in Figure 57(b). The Figure 58 shows that power and
the delay for the example circuit of Figure 57(b) as a basis before optimization with 0.05

um technology (see Table 13 for the parameters used)
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Figure 58. Power and delay basis for an example circuit in Figure 57 (b) without
optimization.

Step 1: Set all parameters for minimum power. In this phase, all the paths show slowest
delay within the technology parameter ranges and violate the delay constraints. The

Figure 59 shows the power and the delay for the above example circuit.
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Figure 59. Technology mapping for minimum power.

Step 2: Select delay violation paths according to deléy constraints. Path 5, 6,7,8,9,10 are

the violation paths in this example as shown in Figure 60.
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Figure 60. Violation paths.
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Step 3: Determine the amount of delay to be decreased for each component on the
violation paths by using EPDR (Energy*Path Effort and Delay Ratio) paradigm for
minimizing power.

Lemma 6-1: EPDR (Energy*Path-effort and Delay Ratio) Paradigm: When the ratios of
the (component energy*path effort) and the component delay for each module are same,
the total energy consumption is minimal. Therefore the surplus time slacks should be

E-P_E P

assigned onto each component according to the cost function of
d 4 d

(1,..., n: component number) for minimum power.

The rationale of the EPDR algorithm is that the component which hasx more
violation paths and less energy consumption possibility due to the delay reduction should
have higher priority to reduce some portion of the amount of the violation delay than
others.

Step 4: Find Vdd, vth, Wg, Wint of each component to minimize the increase of the

power for each component on the violated paths when the delay of each component is
reduced up to the amount of the delay from Step 3. The cost function to be minimized is

APower(Vdd,Vth,Wg,Wint,n)
ADelay(Vdd,Vth,Wg,Wint)
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Figure 61. After optimization.

Step S: Repeat the Step 2-4 until all paths satisfy the delay bound. Figure 61 shows

proposed power optimization result for the example circuit.

6.5 Experimental results

We developed a simulation frame work with C/C++/STL and Perl on Ultra-80
Unix machine for the hierarchical power optimization. Also, we used off-the-shelf
commercial tools (synopsis and cadence) for the RTL description, the functional
verification, and the logic synthesis / initial layout of the target system. A few arithmetic
modules from ARM Core and ISCAS89/MCNC91 benchmark circuits are used for the
experimental demonstration. For the range of the technology parameter values, the 2001
updated version of ITRS (International Technology Roadmap for Semiconductors), the

MOSIS (Integrated Circuit Fabrication service) parameter test results with our scaling
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techniques which is proven by HSPICE.

Table 14 shows the total power consumption with fixed threshold Volfage with
0.05 micrometer technology for the given circuits. Table 15 demonstrates the
effectiveness of the flattened case power optimization. The experimental results show
that our power optimization strategy delivers average 2x — 15x savings in total (static and
dynamic) power without performance degradation. Table 16 (level of hierarchy is 2)
shows average 35.08% faster optimization than the totally flattened case when we still
have average 4.72x power savings. With the hierarchical depth of 3 and 4 as shown in
Table 17and Table 18, we can obtain average 46.10%-50.21% faster optimization than
the totally flattened case when we still have average 3.31x-2.89x power savings. Figufe
62 and Figure 63show that the average power savings and the cpu time savings when we
use different size of partitioning. Figure 64 and Figure 65 show that the average power
savings and the cpu time savings when we use ciifferent level of hierarchy. Figure 66
shows the comparison with exhaustive optimal solution, randomly averaged case, and our
proposed technique for a benchmark circuit (s27). It shows that our algorithm performs
reasonable well and fast. In addition, our experiments show that judiciously chosen
partitioning also can significantly help to reduce the time complexity, maintaining similar

power optimization results.
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Table 14. Before Optimization
BEFORE OPTIMIZATION (TECHNOLOGY: 0.05 MICROMETER, FIXED VTH=0.7, OPTIMAL VDD=0.6-1.2,
OPTIMAL W=1-100)

System Module Gates/Depth Delay(ns) InputActivity Vdd (v) W_min W_avg W_max Static Dynamic  Short-ckt Total

