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With the continuing trend of technology scalingglkage power has become a main
contributor to power consumption. Dual thresholdaldVy,) assignment has emerged as
an efficient technique for decreasing leakage poWwethis work, a mixed integer linear
programming (MILP) technique simultaneously minieszhe leakage and glitch power
consumption of a static CMOS (Complementary Metald® Semiconductor) circuit for
any specified input-to-output critical path deldysing dual-threshold devices, the
number of high-threshold devices is maximized andniaimum number of delay
elements is inserted to reduce the differentiah pktlays below the inertial delays of the
incident gates. The key features of the methodtlzae the constraint set size for the

MILP model is linear in the circuit size and a poyperformance tradeoff is allowed.
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Experimental results show 96%, 28% and 64% redustiof leakage power,
dynamic power and total power, respectively, foe thenchmark circuit C7552
implemented in BPTM 70nm CMOS technology.

Due to the exponential relation between subthrestirent and process parameters,
such as the effective gate length, oxide thickresd doping concentration, process
variations can severely affect both power and tgniields of the designs obtained by the
MILP formulation. We propose a statistical mixedemer linear programming method
for dualVy, design that minimizes the leakage power and dirdelay in a statistical
sense such that the impact of process variatiotherrespective yields is minimized.
Experimental results show that 30% more leakageepaeduction can be achieved by
using a statistical approach when compared withdéterministic approach that has to
consider the worst case in the presence of praceggions.

Compared to subthreshold leakage, dynamic powksss sensitive to the process
variation due to its linear dependency on the m®sceparameters. However, the
deterministic techniques using path balancing imiehte glitches, becomes ineffective
when process variation is considered. This is bezatlhe perfect hazard filtering
conditions can easily be destroyed even by a svaalthtion in some process parameters.
We present a statistical MILP formulation to acleievprocess-variation-resistant glitch-
free circuit. Experimental results on an exampleut prove the effectiveness of this

method.
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CHAPTER 1 INTRODUCTION

The primary contribution of this work is a new dgsimethodology to minimize the
total power consumption in a static CMOS (CompletagnMetal Oxide Semiconductor)
circuit. A mixed integer linear programming (MILR)rmulation is proposed to optimize
leakage power and dynamic glitch power, withouussalg circuit performance, by dual-
Vi assignment, path balancing and gate sizing. Tcsiden the process variation,
statistical delay and leakage models are adopteaptionize power consumption in a
statistical sense such that the impact of procagation on the power and timing yields

is minimized.

1.1 Motivation

With the continuous increase of the density andoperance of integrated circuits
due to the scaling down of the CMOS technologyucaty power dissipation becomes a

serious problem that every circuit designer hdade.

1.1.1 LeakagePower

In the past, the dynamic power dominated the totaver dissipation of a CMOS
device. Since dynamic power is proportional to $ijeare of the power supply voltage,
lowering the voltage reduces the power dissipatitowever, to maintain or increase the

performance of a circuit, its threshold voltage idddbe decreased by the same factor,
1



which causes the subthreshold leakage currenaosistors to increase exponentially and
make it a major contributor to power consumption.

To reduce leakage power, many techniques have gre@osed, including transistor
sizing [45, 72], multivy, [12, 19, 103], dua¥4, [31, 45, 70, 72, 96-101], optimal standby
input vector selection [69, 84], transistor stagkif4, 65, 106], body bias [10, 9Htc
As the threshold voltageVg) of transistors in a CMOS logic gate is increasix
leakage current is reduced but the gate slows d®wal-Vi, assignment is an efficient
technique for leakage reduction. The basic ideatilizing the timing slack on non-
critical paths to minimize the leakage power byigasag highVi, to some or all gates on

non-critical paths.

1.1.2 Glitch Power

Glitches as unnecessary signal transitions acctmm0%-70% of the dynamic
switching power [20]. To eliminate glitches, a dgsr can adopt techniques of hazard
filtering [7, 38, 46, 83, 104] and path balancir® #6, 74]. In Hazard filtering, gate
sizing or transistor sizing is used to increase ghte’s inertial delay to filter out the
glitches. An obvious disadvantage of such hazdteriig, when used alone, is that it
may increase the circuit delay due to the incredsthe gate delay. Alternatively, any
given performance can be maintained by path delainicing, although the area
overhead and additional power consumption of tisertied delay elements can become a

major concern. The best way to eliminate glitclse®icombine these two techniques [8].



1.1.3 ProcessVariation

The increase in variability of several key proceagmeters can significantly affect
the design and optimization of low power circuitstihe nanometer regime [61]. Due to
the exponential relation of leakage current witimeoprocess parameters, such as the
effective gate length, oxide thickness and dopiagcentration, process variations can
cause a significant increase in the leakage curfdr@re are two principal components of
leakage current. Gate leakage is most sensitithetozariation in oxide thicknes3 ),
while the subthreshold current is extremely sevsito the variation in effective gate
length (Cer), oxide thicknessTiy) and doping concentratioN{,p). Compared to gate
leakage, subthreshold leakage is more sensitiparameter variations [66].

Dynamic power is normally much less sensitive ® pinocess variation because of
its approximately linear dependency on the procpassameters. However, any
deterministic path balancing technique used fomielating glitches becomes less
effective under process variation, since the perfezard filtering conditions can be
easily corrupted even with a small variation in soprocess parameters. To make the
glitch-free circuits optimized by path balancingistant to process variations, a statistical

delay model is developed in this work.

1.2 Problem Statement

The problem solved in this work ig:ind a deterministic mixed integer linear
programming (MILP) formulation to optimize the tbgaower consumption by dual

threshold voltage (dualwy) assignment, path balancing and gate sizing. Fertderive



a statistical mixed integer linear programming fadation to minimize the impact of

process variations on the optimal leakage and dyoatitch power.

1.3 Original Contributions

In this dissertation, we first propose a deterntimismixed integer linear
programming (MILP) formulation to minimize the leade and dynamic power
consumption of a static CMOS circuit for a givemfpamance. In a dual-threshold circuit
this method maximizes the number of high-threshd&lices and simultaneously
eliminates glitches by balancing paths with the llsaanumber of delay elements. Gate
sizing is also considered to further minimize tlymaimic switching power by reducing
the loading capacitances of gates.

Since leakage exponentially depends on some kegegpsoparameters, it is very
sensitive to process variations. We treat gateydalad leakage current as random
variables to reflect the impact of process varratih mixed integer linear programming
(MILP) method for duaWy, design is proposed to minimize the leakage powdrcacuit
delay in a statistical sense such that the effeptaress variation on the respective yields
is minimized. Two types of yields are consideredakage yield refers to the probability
of an optimized circuit retaining the leakage cotrbelow the specified value in the
presence of random process variations. Similanmyging yield is the probability of the
critical path delay staying below the specificatidine experimental results show that
30% more leakage power reduction can be achievedshng the statistical approach,

referred to as statistical MILP, when compared hih deterministic approach.



Glitch-free circuits optimized by path balancing also quite sensitive to process
variations. We further extend the statistical Mifd?Pmulation to optimize the dynamic
switching power considering process variation aotieve process-variation-resistant

glitch-free circuits.

1.4 Organization of the Dissertation

In Chapter 2, the basic components of power consfomp a static CMOS circuit
are first discussed, followed by a survey of tHevant published literature on low power
design techniques at the gate level. Chapter 3ogegpan original mixed integer linear
programming (MILP) method for total power minimizat by dualVy, assignment and
path balancing. To consider process variationjssiedl MILP optimization of leakage
power and dynamic glitch power are presented inp@mnad and Chapter 5, respectively.
In Chapter 6, experimental results are presentethalll;, a conclusion and

recommendations for future work are given in Chapte



CHAPTER 2 PRIOR WORK: TECHNIQUES FOR LOW POWER DESIGN

2.1 Componentsof Power Consumption

Power consumption in a static CMOS circuit basyjcabmprises three components:
dynamic switching power, short circuit power andtist power. Compared to the other

two components, short circuit power normally cangmored in submicron technology.

2.1.1 Dynamic Power

Dynamic power is due to charging and dischargirglttading capacitances. It can
be expressed by the following equation [73]:

P =%c:Lvdd2 CALF (2.1)

dyn

where

» C_is the loading capacitances, including the gapaciéance of the driven gate,

the diffusion capacitance of the driving gate amewire capacitance;

* Vyqis the power supply voltage;

* Als the switching activity;

* Fis the circuit operating frequency.

Equation (2.1) shows that dynamic switching poveedirectly proportional to the
switching activity,A, or the number of signal transitions. More thenaigtransitions,

6



higher is the dynamic power consumption. Afteramsition is applied at the input, the
output of a gate may have multiple transitions befeaching a steady state (see Figure
2.9(a)). Among these transitions, at most oneasetsential transition, and all others are
unnecessary transitions that are caligiiches or hazardsHence,dynamic power is
composed of two parts, logic switching power whishcontributed by the necessary
signal transitions for logic functions, and glitpower which is caused by glitches or

hazards.

2.1.2 Leakage Power

The leakage current of a transistor is mainly st of reverse-biased PN junction

leakage, subthreshold leakage and gate leakatjasasated in Figure 2.1.

-1 Vdd

_|) cGate
'\‘ Leakage
|
]
Vdd
Al , ! Reverse Biased
) | Subthreshold I PN-Junction
—_— - --"\‘ : Leakage * Leakage
— !
- Gate \/ ——
Leakage -—

Figure 2.1 Leakage currents in an inverter.
In submicron technology, the reverse-biased PNtjondeakage is much smaller

than subthreshold and gate leakage and hence cgmdred. The subthreshold leakage
7



is the weak inversion current between source aathdif an MOS transistor when the

gate voltage is less than the threshold voltagg [0& given by [42]:

V.-V -
| o = 4oCoy ﬂVTzel'8 exp] ~2 V| ohg — gyf ~Ves (2.2)
Leff nVT VT

whereug is the zero bias electron mobilit@o is the oxide capacitance per unit areas

the subthreshold slope coefficiews andVys are the gate-to-source voltage and drain-to-
source voltage, respectivelyr is the thermal voltagé/, is the threshold voltagdV is

the channel width and.ex is the effective channel length, respectively. Dioethe
exponential relation betweehy,, and Vi, an increase inVy sharply reduces the
subthreshold current.

Gate leakage is the oxide tunneling current duthéolow oxide thickness and the
high electric field which increases the possibilibat carriers tunnel through the gate
oxide. Tunneling current will become a factor andiymeven be comparable to
subthreshold leakage when oxide thickness is Ides t15-20A [102]. Unlike
subthreshold leakage, which only exists in weakisned-off transistors, gate leakage
always exists no matter whether the transistourisetd on or turned off [100]. Equation

(2.3) gives the expression of the gate leakage [64]

- 3{1— (1—VOX)§J
V 0X

oX _ox

B

(2.3)

gate

| gate = Wor L A(\%)Z ex



where V is the potential drop across the thin oxidg, is the barrier height for the
tunneling particle (electron or hole), afigk is the oxide thicknes#\ andB are physical

parameters given by [64],

q’ a2y,

A:m and B g
wherem is the effective mass of the tunneling particiés the electronic charge, ahds
the reduced Plank’s constant. The oxide thicknessdecreases with the technology
scaling to avoid the short channel effects. Equatid.3) shows that gate leakage

increases significantly with the decreasd gf

In this work, we use BPTM (Berkeley Predictive Teclogy Models) 70nm
technology [1] to implement our designs. Since BPTlhm technology is characterized
by BSIM3.5.2, which cannot correctly model gatekbege, gate leakage is omitted in this
work, and all the techniques discussed in Sectidh é#m at subthreshold leakage

reduction.

2.2 Techniquesfor Leakage Reduction

Leakage is becoming comparable to dynamic switcpioger with the continuous
scaling down of CMOS technology. To reduce leakpgeer, many techniques have
been proposed, including dudlk, multi-Vy, optimal standby input vector selection,

transistor stacking, and body bias.



2.2.1 Dual-Vy Assignment

Dual-Vy, assignment is an efficient technique for leakaguction. In this method,
each cell in the standard cell library has two wgrs, lowVy, and highVy,. Gates with
low Vi, are fast but have high subthreshold leakage, whegates with highvy, are
slower but have much reduced subthreshold leakageditional deterministic
approaches for dual-threshold assignment utilieetithing slack of non-critical paths to
assign highvy, to some or all gates on those non-critical pathsinimize the leakage

power.

>
B L 1

>
"—\_. B .

——

Figure 2.2 An example du#@ly circuit.

Figure 2.2 gives an example du4l-circuit. The bold lines represent the critical
paths. To keep the highest circuit performancegatiés on the critical paths are assigned
low Vi, (white gates), while some gates on those non-atipaths can be assigned high
Vi (black gates) to reduce the leakage since therdirming slacks left on those non-
critical paths. Based on the techniques used fterohéning which gates on non-critical

paths should be assigned high, the dualVy, approaches can be basically divided into
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two groups: heuristic algorithms [45, 72, 96-1044l dinear programming algorithms [31,
70]. Among heuristic algorithms, theacktrackingalgorithm [97, 98] used to determine
the dualVy, assignment only gives a possible solution, noalguwan optimal one (see
example in Figure 3.8 in Section 3.4). Becausebduktracking search direction for non-
critical paths is always from primary outputs tongary inputs, the gates close to the
primary outputs have a higher priority for higl assignment, even though their leakage
power savings may be smaller than those of gatesedo the primary inputs. In [96],
dualVy, assignment is described as a constrained 0-1 grogmng problem with non-
linear constraint functions. Wareg al use a heuristic algorithm based on circuit graph
enumeration to solve this problem. Although the&mpping algorithm tries to avoid the
local optimization, a global optimization still carot be guaranteetlinlike a heuristic
algorithm that can only guarantee a locally optis@ltion, a linear programming (LP)
formulation ensures a global optimization by ddsog both the objective function and
constraints as linear functions. Nguyehal. [70] use LP to minimize the leakage and
dynamic power by gate sizing and d¥g|-device assignment. The optimization work is
separated into several steps. An LP is first usedistribute slack to gates with the
objective of maximizing total power reduction. Than independent algorithm is needed
to resize gates and assign threshold levels. Thignsithat in [70] LP still needs the
assistance of a heuristic algorithm to completeaihtemization. The method of [31] also
uses MILP to optimize the total power consumptigndoal-threshold assignment and
gate sizing.

Dual-Vy, assignment can reduce leakage in both active attllsy modes since
some gates remain idle even when the whole ciorustystem is in the active mode. But

11



the effectiveness of this method depends on thmuitistructure. A symmetric circuit

with many critical paths leaves a much reducednogation space for leakage reduction.

2.2.2 Multi-Threshold-Voltage CMOS

A Multi-Threshold-Voltage CMOS (MTCMOS) circuit [129, 103] is implemented
by inserting highVy, transistors between the power supply voltage dred driginal
transistors of the circuit [68]. Figure 2.3(a) stsow schematic of a MTCMOS NAND
gate. The original transistors are assignedVgwo enhance the performance while high-
Vi transistors are used as sleep controllers. Irveactiode, SL is set low and sleep
control highVy, transistors (MP and MN) are turned on. Their onstasce is so small
that VSSV and VDDV can be treated as almost beqgkto the real power supply. In
the standby mode, SL is set high, MN and MP areediroff and the leakage current is
low. The large leakage current in the |&y-transistors is suppressed by the small
leakage in the highs, transistors. By utilizing the sleep control high-transistors, the
requirements for high performance in active mode lamwv static power consumption in
standby mode can both be satisfied.

To reduce the area, power and speed overheadlnaettiby the sleep control high-
Vi transistors, only one higiy, transistor is needed. Figure 2.3(b) and 2.3(cvstie
PMOS insertion MTCMOS and NMOS insertion MTCMOS. O insertion MTCMOS
is preferred because for any given size, an NM@8sistor has smaller on-resistance
than a PMOS transistor [100].

Compared to the dudl; technique, MTMOS can only reduce leakage in the

standby mode and has additional area-, power-speed overheads.
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Figure 2.3 Schematic of MTCMOS, (a) original MTCMO&) PMOS insertion
MTCMOS, (c) NMOS insertion MTCMOS.

2.2.3 Adaptive Body Bias

The threshold voltage of a short-channel NMOSFE® ba expressed by the

following equation [47].

Vth = VthO + A _Vbs - \/Es)_ 8DIBLVdd + AVNW (2-4)

whereVin is the threshold voltage with a zero body bibg,y and6p s are constants for
a given technologyVs is the voltage applied between the body and soofcthe
transistor,AVyw is a constant that models narrow width effect, &fgglis the supply
voltage. Equation (2.4) shows that a reverse bodg beads to an increase of the
threshold voltage and a forward body bias decretsethreshold voltage.