4-Full Adder 106/48 3.36 0.5 0.725 2 15 24  219E-15 1.45E-11 2.22E-12 1.67E-11
0.05 0.750 2 15 20 219E-15 1.33E-13 2.95E-14 1.65E-13
16-Lookahead 1838/81 7.00 05 0.725 2 19 56 8.02E-15 4.95E-11 2.26E-12 5.18E-11
0.05 0.725 2 18 54 8.02E-15 1.98E-13 3.86E-14 2.45E-13
64-ALU 34171226 13.60 0.5 0.675 2 23 68 1.12E-14 4.40E-10 287E-11 4.69E-10
0.05 0.675 2 20 62 1.12E-14 1.90E-11 2.87E-13 1.93E-11
s298 286/18 3.02 0.5 0.725 2 16 24 1.92E-15 1.44E-12 2.37E-14 1.47E-12
0.05 0.750 2 16 20 1.92E-15 1.39E-14 2.55E-16 1.61E-14
s344 229/28 3.86 0.5 0.725 6 16 34 4.59E-16 6.38E-12 9.87E-14 6.48E-12
0.05 0.750 4 18 36 4.59E-16 6.39E-14 9.62E-16 6.53E-14
$386 426/23 3.99 0.5 0.725 2 18 52 5.56E-15 4.88E-12 9.99E-14 4.99E-12
0.05 0.725 2 18 46 5.56E-15 5.13E-14 9.62E-16 5.78E-14

s526 596/18 4.30 0.5 0.725 2 26 46 5.88E-15 5.13E-12 2.00E-13 5.34E-12
0.05 0.750 2 22 68 5.88E-15 532E-14 9.82E-16 6.00E-14
6288 2406/129 10.60 0.5 0.700 2 17 47 6.52E-14 3.21E-10 6.55E-11 3.87E-10
0.05 0.700 2 19 34 6.52E-14 4.69E-11 6.55E-13 4.76E-11

Table 15. After Optimization
AFTER OPTIMIZATION (TECHNOLOGY: 0.05 MICROMETER, FLATTENED CASE, OPTIMAL VTH=0.1-0.7,
OPTIMAL VDD=0.6-1.2, OPTIMAL W=1-100)

System Module  Hierarchy  Delay(ns) Input Activity Vdd (v) Vth (v) W_min W_avg W_max Total Power Savings (x) Run Time (sec)

4-Full Adder flattened 3.36 0.5 0.625 0.200 2 6 10 6.48E-12 2.58 291.56
0.05 0625 0200 2 8 12 7.57E-14 218 245.78

16-Lookahead  flattened 7.00 0.5 0.600 0200 2 14 34 5.15E-12 10.05 1199.45
0.05 0600 0200 2 13 24 3.14E-14 7.79 998.32

64-ALU flattened 13.60 0.5 0675 0175 2 15 46 3.07E-11 15.27 10872.42
0.05 0675 0.175 2 15 45 1.93E-12 10.00 10987.25

s298 flattened 3.02 0.5 0.625 0.200 2 8 14 3.48E-13 4.21 158.32
0.05 0600 0200 2 8 12 3.76E-15 4.28 102.57

s344 flattened 3.86 0.5 0.625 0.200 2 9 24 9.48E-13 6.83 129.53
0.05 0.625 0200 2 10 20 1.57E-14 4.16 119.42

s386 flattened 3.99 0.5 0.600 0.175 2 12 34 1.48E-12 3.37 299.41
0.05 0600 0175 2 10 24 1.23E-14 4.70 300.55

s526 flattened 4.30 0.5 0.650 0.200 2 14 32 1.92E-12 2.78 180.42
0.05 0625 0175 2 14 36 2.31E-14 2,60 194.56

6288 flattened 10.60 0.5 0.650 0.200 2 11 24 4.17E-11 9.28 3875.81
0.05 0.650 0.200 2 10 18 6.69E-12 7.12 3591.33

Average 6.08
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Table 16. After Optimization (cont’d)
AFTER OPTIMIZATION (TECHNOLOGY: 0.05 MICROMETER, 2-LEVEL HIERARCHY CASE, OPTIMAL VTH=0.1-
0.7, OPTIMAL VDD=0.6-1.2, OPTIMAL W=1-100)

System Module Hierarchy Partitioning Input Activity Vdd (v) Vth(v) W_avg Total Power Savings(x) Run Time (sec)  Time Savings (%)

4-Full Adder 2 n3 0.5 0625 0200 10  7.58E-12 2.21 155.67 46.61
0.05 0625 0200 11  8.10E-14 2.04 166.97 32.07

16-Lookahead 2 nr3 0.5 0600 0175 16 6.82E-12 7.60 765.43 36.18
0.05 0.600 0.175 15  3.94E-14 6.21 745.38 25.34