Leakage power reduction can be achieved by dyndyiadjusting the threshold
voltage through adaptive body bias according todifferent operation modes. In the
active mode, forward body (or zero) bias is usedethuce the threshold voltage, which

results in a higher performance. In the standbyentmhkage power is greatly reduced by
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the optimal reverse body bias, which increasesstiulé voltages. The basic scheme of
an adaptive-body-biased inverter is shown in Figude[100].

Similar to the MTCMOS, adaptive body bias [11, 28, 54, 63, 90] only reduces the

leakage power in the standby mode. With the contisuechnology scaling, the optimal

reverse body bias becomes closer to the zero biadyand thus the technique of adaptive

body bias becomes less effective [44].

—— standby

 Vbp
VDD " ctive
|
|
—1  active
VSS iVbn
: standby

Figure 2.4 Scheme of an adaptive body biased ienert

224 Transistor Stacking

The two serially-connected devices in the off stege significantly lower leakage
current than a single off device. This is called sitacking effect [64, 65, 106]. In Figure
2.5(b), when both M1 and M2 are turned &ff, has a positive value due to the leakage
current flowing through M1 and M2. Assuming the lesdof M1 and M2 are both
connected to the ground,Mf M1 becomes negative and leads to an increadéltf
threshold voltage. At the same timé&s andVys of M1 are both reduced. According to

equation (2.2), the subthreshold leakage in Mlesrehsed sharply and suppresses the
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relative larger leakage current in M2. On the camtfV, in Figure 2.4(a) is always equal

to zero and has no effect ¥, Vys andVys of M and hence on its subthreshold leakage.

_vdd vdd
Hq o
o—q | |
_____ — e S
: 0 LM1}
0 4| I:M Ly ddevd . vm | Vdd=Vdsl+ Vds2
T o] [m2
VT y Yo
GND GND
(@) (b)

Figure 2.5 Comparison of leakage for (a) one sindidransistor in an inverter and (b)
two serially-connected off transistors in a 2-inpIND gate.

With transistor stacking [40, 51, 55], by replacioge single off transistor with a
stack of serially-connected off transistors, leakagn be significantly reduced. The
disadvantages of this technique are also obvioush & stack of transistors causes either

performance degradation or more dynamic power gapson.

2.25 Optimal Standby Input Vectors

Subthreshold leakage current depends on the veeagpied to the gate inputs
because different vectors cause different transigtobe turned off. From the illustration
in Section 2.2.4, a 2-input NAND gate has the sesalsubthreshold leakage due to the

stacking effect when the input vector is ‘00’. Wheegircuit is in the standby mode, one
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could carefully choose an input vector and letttital leakage in the whole circuit to be
minimized [6, 22, 32, 52, 69, 84]. Gat al. in [32] model leakage current by means of
linearized pseudo-Boolean functions. An exact ILPdel was first discussed to
minimize leakage with respect to a circuit’s inpattor. A fast heuristic MILP was then
proposed to selectively relax some binary condisahthe ILP model to make a tradeoff

between runtime and optimality.

2.2.6 Power cutoff

Yu and Bushnell [108, 109] present a novel acteakage power reduction method
called thedynamic power cutoff technig®PCT). The power supply to each gate is
only connected in its switching window, during whithe gate makes its transition within
a clock cycle. The circuit is optimally partitionaedto groups based on thainimal
switching window(MSW) of gates and power cutoff transistors areefitesl into each
group to control the power connection of that grdbipce the power supply of each gate
is only turned on during a small timing window witha clock cycle, significant active
leakage reduction can be achieved. One key ofl¢aikage reduction technique is the
implementation of the cutoff transistors, which dam either implemented by highs
transistors as discussed in Section 2.2.2, or W@ transistors that are overdriven by a
power supply larger tha¥yy for PMOS cutoff transistors or lower thafas for NMOS

cutoff transistors.
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2.3 Techniquesfor Dynamic Power Reduction

Dynamic power is comprised of logic switching powaed glitch power, and can be

expressed by the following equation [73].

= %chddz CACF (2.4)

dyn

To reduce dynamic power at a specified operatiaguencyF, we can either reduce
the dynamic power consumption per logic transitinich is determined by loading
capacitance€,, and power supply/qq, Or reduce the number of logic transitions in the

circuit represented by switching actividy

2.3.1 Logic Switching Power Reduction

2.3.1.1 Dual power supply

Reducing the supply voltage, or voltage scaling, [25, 27, 29, 107], is the most
effective technique for dynamic power reductionéaese dynamic power is proportional
to the square of the power supply. Similar to thel&/, approach, the dudlyy technique
assigns highVyq to all the gates on the critical paths and Myyto some of the gates on
the non-critical paths. When a gate operating lateer Vyq directly drives a higheVygq
gate, a level converter is required to avoid thdesirable short circuit power in that
higher Vyq gate due to the possible large DC current caugethd low voltage fanin.
Since the level converters contribute additionalv@g minimizing the number of level

converters is also important in voltage scaling [9]

17



Leve
Converters

7V

N

L ow VddS_D_D
Cluster

/

\

Cluster

CIC ]

VYV

4 =

[— High Vdd
D_

L

L

FFs

Combinational Logic

Figure 2.6 Scheme of cluster voltage scaling.

Clustered voltage scaling (CVS) [94] is an effeetixwoltage scaling technique. The
basic idea is shown in Figure 2.6 [9]. The instancklow V44 gates driving highVyg
gates are not allowed and level converters are wsg#yl to convert low voltage signals to
high voltage as inputs to flip-flops (FFs) suchtttiee total number of level converters is
minimized.

In contrast to CVS, extended clustered voltageirsga[ECVS) [95] allows level
conversion anywhere and the supply voltage assighnwe the gates is much more
flexible. Thus greater dynamic power saving carmti@eved compared to the CVS. The
algorithm of ECVS is more complicated than that @¥S, since CVS may use a
backtracking algorithm to determine just two clust®ne highVyq cluster and the other a
low Vyq cluster. Figure 2.7 gives an example circuit whdgeamic power is optimized

by ECVS. The bold lines represent the critical path
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Figure 2.7 Example circuit for illustrating ECVS.

2312 Gatesizing

Non-critical paths have timing slack and the delafysome gates on these paths can
be increased without affecting the performancecé&ihe lengths of devices (transistors)
in a gate are usually minimal for a high speediappbn, the gate delay can be increased
by reducing the device width. As a result, the dyitapower is accordingly decreased
due to smaller loading capacitar€g which is proportional to the device size.

Gate sizing is a technique that determines devicehe for gates. Traditional gate
sizing approaches use Elmore delay models in anpaljal formulation. Heuristics-
based greedy approaches [23-25, 67, 78, 86, 101lheaised to solve such a polynomial
problem. In general, a heuristic algorithm is ngkly fast but cannot guarantee a global
optimal.

The gate delay with respect to its device sizeduse[23-25, 67, 78, 101], is

generally given by the following equation,
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d = d+CC°m‘ (2.5)
i =9aG, iGS :

where,d; is the delay of the gatggd is the intrinsic gate delay of gateC; is a constant,
Couti IS the fanout load of gateand GS is the width of the gate The total loading

capacitance & is determined based on the fanout of the gatesagidlen as [78],

Coug = Z(Cwireij + C @S]) (26)

jOFO(i)
where,FO(i) is the set of gates that form the fan-outs fde geCuirejj is the capacitance
of the wire connecting gatdsandj and C is a constant. When ignoring the wiring
capacitance, Equation (2.5) can be rewritten a9.(2.

GS,

d. =gd +Kk; —L (2.7)
jD;(i) GS|

wherek=C-C;.
A linear programming method is proposed [14] in ebha piecewise linear delay
model is adopted to achieve a global optimal sotutiA non-linear programming

approach [59] gives the most accurate optimal smiuiut at a cost of long run times.

2.3.1.3 Transistor sizing

The basic idea of transistor sizing is exactly shene as that of gate sizing except
that in gate sizing all the transistors in one gate sized together with the same factor
but in transistor sizing each transistor can bedsindependently.

Gate intrinsic delay actually depends on the cturmed previous input vectors which
determine the internal 10 path (from the gate isgotgate output). Different internal 10
paths have different on-resistances that causmdigiath delays (gate intrinsic delays).
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For a gate on a critical path, only part of itsiigtors contribute the largest intrinsic gate
delay, so the remaining transistors still can lzedito reduce the capacitances. In gate
sizing, gd, the intrinsic gate delay of gaten Equation (2.5) and (2.7) is a fixed value
which makes it impossible to differentiate among ititernal 10 paths. On the contrary,
transistor sizing [16, 43, 85, 105] explores theximaim possible optimization space by

sizing transistors independently.

2.3.2 Glitch Power Elimination

When transitions are applied at inputs of a gdte, autput may have multiple
transitions before reaching a steady state (Figu@@)). Among these, at most one is the
essential transition, and all others are unnecgssansitions often calledlitches or
hazards Because switching power consumed by the gaté&estly proportional to the
number of output transitions, glitches reportedtgaunt for 20%-70% dynamic power
[20].

Agrawal et al. [8] prove that a combinational circuit is minimumarisient energy
design, i.e., there is no glitch at the output oy gate, if the difference of the signal
arrival times at every gate's inputs remains smalian the inertial delay of the gate,
which is the time interval that elapses after anpry input change before the gate can

produce a change at its output. This conditiorxEessed by the following inequality:
t,—t, <d, (2.8)

where we assumigis the earliest arrival time at inputg,s the most delayed arrival time
at another input, and is gate’s inertial delay, as shown in Figure ZBe intervalt,— t;

is referred to as the gate input/output timing vewwd74].
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(a) a n-input NAND gate (b) timing window for thepuits and output of gate in (a)

Figure 2.8 Timing window for an n-input NAND gate.

To satisfy inequality (2.8), we can either incredbe inertial delayd, (hazard
filtering or gate/transistor sizingor decease the path delay differerige- t; (path
balancing. Figures 2.9(b) and 2.9(c) illustrate these pdoces for the gate of Figure

2.9(a).

2.3.2.1 Hazard filtering

In hazard filtering, the inertial gate delay isrie@sed to be larger than the timing
window by gate/transistor sizing [7, 33, 104], kattthe gate itself acts as a hazard filter.
Figure 2.9(a) shows that the timing window is 2tsinwhich is larger than the inertial
gate delay of 1 unit. Glitches are generated & giaite’s output. In Figure 2.9(b), the
inertial gate delay is increased from 1 unit ton@sufor hazard filtering and glitches are

removed.
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(c) Glitch elimination by path delay balancing

Figure 2.9 Glitch elimination methods, (a) glitchetsthe output of a NAND gate, (b)
glitch elimination by hazard filtering, and (c)tgh elimination by path delay balancing.
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In [7], hazard filtering is applied to a full addeircuit and 42% dynamic power is
reduced. The glitch-free circuit has gates whoseedpis decreased to 20% of their
original value but with little reduction in overadbeed of the circuit. This is because
those gates are mainly on non-critical paths andhatocontribute much to the critical

path delay of the circuit.

2.3.2.2 Path balancing

In path balancing, the timing window,— t;, is reduced to be less than the inertial
gate delay by inserting delay elements [8, 46, di]the faster input paths. In Figure
2.9(c), a 1.5 unit delay is inserted on the fastput path and reduces the timing window
to be 0.5 units, which is less than the inertialagleof the gate. Hence glitches are
eliminated at the gate output. Since delay elememnsribute additional power, the low-
power delay elements should be selected. Secti®bgi@es a detailed discussion of two
popular delay elements. In [92], the authors usestige-feed-through cells to implement
delays. This technique can eliminate glitch powetr & a cost of huge area overhead
which is contributed by the large inserted resistaiRajaet al. [75, 76] propose a path
balancing technique based on a new variable-inplatydlogic or a new design style
where logic gates have different delays along I&thg through them. Therefore, a glitch
free circuit can be designed without inserting gellements. But, the design of this type
of gates has technology limitations due to the amhad differential delay that can be

realized.

Hazard filtering or gate/transistor sizing, wherdiglone, can increase the overall

input-to-output delay since some gates on critmwaths have to increase their inertial
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delays to eliminate glitches. On the other hane, tduthe upper bound of the gate delays
in a specific technology, gate delay cannot beeased without bound, so some of
glitches cannot be removed in a circuit that héerge logic depth or large critical path
delay. Hazard filtering or gate/transistor sizingually cannot guarantee 100% glitch
elimination. Path balancing does not increase #layd and guarantees to eliminate all
glitches, but requires insertion of delay elemetitat contribute power and area

overheads. A combination of the two procedureg@d,can give an optimum design.

2.3.2.3 Hazard-freecircuit design

In an asynchronous system, some control signalsidhme very clean and without
any hazard (glitch). Hazard-free circuits can bepaeld to generate such signals. The
multiplexer circuit in Figure 2.10(a) has a glitahits output when A changes from 1 to O
while both B and C are 1. By adding a redundané dgtay shaded gate) in Figure

2.10(b), this hazard can be eliminated [18].

o9)

N
_J/

w
O >

o>

stuck-at-0

(a) (b)

Figure 2.10 Using redundant implicant to eliminaézards, (a) a multiplexer with
hazards, and (b) a redundant implementation ofiptieit free from certain hazards.

Besides the area and power overhead, an additibsadlvantage of this method is

that it introduces redundant stuck-at faults, sahhe one shown in Figure 2.10(b). This
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fault cannot be tested. On the other hand, if fduidt is present then the circuit loses the
hazard-suppression capability. Another disadvantagethat such method cannot
guarantee to eliminate all the hazards caused Iypheunput-signal transitions.

In [71], authors present a new method for two-ldwetard-free logic minimization
of Boolean functions with multiple-input changé&Siven an incompletely-specified
Boolean function, this method produces a minimah-®i-products implementation,
which is hazard-free for a given set of multipleun changes, if such a solution exists.

Overhead due to hazard-elimination is shown todggigible.

2.4 Power Optimization with Process Variation

24.1 LeakageMinimization with Process Variation

Due to the exponential dependency of subthresred#lage on some key process
parameters, the increased presence of process gtararriations in modern designs has
accentuated the need to consider the impact a$tstat leakage current variations during
the design process. Up to three times change inatheunt of subthreshold leakage
current is observed with £10% variation in the efifee channel lengths of transistors
[66, 79].

Statistical analysis and estimation of leakage pawasidering process variation are
presented in [21, 80, 81]. A lognormal distributisnused to approximate the leakage
current of each gate and the total chip leakageetermined by summing up the
lognormals [21].

Variation of process parameters not only affectsléfakage current but also changes

the gate delay, degrading either one or both, pamer timing yields of an optimized
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design. To minimize the effect of process varigtisome techniques [26, 61, 89]
statistically optimize the leakage power and cirpgrformance by duak, assignment.
Leakage current and delay are treated as randorabies. A dynamic programming
approach for leakage optimization by digl-assignment has been proposed [26], which
uses two pruning criteria that stochastically idgrpareto-optimal solutions and prune
the sub-optimal ones. Another approach [61] sothesstatistical leakage minimization
problem using a theoretically rigorous formulatitor dualVy, assignment and gate
sizing. Liuet al. [53] reduce leakage power by digl-design in a probabilistic analysis
method. They assume a lowd, predetermined by the timing requirements, and an
optimal higheVy, is then selected in the presence of variabilitye Phobabilistic model
demonstrates that the true average leakage powlareis times as large as that predicted

by a non-probabilistic model.

2.4.2 Glitch Power Optimization with Process Variation

The delay of the gate is modeled as a fixed valuéhe deterministic methods
discussed in Section 2.3.2. In reality, howeveocpss variations make the delays to be
random variables, generally assumed to have Gauds#ibutions. The glitch filtering
condition of inequality (2.8) cannot be guaranteete satisfied under process variation.
Especially in path balancing, the perfect satisfacbf inequality (2.8) could easily be
corrupted by a small variance of inertial gate geldence the technique of path delay
balancing is not effective and glitches cannot bmmletely suppressed under process

variation.
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Statistical delay modeling is introduced in [39]r fgate sizing by non-linear
programming. Gate delay is treated as a randonablariwith normal distribution. Hu
[34-36] proposes a statistical path balancing apgrdy linear programming. The results

show that power variation due to process variat&mbe reduced.