64-ALU 2 nf3 0.5 0675 0.150 20 4.25E-1 11.03 7222.54 33.57
0.05 0675 0.150 20  2.30E-12 8.39 7967.65 27.48

§298 2 n3 0.5 0625 0200 13  4.89E-13 3.00 99.32 37.27
0.05 0600 0200 15 4.59E-15 3.50 69.17 32.56

s344 2 3 0.5 0625 0200 13  1.10E-12 5.89 81.53 37.06
0.05 0625 0200 13  2.84E-14 2.30 75.99 36.37

$386 2 nr3 0.5 0600 0175 15 2.18E-12 2.29 168.81 43.62
0.05 0600 0.475 14  1.99E-14 2.90 171.25 43.02

$526 2 n3 0.5 0650 0200 17 2.51E-12 213 98.22 45.56
0.0 0625 0.175 17  271E-14 2.21 124.96 35.77

c6288 2 nf3 0.5 0.650 0.200 15 5.34E-11 7.25 2876.85 25.77
0.05 0650 0200 16 7.27E-12 6.55 2765.63 22.99

Average 4.72 35.08

Table 17. After Optimization (cont’d)
AFTER OPTIMIZATION (TECHNOLOGY: 0.05 MICROMETER, 3-LEVEL HIERARCHY CASE, OPTIMAL VTH=0.1-
0.7, OPTIMAL VDD=0.6-1.2, OPTIMAL W=1-100)

System Module Hierarchy Partitioning Input Activity Vdd (v) Vth(v) W_avg  Total Power Savings (x) Run Time {sec)  Time Savings (%)

4-Full Adder 3 n3 0.5 0625 0200 14 8.23E-12 2.03 120.56 58.65
0.05 0625 0200 14 B.01E-14 2.06 129.45 47.33

16-Lookahead 3 n3 0.5 0600 0.175 17 9.58E-12 5.40 700 41.64
0.05 0600 0.175 17 5.32E-14 4.59 680.32 31.85

64-ALU 3 n3 0.5 0675 0.150 20  8.05E-11 5.82 6209.23 42.89
0.05 0675 0.125 20 4.00E-12 4.82 6029.32 . 45.12

5298 3 n3 05 0625 0.175 14 5.10E-13 2.87 84.12 46.87
0.05 0600 0.150 14  4.89E-15 3.29 60.32 41.19

s386 3 n3 0.5 0600 0.150 15 1.56E-12 3.20 133.23 55.50
0.05 0600 0150 14 2.06E-14 2.81 130.48 56.59

s526 3 i 0.5 0650 0.200 23 2.56E-12 2.09 89.32 50.49
0.05 0625 0.175 22 3.32E-14 1.81 103.43 46.84

6288 3 n3 0.5 0650 0175 17 9.56E-11 4.05 2035.45 47.48
0.05 0650 0.175 17  1.73E-11 2.76 2120.34 40.96

Average 3.31 46.10
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Table 18. After Optimization (cont’d)
AFTER OPTIMIZATION (TECHNOLOGY: 0.05 MICROMETER, 4-LEVEL HIERARCHY CASE, OPTIMAL VTH=0.1-
0.7, OPTIMAL VDD=0.6-1.2, OPTIMAL W=1-100)

System Module Hierarchy Partitioning Input Activity Vdd (v) Vth(v) W_avg Total Power Savings (x) Run Time (sec) Time Savings (%)

4-Full Adder 4 i3 0.5 0625 0200 14 9.93E-12 1.68 100.5 65.53
0.05 0625 0200 14 8.73E-14 1.89 111.45 54.65

16-Lookahead 4 n3 0.5 0600 0.175 17 9.98E-12 5.19 689.24 42.54
0.05 0600 0175 17 6.78E-14 3.61 656.32 34.26

64-ALU 4 nf3 0.5 0675 0150 20 9.12E-11 5.14 6002.25 44.79
0.05 0.675 0.125 20 6.38E-12 3.02 6009.32 45.31

5298 4 nf3 05 0625 0.175 14 6.01E-13 2.44 67.25 §7.52
0.05 0600 0150 14 5.89E-15 2.73 59.32 42.17

s344 4 n3 0.5 0625 0.175 13 2.00E-12 3.24 70.03 45.94
0.05 0625 0150 13  3.16E-14 2.07 62.88 47.35

s386 4 nf3 0.5 0600 0.150 15  1.65E-12 3.03 125.23 ' 5817
0.05 0.600 0.150 14  2.23E-14 2.60 129.89 56.78

s526 4 n/3 0.5 0650 0200 23 2.79E-12 1.92 82.92 54.04
0.05 0625 0175 22 3.76E-14 1.60 93.33 52.03