25 Summary

This chapter has introduced the field of low powlesign. Various techniques to
reduce power consumption at the gate level areritbeskc DualVy, assignment is a very
efficient method to reduce the subthreshold leakpgeer. With process variation,
subthreshold leakage increases exponentially, statsstical approach is proposed to
minimize the impact of process variation on leakagsimization. To reduce the
unnecessary glitch power, hazard filtering and ph#tancing are used for glitch
elimination. Although dynamic power is not senstito the process variation, the
technique of path balancing becomes ineffectiveessila statistical delay model is

adopted to reflect the real conditions.
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CHAPTER 3 DETERMINISTIC MILP FOR LEAKAGE AND GLITCH

MINIMIZATION

The power dissipation of a CMOS circuit comprisggaaimic power, short circuit
power and static power. Leakage power is becomidgmainant contributor to the total
power consumption with the continuing technologwlieg. In the dynamic power,
glitches as unnecessary signal transitions consextra power. Compared to the other
two power components, short circuit power can l@iigd. In this chapter, we propose a
mixed integer linear programming (MILP) formulatida globally minimize leakage

power by dual-threshold design and eliminate ghégchy path balancing.

3.1 Leakageand Delay

As discussed in Section 2.1.2, subthreshold lealkexgonentially depends upon the
threshold V). Increasingvy, sharply reduces the subthreshold current, whigfivisn by

the following expression [42]:

V.-V -
| o = 4oCoy ﬂVTzel'8 exp] ~2 | ihg — gyf ~Ves (3.1)
Leff nVT VT

Spice simulation results on the leakage currerd tfo-input NAND gate are given in

Table 3.1 for 70nm BPTM CMOS technology [Ms§= 1V, Low Vi, = 0.20/, High V=
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0.32V). The leakage current of a hiy, gate is only about 2% of that of a Iy, gate. If
all gates in a CMOS circuit could be assigned ilga threshold voltage, the total leakage
power consumed in the active and standby modedeaaduced by up to 98%, which is

a significant improvement.

Table 3.1 Leakage currents for low and MGhNAND gates.

Input lieak (NA)

vector| Low Vi | High Vin | Reduction (%)
00 1.7360 0.0376 97.8
01 10.323 0.2306 97.8
10 15.111 0.3433 97.7
11 17.648 0.3169 98.2

However, according to the following equation, tleegdelay increases with the increase

of Vin.

o GV,

T _~"%dd
" (Vdd - Vth )a

(3.2)

wherea equals 1.3 for short channel devices [82]. Tak?egdves the delays of a NAND
gate obtained from Spice simulation when the oufpos out to varying numbers of
inverters. We observe that by increasivg form 0.20V to 0.32V, the gate delay

increases by 30%-40%.

Table 3.2 Delays of low and high, NAND gates.

Number of Gate delay (ps)
fanouts | LowVy | High Wy % increase
1 14.947 21.150 41.5
2 22.111 30.214 36.6
3 29.533 39.171 32.6
4 37.073 48.649 31.2
5 44.623 58.466 31.0
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We can make tradeoffs between leakage power anidrpemce, leading to a
significant reduction in the leakage power whilergecing only some (or none) of circuit
performance. Such a tradeoff is made in mixed gndmear programming (MILP).
Results in Section 6.1.1 show that the leakage poWall ISCAS85 benchmark circuits

can be reduced by over 90% if the delay of thecatipath is allowed to increase by 25%.

3.2 A Deterministic MILP for Power Minimization

We use an MILP model to determine the optimal assent of Vi while
maintaining any given performance requirement @naerall circuit delay. To minimize
the total leakage, the MILP assigns highto the largest possible number of gates while
controlling the critical path delays. Unlike theunistic algorithms [45, 72, 96-101],
MILP gives us a globally optimal solution as disse in Section 3.4. To eliminate the
glitch power, additional MILP constraints determthe positions and values of the delay
elements to be inserted to balance path delaysnwilie inertial delay of the incident
gates. We can easily make a tradeoff between poeeguction and performance

degradation by changing the constraint for the maxn path delay in the MILP model.

3.21.1 Variables

Each gate is characterized by four variables:
Xi: assignment of low or highy, to gatei is specified by an integet which can only
be O or 1. A value 1 means that gate assigned low/,, and 0 means that gateés

assigned higy,. Each gate has two possible values of delBysandDy;, and two
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possible values of leakagds;, andly;, corresponding to low and high thresholds,
respectively.

Ti: longest time gateé can take to produce an event after the occurreh@n input
event at primary inputs of the circuit.

t: earliest time at which the output of gatean produce an event after the occurrence
of an input event at primary inputs of the circuit.

Ad;;: delay of a possible delay element that may betedet the input of gateon the
path from the output of gaje

Thus, ann-input gate is characterized by+7 quantities, i.e.n input buffer delay

variables, two inertial delay constants, two leakamirrent values, one (0,1) integer

variable, and two output timing window variables.

3.2.2 Objective Function

The objective function for the MILP is to minimizee sum of all gate leakage

currentsl ek and the sum of all inserted delays:
Min{lee&ki +ZZAdm} = Min{Z[Xilu + (1—Xi)IHi]+ZZAdU} (3.4)
i i j i i j
For a static CMOS circuit, the leakage power is

Peak = ddz | eaki (3.5)

If we know the leakage currents of all gates, #ekhge power can be easily obtained.
Therefore, the first term in the objective func8aof this MILP minimizes the sum of all
gate leakage currents, i.e.,
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Mil’lZ(Xi Oy +(1_ Xi)DHi) (3.6)

Ii and Iy are the leakage currents of gatavith low Vi, and highVy, respectively
Recognizing that the subthreshold current of a dafends on its input state, we make a
leakage current look-up table bf andly; for all gates using Spice simulation. These
look-up tables are similar to Table 3.1 and areldseleakage power estimation. For the
MILP, we need one set &fi andly; for each gate and the average values from the look
up tables can be used.

Besides the leakage power, we minimize the glitwlvgr, simultaneously. We insert
minimal delays to satisfy the glitch eliminationnclitions at all gates. This leads to the

second term in the objective function:

MinZZAdH (3.7)

When implementing these delay elements, we ussmsion gates with only the gate
leakage (see Section 3.3).

The two terms in the objective functiadleaxi andXXAd;;, have different units and
numericallyXleaxi is 50 to 1000 times larger thalXAd;; in our examples of benchmark
circuits. Therefore, the objective function of Etjoa (3.4) puts greater emphasis on
leakage power, assuming it to be the dominant dmrbor to the total power.
Experimental results show that, wh&ms a very large positive constant a@equals to 1,
the objective functioMMin (A-XleaitB-XXAd;i;) generates results numerically identical to

those obtained by the objective function of Equat{8.4) in which the terms are left
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unweighted. In general, suitable weight factdrandB can be used to make tradeoffs

between leakage power reduction and glitch powerition.

3.2.3 Constraints

Constraints are imposed on each gawgth respect to each of its fanjnwherej

refers to the gate providing the fanin:

Ti 2Tj +Adi,j +[xi DDLi + (1_ xi) DDHi] (3-8)
t <t +Ad +[X Dy +(@-X,) (D] (3.9)
X,[D, +(@-X,)[D, =T -t (3.10)

whereDy; andD,; are the delays of gatewith high Vi, and lowVy, respectively. With
the increase in fanouts, the delay of the gateeas®s proportionately. Therefore, a look-
up table is constructed using Spice simulation spetifies the delays for all gate types
with varying number of fanout®y; and Dy; for gatei are obtained from the look-up
table whose entries are indexed by the gate tydettsm number of fanouts. Constraints
(3.8), (3.9) and (3.10) ensure that the inertidayl®f gatei is always larger than the
delay difference of its input paths. This woulddmne by inserting the minimal number
of delay elements while maintaining the criticatlpdelay constraints.

We explain constraints (3.8), (3.9) and (3.10ngdhe circuit shown in Figure
3.1. Here the numbers on gates are gate numbersanihe delays. Bold lines show
critical paths and two grey shaded triangles ataydelements possibly inserted on the
input paths of gate 2. Similar delay elements daeqa on all primary inputs and fanout

branches throughout the circuit.

34



Figure 3.1 Circuit for explaining MILP constraints.

Let us assume that all primary input (PI) sigrmaighe left arrive at the same time.
For gate 2, one input is from gate 0 and the othput is directly from a PI. Its

constraints corresponding to inequalities (3.89)Xand (3.10) are:

T, 2T, +Ad,, +[X, D, +(1- X,)D,,] (3.11)
T, 20+Ad,,, +[X, D, +(1-X,)D,,] (3.12)
t, <ty +Ad,, +[X, D, +({1- X,)D,, (3.13)
t,<0+Ad,, +[X, Dy, +{1-X,)[D,,] (3.14)
[X, D, +(1- X,)D,,] =T 1, (3.15)

The variableT, that satisfies inequalities (3.11) and (3.12)his fatest time at which an
event (signal change) could occur at the outpugadé 2. The variable is the earliest
time at which an event could occur at the outputgafe 2, and it satisfies both
inequalities (3.13) and (3.14). Constraint (3.1%9ams that the difference @ andt,
which equals the delay difference between two inpaths, is smaller than gate 2’s
inertial delay, which may be either the I&y gate delayD, ,, or the highVy, gate delay,
Dho.
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The critical path dela¥maxis specified at primary output (PO) gates 1 anals3,

T<T.»1=13 (3.16)
TmaxCan be the maximum delay specified by the circegigher. Alternatively, the delay
of the critical pathT) can be obtained from a linear program (LP) bygassg all gates
to low Vy, i.e., X; = 1 for alli. The objective function of this LP minimizes thersof Ty's
wherek refers to primary outputs. The critical path delays then the maximum of's
found by the LP.

If Tmax €quals toT,, the actual objective function of the MILP modeillvbe to
minimize the total leakage current without affegtihe circuit performance. By making
Tmax larger thanT,, we can further reduce leakage power with somdopeance
compromise, and thus make a tradeoff between leakagver consumption and
performance.

When we use this MILP model to simultaneously mimenleakage power with
dualVi, assignments and reduce dynamic power by balanatiy gelays with inserted

delay elements, the optimized version for the dgirotiFigure 3.2(a) is shown in Figure

3.2(b). In these figures the labels in or neargate inertial delays.
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Figure 3.2 (a) An unoptimized circuit with high keage and potential glitches, and (b) its
corresponding optimized glitch-free circuit withmWideakage.

Three black shaded gates are assignedWjgithey are not on critical paths (shown
by bold lines) and their delay increases do nog¢cfthe critical path delay. Although
delay elements were assumed to be present onianyr inputs and fanout branches,
only two were assigned non-zero values. They ave/shas grey triangles with delays of
1.5 and 3.0 units, respectively. To minimize theitonal leakage and dynamic power
consumed by these delay elements, we implement bye@MOS transmission gates. In
Section 3.3, we will show that an always-turnedaOS transmission gate can be used
as a zero-subthreshold leakage and low-dynamic-poarsumption delay element [75-

77].
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Figure 3.3 A full adder circuit with all gates agsed lowVy, (Ileak = 161 nA).

A 14-gate full adder is used as a further illustrat Figure 3.3 is the original circuit
with all low Vi, gates. Critical paths are shown in bold lines.uFeg3.4(a) shows an
MILP solution. All gates on non-critical paths weassigned highy, (black shaded) to
minimize leakage power. At the same time, threeaydedlements (grey shaded) are
inserted to balance path delay to eliminate glgch@&hen the critical path delay is
increased by 25%, the MILP gives the solution aure 3.4(b). Greater leakage power
saving is achieved since some gates on the cripatd are also assigned high. All
three circuits were implemented in the 70nm BPTM@3/technology [1] we mentioned
in Section 3.1. The three delay elements use Wigtievices and their design is described
in the next section. The leakage currents for theuitcs of Figures 3.3 (unoptimized),
3.4(a) (optimized with no critical path delay ingse) and 3.4(b) (optimized with 25%

increase in critical path delay) were 161nA, 73mAl 46nA, respectively.
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Figure 3.4 (a) Dual4, assignment and delay element insertionTigg= Tc. (lleak = 73
nA), and (b) Dual-Vy, assignment and delay element insertionTigix= 1.25T¢. (Ileak =

16 nA)

3.3 Delay Element Implementation

In our design, all delay elements are implementgdransmission gates, whose
obvious advantage is that they consume very liyleamic power because they are not
driven by any supply rails [60]. They also have éovarea overhead and leakage power
consumption compared with the more conventionat¢agcaded-inverter buffer [75, 77,

92, 93]. CMOS transmission gates are adopted indesign to avoid the voltage drop

when signal passes through series transistors.
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3.3.1 Delay Element Comparison

The circuits in Figure 3.5, simulated for the sub#nold current by Spice, were used
to compare the leakage power dissipation in the defay elements. In Figure 3.5(a),
there are only gate leakage paths and no subthdeblakage since the two transistors
are always turned on. In two cascaded inverterSigiire 3.5(b), besides gate leakage,
subthreshold paths always exist. Hence, we cahdrgansmission-gate delay element as

a zero-subthreshold-leakage delay element.

"1 Delay Element —> Subthreshold ---» Gate Leakage

Figure 3.5 Delay elements: (a) CMOS transmissida gad (b) Cascaded inverters.

The delay of a transmission gate is given by [60]:
t, =In(2R.C. (3.17)

WhereReq is the equivalent resistance of the CMOS transonisgate, andC, is the load
capacitance. By changing the widths and lengththeftransistors, we can change the
delay of the transmission gate. We simulated theuiti of Figure 3.5(a) for nearly 80

transmission gates with transistors whose dimessisare varied. By subtracting the
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delay of the circuit in which the transmission gat&s replaced by a short, we obtained
the delay of the transmission gate. These data areamged in a look-up table of delays
versus transmission gate dimensions. For any redjdelay between two entries in the
look-up table, the size of the transmission gatieiermined by interpolation.

The transmission gate delay elements avoid the aomipely larger capacitive
dissipation and subthreshold leakage inherent enatkernative design of two inverter
type of delay elements. However, the gate leak&gigeatransmission-gate delay element

could become a concern, and will require furthgestigation.

3.3.2 Capacitancesof a Transmission-Gate Delay Element

The purpose of path balancing by inserting delayneints is to eliminate glitches, so
the capacitances contributed by transmission-galaydelements should be considered
carefully to calculate the extra dynamic switchipgwer consumed by these delay
elements. Figure 3.6 [73] shows the capacitances iIBMOS transistor, including

diffusion capacitances, channel capacitances, @actgre overlap capacitances.

G
®
CGS Ceo
s o——1 LT op
CSB:|: T CGB :|: CDB
()
B

Figure 3.6 Capacitances in a MOS transistor.
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Diffusion Capacitances, Csg and Cpg are contributed by reversed-biased source-
bulk and drain-bulk PN junctions. Their values aetermined by the following the
equation [73]:

Car =C,LW +C, (2L, +W) (3.18)
whereC;is the junction capacitance per unit area @ggis the junction capacitance per
unit perimeterLsis the length of the PN junction and it is usuday or three times the
minimum channel lengthV is the channel width.

Channel Capacitances, Cqp, Cygs andCyq are capacitances between the gate and the
bulk, the source, the drain regions. Although tlvalues depend on the operation region
of the transistor, we can use Equation (3.19) tionege their total value [73]:

Ca =Cyp +Cyy + Gy = C WL, (3.19)
whereCy is the oxide capacitance per unit area, lagds the effective channel length.

Overlap Capacitances are caused by the lateral diffusion in which souncé drain
region extend somewhat below gate oxide with tmgtle of X4 [73]. Equation (3.20)

gives their expression.

Cgso = ngO = CoxWXd (320)

In Figure 3.6C; =C,,, Css =C, +Cyo andCy, =C_, +C 4

As a delay element used for path balancing, a NM@®&smission gate is always
turned on, s&gg is zero. Since “G”, as shown in Figure 3.6, iduaily connected to the
ground, during the transition of the input sigrtlag distributed and lumped RC models of
a NMOS transmission gate can be as shown in Fi@uréa) and Figure 3.7(b),

respectively. Our design uses the lumped RC maunledstimate the largest possible
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dynamic power overhead contributed by the transomsgate delay elements. The
capacitance of a CMOS transmission gate is exaetbe that of an NMOS transmission
gate since NMOS and PMOS transistors usually héwe same sizes in a CMOS

transmission gate.

Rs Reh Ry
S .—’\/\/\/\/‘—_l_—’\/\/\/\/‘—_l_—’\/\/\/\/‘—. D
CGS+CS;_|__ —_I__CGD+CDB

(a) distributed RC model

RtotaI:Rch+RS+RD CtotaI:CGS+CGD+CSB+CDB

(b) lumped RC model

Figure 3.7 (a) Distributed and (b) Lumped RC modéla NMOS transmission gate.

From Equation (3.18), we see that diffusion capaciés depend upon the width
of the transmission gate, but not on the effecthannel lengthLet. TO minimize
diffusion capacitances, we implement all transmoisgjate delay elements with the
minimal width but longer channel transistors, whae in contrast to the cells in the

standard cell library whose length is usually k&ptimum to achieve the fastest speed.
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t, =In(2)R,.C.