6288 4 nf3 0.5 0650 0.175 17  9.87E-11 3.92 1875.25 51.62
0.05 0.650 0.175 17 2.27E-11 2.10 1769.33 50.73

Average 289 50.21
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6.6 Summary

In this chapter, we proposed and implemented an efficient approach to minimize
total power (switching, short-circuit, and leakage power) tremendously without
performance loss for ultra-low power CMOS circuits in nanometer technologies. We
present a framework for combining supply/threshold voltage scaling, gate sizing, and
interconnect scaling techniques for power optimization and propose an efficient heuristic
algorithm which ensures that the total slack is maximal and the total power is minimal,
including UDSM effects and back end (post-layout-based) design techniques. We have
tested the proposed algorithms on a set of benchmark circuits and some building blocks
of synthesizaiale ARM core. Consequently experimental results demonstrate that the
proposed power optimization strategy is fast and effective for reducing total power in
nanometer (below 0.1 micron) technologies, maintaining the circuit speed. Future work
will include application-specific and architecture-driven issues with this UDSM-aware

post-layout technology mapping techniques because assorted software, algorithmic,

architectural techniques can significantly help to minimize the total switching activity for

a target system.
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CHAPTER 7

CONCLUSION

In this dissertation, we consider the relevant issues involved in low-power design
for future generation systems. First, we survey the technology trends and the state-of-the-
art techniques for ultra-low power design at each design hierarchy. The literature review
shows that the trade-off solutions between the conflicting design criteria (Delay, Area,
and Power) should be considered for future low-power, high-performance, and small-size
systems. In the research contribution sections, we addressed a set of frame works for
software-level, module-level, and technology-level approaches for low power. This
chapter concludes the dissertation by first reviewing the salient contributions as well as

the key insights and recommendations. Following a summary of the research findings and

contributions in section 7.1, the open problems for future investigation are presented in
. . . ‘ v . . . .
section 7.2 of some possible extensions of this dissertation that could develop into future

research endeavors.
7.1 Research Findings

The objective of this dissertation is to develop a vertically integrated framework
for software-hardware-technology driven optimization for ultra low-power design of

digital systems. To accomplish this research goal, the following contributions have been
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identified providing a number of efficient algorithms: i) an efficient instruction —level
power optimization, ii) power-ware zero slack algorithm, iii) module-level hierarchical
delay assignment approach for minimum power, and iv) deep-submicron-aware gate-

level technology optimization scheme.

First, we have developed a framework for describing and analyzing instruction
scheduling for low power. This frame work has the following components:

o The instruction scheduling or reordering problem is mapped to the Precedence
Constrained Hamiltonian Path problem for DAGs and the Traveling Salesman
Problem in general, both of which are NP-Hard.

e The proposed instruction scheduling algorithm solves the NP-Hard problem in
polynomial time by using combining a simulated annealing and a local heuristic.

e Mathematical validation method for the optimization is presented.

The second contribution of this dissertation is a set of algorithms for applying the
slack distribution concepts to low-ﬁower design. The salient features of these algorithms
are listed below:

e A new approach to the problem of slack budget distribution for low power is
presented.
o The PA-ZSA ensures that the total slack budget is maximal and the total power is

minimal as a power-aware version of the well-known zero-slack algorithm (ZSA).
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To reduce the complexity of the problem, a simple but optimal metric which is
called energy-and-delay-ratio (EDR)-based slack distribution algorithm is
proposed.

The experimental results show that our polynbmial-time solvable strategy delivers
an order of magnitude savings in total (static and dynamic) power over the design
without power optimization and our slack distribution strategy reduces more
power (average 20% of the total power) over the conventional slack budget

algorithms with the same power optimization.

The third contribution of this dissertation is the hierarchical module-level

approaches for assigning the module’s delays for minimum power. Its characteristics are

enumerated next.

The proposed heuristic distributes the surplus delay into the most power-hungry
modules hierarchically.

Topological depth-based circuit partitioning is presented.

With the hierarchical approach, polynomial time optimization is feasible in very

large circuits.

The final contribution is the demonstration of a new design approach for gate-

level low-power design in ultra-deep-submicron technologies. Its features are

summarized below.

UDSM effects are investigated in terms of power and delay.
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e A framework for combining supply/threshold voltage scaling, gate sizing, and
interconnect scaling techniques is presented including UDSM effects and back
end (post-layout-based) design techniques.

o Path effort (branch effort) feature for multiple paths is added to the delay
optimization technique (the EDR paradigm) for a single path.