O

| —

(Ctrans_total + CIoad_chan)

{(a ELW + b W\/ + C) + Cload_chan} (321)

2- =

C+C|oad chan
= L(a 0+b+ T_)

In Equation (3.21), the loading capacitanCg) (of a transmission gate is comprised
of two components, the total capacitanCags wta) Of the transmission gate and the
channel capacitanceCigad chay Of the gate driven by this transmission gate. We
expresSCians_totai@s a-LW+b-W+caccording to Equations (3.18-3.20), wheré and c
are constants specified for the technology, ®whandL are the width and length of the
transmission gate, respectively. Equation (3.2bwshthat to implement a certain delay,
the smallest is needed with minimuriV.This surely reduces the channel capacitance of
the transmission gate that is proportional LtdV. In other words, a minimal-width
transmission gate can guarantee the mininCy and causes the smallest dynamic

power overhead.

34 MILPand Heuristic Algorithms

In Section 2.2.1, we mentioned several heurisgordthms [45, 72, 96-101] used for
dualVy, assignment. Heuristic algorithms normally aim ahiaving a locally optimal
solution. In an MILP, both the objective functiondaconstraints are linear. The linear
objective function is definitely convex. The fedsibegion is also convex since the linear
constraints geometrically define a convex polyhadrbherefore, according to Karush-

Kuhn-Tucker conditions [50], all locally optimal Istions are also globally optimal.
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Thus, our MILP formulation always ensures a glopalptimal solution. But the run time
to solve a linear programming problem, especially iateger linear programming
problem, can be a concern since in the worst daseuin time exponentially depends on
the number of constraints and variables. This belldiscussed in Section 6.3.

To illustrate the point, we examine thacktrackingalgorithm[98] as an example to
show the advantage of the MILP. In Figure 3.8, @R gate (gate 1) close to the
primary inputs has the largest leakage power rémludt assigned a high threshold.
However, in Figure 3.8(a), the slacks for the natieal paths are first consumed by
gates 6, 3 and 4, which are closer to primary dstgdence, by the time the backtracking
arrives at the XOR gate the slack has already lnsed up and it cannot be assigned
high-Vy,. In Figure 3.8(b), MILP considers leakage reductmd delay increase of each
gate simultaneously, making sure that the bestidates (gates with the largest leakage
reduction without violating the timing constraingje selected. Due to the global
optimization, the MILP achieves 26% greater leakpgever saving compared to the
heuristic backtracking algorithms. Other heuristigorithms have similar problems,
because the available slack for each gate mustndepe the search direction or the

selected cut [96] in the circuit graph. Thus, aglooptimization cannot be guaranteed.
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(a) Backtracking algorithm: optimized leakage caottie 79.2nA.
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(b) MILP: optimized leakage current is 58.1nA
Figure 3.8 Comparison of MILP with heuristic baektking algorithm.

3.5 Summary

In this chapter an MILP formulation to optimize ttmal power consumption by
dualVy, assignment and path balancing is proposed. It detarministic technique in
which inertial delays of gates are assumed to lixee values. However, variations of
process parameters, especially in nanometer teofjiesl can change gate delays and

affect the path delay balancing, causing incompktppression of glitches. Hu and
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Agrawal [34, 37] propose a statistical analysigréat the gate delays as random variables
with normal distributions. The results show that gower distribution due to the process
variation can be reduced. Our deterministic MILPdels can also be extended as
statistical MILP models to minimize the impact betprocess variation on the leakage
power optimization and glitch elimination. ThesdlWwe discussed in Chapters 4 and 5,

respectively.
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CHAPTER 4 STATISTICAL MILP FOR LEAKAGE OPTIMIZATION UNDER

PROCESS VARIATION

The increased variation of process parameters mdstale devices not only results
in a higher average (mean) leakage but also caukeger spread (standard variation) of
leakage power [88]. In [17], twenty times differentn leakage and thirty percent
variation in performance are observed. Some lowadga chips with very slow speeds
and some other faster but very leaky chips haveetdiscarded. Therefore, both power
yield and timing yield are seriously affected b ffrocess variation. In this chapter, we
propose a statistical MILP formulation to optimibe leakage power considering process
variation. Results show that both mean and standaxdation of the leakage power
distribution are reduced by this statistical meth@dmpared to the deterministic

approach discussed in Chapter 3.

4.1 Effectsof ProcessVariation on L eakage Power

Process variations are basically separated inter-tie and intra-die variations.
Inter-die variation or global variation refers tariation from wafer to wafer, or die to die
on a same wafer, while intra-die variation, or logaiation, occurs across an individual
die. That means that on the same chip, device#fatet locations may have different
process parameters. Since inter-die variation &ffalt the devices on a chip in the same

way, it has a stronger effect on power and perfoceaa
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Channel length, doping concentration and oxidektiess are the most important
variations in devices. Oxide thickness is well colieéd and generally only its inter-die
variation is considered. Its effect on performaacel power are often lumped into the
channel length variation. Channel length variati@ie caused by photolithography
proximity effects and deviation in the optics. T$held voltages vary due to different
doping concentration and annealing effects, mathkrge in the gate oxide, and discrete

dopant variations caused by the small number ohdbatoms in tiny transistors [102].

Table 4.1 Leakage power distribution of un-optimiz8432 benchmark circuit under
local effective gate length variation.

Lest Nominal Mean S.D. S.D./ mean (mean-
variation (uW) (uW) (uW) e nominal)/nominal
10% 2.60E-06 2.75E-06 8.55E-08 3.10% 6.06%
20% 2.60E-06 3.39E-06 2.97E-07 8.75% 30.71%
30% 2.60E-06 5.53E-06 1.39E-06 25.17% 112.86%

Due to the exponential relation of leakage curkeitih process parameters, such as
the effective gate length, oxide thickness and mipmioncentration, process variations
can cause a significant increase in the leakagemurGate leakage is most sensitive to
the variation in oxide thicknessT4), while the subthreshold current is extremely
sensitive to the variation in effective gate len(tky), oxide thicknessTy) and doping
concentration Ngop). Twenty percent variations in effective channahdth and oxide
thickness can cause up to 13 and 15 times diffeenespectively, in the amount of
subthreshold leakage current. Gate leakage can ®airees difference due to a 20%
variation in oxide thickness. Compared with theedatkage, the subthreshold leakage is

more sensitive to parameter variations [66].
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Subthreshold leakage depends exponentially on alekey process parameteX4,
Ler andTox.  The variation in these process parameters wilg cause both an increase
of the average value and a large spread in thedgagower. Simulation results in Table
4.1 show that there is a 112.9% of average powerease and a 25.2% standard
deviation when 30% (8 of localLes variation is applied to the un-optimized C432.1Rro
Figure 4.1, it is remarkable that process variasigmificantly affects the leakage power.
With the increase of the process variation, theaprof the leakage power becomes

wider and wider, and the average leakage also hag&aincrease.
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Figure 4.1 Leakage power distribution of un-optietizC432 under local effective gate
length variation.

In Chapter 3, leakage power of ISCAS’'85 benchmarkuis is optimized by a
deterministic MILP formulation that ignores the exft of process variations. Table 4.2
compares the subthreshold leakage power distrinsital the optimized dudly, C432

under different process parameter variations.
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Table 4.2 Comparison of leakage power in the detestically optimized dualy, C432.

. (mean- max dev
process parameter| nominal | mean| S.D. S.D. nominal) max _dev. from |
(30=15%) (nW) (nW) | (nW) | /mean / nominal nominal (nW) nominal
L local 906.9 1059| 103.6 9.8% 16.8% 611.6 67.4%
ef global | 906.9 1089 599.1 55.0% 20.19% 4652.0 513)0%
T local 906.9 | 939.6 33.7 3.6% 3.6% 136.9 15.1%
o global| 906.9 | 938.64 199.9 21.3% 3.5% 795.8 87.1%
vV local 906.9 | 956.7 36.4 3.8% 5.5% 171.0 18.9%
th global| 906.9 | 964.4 219.8 22.8% 6.3% 1028.0 113/4%
Let+ Tox+ | local 906.9 1155| 140.§ 12.29 27.4% 1044.0 1151%
Vin global | 906.9 1164) 719.4 61.8% 28.3% 5040.0 555[7%

Table 4.2, and Figures 4.2(a) and 4.2(b) show #rabng Tox, Let and Vi,

subthreshold leakage is most sensitive to the N@amian Les. The simulation results are

consistent with those in [66, 87]. Table 4.2, Fegdr2(c) and Figure 4.2(d) demonstrate

that leakage has a stronger influence of globahtian than that of local variation. The

reason is obvious. In global variation, the leakpgever of all the devices on the same

chip either increases or decreases in the samenieh causes a wider leakage spread

and larger mean, while local variation affects dewices across the chip randomly, and

hence leads to a narrower spread and smaller niaanirrespective of the type of

variation, the mean of the leakage power alwayseasges due to the exponential relation

of the subthreshold leakage to some key processnaders.
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Figure 4.2 Leakage power distributions of the deteistically optimized duaW, C432

due to process parameter variations, (a) globalatwamns, (b) local variations, (c)
effective gate length variations, and (d) threshaltiage variations.