¢ Experimental results demonstrate that the proposed power optimization strategy is
fast and yields reductions in total power by a factor from 2x to 10x over non-
optimization case in nanometer (below 0.1 micron) technologies, maintaining the

circuit speed.

Figure 67 shows how all the parts of the dissertation fit into the goal of a complete

digital systems design.
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The research contributions for low-power design during my PhD program have

been described in the following publications.

e K-w. Choi and A. Chatterjee, “HiPOS: Hierarchical Power Optimization Strategy for
' ultra low-power CMOS VLSI,” submitted to IEEE Transactions of VLSI Systems, 2003.

o K-w. Choi and A. Chatterjee, “Gate-level power-aware optimization via graph-based
timing analysis for ultra low-power CMOS VLSI,” submitted to IEEE/ACM Transactions
on Design Automation of Electronic Systems(TODAES), 2003.

e K-w. Choi and A. Chatterjee, “Efficient Instruction-level optimization methodology for
low-power embedded systems,” Proc. of ACM/IEEE International Symposium on System
Synthesis, pp.147-152, Sept. 2001.

¢ K-w. Choi, Y. S. Dhillon, U. Diril, A. Chatterjee, et. Al., “Power-PerformanceTrade-offs
in Second Level memory used by as ARM-like RISC Architecture”, (one chapter in)
Power Aware Computing, Kluwer Academic Publishers, Part IV, Chapter 11, pp 215-
228,2001.

o K, Puttasuwami, K-w. Choi, A. Chatterjee, et. Al, “System level power-performance
trade-offs in embedded systems using voltage and frequency scaling of off-chip buses
and memory,” Proc. of ACM/IEEE International Symposium on System Synthesis, Oct.
2002.

e Y. S. Dhillon, U. Diril, K-w. Choi, and A. Chatterjee,”An O(n) supply voltage
assignment for low-energy serially connected CMOS modules and a heuristic extension
for acyclic data flow graphs”, Proc. of IEEE Computer Society Annual Symposium on
VLSI, 2003.

e K-w. Choi, A. Y. S. Dhillon, U. Diril, and A. Chatterjee, “Software-Hardware delay

optimization for ultra-low power operations,” GIT-CC-02-16, Technical Report at
Georgia Institute of Technology, pp. 173-179, 2002.

e J.C. Park, K-w. Choi, A. Chatterjee, et. Al, “Energy minimization of a pipelined
processor using a low voltage pipelined cache,” Proc. of 36"™ Annual Asilomar
Conference on Signals, Systems, and Computers, Nov. 3-6, 2002.

e K-w. Choi and A. Chatterjee, “HA’TSD: Hierarchical time slack distribution for ultra-
low power CMOS VLSI” Proc. of the International Symposium on Low Power
Electronics and Design, pp.207-212, 2002.

e K-w Choi and A. Chatterjee, “PA-ZSA (Power Aware Zero Slack Algorithm): A graph
based timing analysis for ultra low-power CMOS VLS, ” Proc. of PATMOS 2002, pp.
178-187, Sep. 2002.

e K-w. Choi and A. Chatterjee, “UDSM (ultra deep submicron)-aware post-layout device
and interconnect co-optimization for ultra low-power CMOS VLSL,” Proc. of ISLPED,
Aug. 25-27, Seoul, Korea, 2003.
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7.2 Future Directions

The open vistas specific to this dissertation are the following:

o Explore the other compiler optimization schemes at the software-level (system-
level) to minimize switching activity of the target system.

¢ Investigate cooperation between a technology level and a circuit level: when the
device is scaled and the supply voltage is reduced, it will become very hard to
suppress the stand-by leakage power by device itself.

o Consider the systematic and random variations in process, Vdd, Vth, and
temperature are posing a major challenge to the future high-performance and
ultra-low-power design. Recently, Intel presents that the spread in frequency and
léakage distributions is due to variation in transistor parameters, causing about
20x variation in leakage and 30% variation in chip frequency in a wafer (180nm
technology).

e Not only subthreshold leakage but also other leakage components (i.e., gate

tunneling or junction leakage,...) should be considered.

o Total leakage (leakages in stand-by mode + leakages in active mode) should be
optimized for minimizing total power (switching, short-circuit, and leakage
power). |

e Judiciously re-consider the traditional approaches according to the device
technology scaling (i.e., ultra low-voltage (below 0.5 volt) operation, short-

channel effects,...)
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