4.2 Overview of Deter ministic Dual-Vy, Assignment by MILP

In the deterministic approach proposed in Chapteth@ delay and subthreshold
current of every gate are assumed to be fixed aitldowt any effect of the process
parameter variation. Basically, such method cardib&led into two groups: heuristic
algorithms [45, 72, 96-10Hnd linear programming algorithms [31, 56, 58, H¥uristic
algorithms give a locally optimal solution while lmear programming formulation
ensures a globally optimum solution.

An MILP that optimizes the leakage power and assipralVy, to gates in one step
[56-58] has an advantage over an iterative proee{il®], which must assume power-
delay sensitivities to be constants in a small eariggure 4.3 gives the basic idea of the
MILP method [56, 58] that minimizes the total sueghold leakage without

compromising the circuit performance by dial-assignment.
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Minimize Z subnony [Ji [Jgate number

Subjectto  Trok S Thax [7k [JPO

Figure 4.3 Basic idea of using MILP to optimizekage.

A detailed version for the MILP formulation is pesged in Figure 4.4% is an
integer that can only be either O or 1. A valuedans that gateis assigned low/,, and
0 means that gaids assigned highy,. T; is the latest arrival time at the output of gate
Each gate in the design library has low and higrestold versions, which are
characterized, using Spice simulation, for theakbge in various input states and gate

delays, which also depend on the number of fanouts.

Minimize Z{Xi [ ap— +(l_ Xi)DIsubnonH,i} [ (D-0)
Subject to |
D; = X [Dyomu; +(1- Xi)[DnomH,i [Ji (D-C1)
T ZTi +D, [Jj[Jfanin of gate i (D-C2)
X;=0or1l i (D-C3)
Took = Trax k(PO (D-C4)

Figure 4.4 Detailed deterministic MILP formulatitor leakage minimization.

4.3 Statistical Dual-Vi, Assignment

Process variations include inter-die and intra-daiations, or global and local
variations. For inter-die variations, because tietial gate delay of every device on the
same die changes with the same percentage, thdossludor the deterministic and

statistical approaches are exactly the same. Sinceobjective is to have a statistical
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MILP formulation that enhances the deterministigrapch to leakage optimization
under process variations, we ignore the inter-daeéiation. In the remainder of this
chapter, process variation will only mean intra-eieiation.

Leakage current is composed of reverse biased Rétigm leakage, gate leakage
and subthreshold leakage. In a sub-micron proéddgunction leakage is much smaller
than the other two components. Gate leakage is sensitive to the variation ik, and
changes in the gate leakage due to other processpter variations can be ignored [66].
Further, assumingox to be a well-controlled process parameter [79,182], we ignore
the gate leakage variation in our design, focuginly on changes in the subthreshold
leakage due to process variation.

Subthreshold current depends exponentially on skeyeprocess parameters, such
as, the effective gate length, oxide thicknessdoming concentration. Process variation
can severely affect both power and timing yields aflesign optimized by a deterministic
method. Because fixed subthreshold leakage and dgdéy do not represent the real

circuit condition, statistical modeling should keed. This is discussed next.

4.3.1 Statistical Subthreshold L eakage M odeling

Subthreshold current has an exponential relatidh thie threshold voltage, which in
turn is a function of oxide thickness, effectiveanhel length, doping concentration, etc.
Tox IS a fairly well-controlled process parameter awes not significantly influence
subthreshold leakage variation [79, 81, 102]. Tleges we only consider variations in
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Leakage Distribution of One 90nm MUX Cell
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Figure 4.5 Monte Carlo Spice simulation for leakatistribution of a MUX cell in
TSMC 90nm CMOS technology.

The statistical subthreshold model can be write{7Q]:

B ALeﬁ + C'zAI—Leff2 + C3AVth,Ndop
G

| )¢

sub: I subnom (41)

where,AL¢kis the change in the effective channel length duiaé process variation and
AVihNdop IS the change in the threshold voltage due tardhelom distribution of doping
concentrationNgop. Both are random variables with a normal (Gaugsdistribution,
N(0,1). Fitting parameters,, ¢, andcz are determined from the Spice simulation. From
equation (4.1), it is obvious th&f, has a lognormal distribution. Figure 4.5 gives the

leakage distribution of one multiplexer (MUX) call TSMC 90nm CMOS technology
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obtained by Monte Carlo Spice simulation. The xsakethe upper and lower figures
have linear and logarithmic scales, respectivelys Iclear from the bottom figure that
subthreshold leakage current has a lognormal ligtan.

The total leakage current of a circuit, which is gum of subthreshold currents of
individual gates, has an approximately lognormatkrthution. Raocet al. [79] use the
central limit theorento estimate this lognormal distribution by its mealue with the
assumption that there is a large number of gatekarcircuit, which is indeed the case

for most present day chips. Hence, the total leakag be expressed as:

I subtotaI: Z I subi U E|:Z I subi :| = SL |:S\/ li I subnomi (42)

where,
1 2
S = ——— X =
1+ & UEL 2/]1 + 4UALeﬂ /]1/]2 (43)
N eff
S/ —_— eX /]go-ivth.Ndop
2 /]f (4.4)

S and$S, are scale factors introduced due to local vamatio Les and Vin ndop. A1, A2 and

Az are fitting parameters. For a given procesges and davinndop are predetermined.
Therefore, in our statistical linear programmingnialation, the objective function is a
sum of all nominal (without the effect of procesariation) subthreshold leakage

currents, multiplied by scale facto&,andS,.
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4.3.2 Statistical Delay M odeling

The deterministic gate del&yis given by [82]:

CV,4

DO———
(Vdd _Vth )a

(4.5)

whereo equals 1.3 for the short channel model. Similahtosubthreshold current model,
the Vi, deviation due to the process parameter variasoalso a consideration in our
statistical delay model. The change\af due to the variation of process parameters can

be expressed as [26]:

XiO - Xi
X

Vin = Vino _Z:Bxi (4.6)

i0
whereX;is a process parameteéfy is the nominal value ofX;, andpy; is a constant for
the specific technology.

To get an approximated linear relation betw&and the variations of the process
parameters, equation (4.5) is expanded as a Taglies (4.7) and only the first order

term is retained because higher orders terms lvelatively small can be ignored.

dD
Dxlyxzy... = D(xlO,XZO,"')+ Z(xio - X )W |Xio 4.7)

Let {X1, X2} = { Lei, Naop}- Combining equations (4.6) and (4.7), we get:

AN

D =D (1+c Bher 4o "°PJ (4.8)
i nomi i1 L 12 '

eff 0 dop0
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where,ci1, G, are sensitivities of gate delay with respect touwagation of each process
parameter and can be obtained from Spice simulatighand Nyop are normalN(0,1)
random variables. Therefore, in the statisticallymi® D; becomes a random variable,

which also has a normal distribution. Let,

AL AN,
e P (4.9)
eff0 dop0
Equation (4.8) becomes:
Di = Dnomi (1+ ri) (410)

Sincer; is a random variable with with Gaussian distribntibl(0, o,%), /bi, the mean
value ofD;, is equivalent t®nomi, the nominal delay of gate The standard deviation of

D, is the same as that of

4.3.3 MILP for Statistical Dual-Vy, Assignment

In the statistical approach to minimize leakage g@oly dualVy, assignment (Figure
4.6 and Figure 4.7), the delay and subthresholceotiare both random variables, apd
is the expected timing yield. The power yield ig nonsidered because in Section 6.2,
we will find that the statistical approach can gbbut 30% additional leakage power

reduction for most circuits compared to the detarstic approach.

Minimize I subtotal (4.11)
SUbj ect to I:)(TPOi S Tmax) 21

(4.12)

Figure 4.6 Basic MILP for statistical dudly assignment.
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In Figure 4.6,Tpo; is the path delay from primary input to theprimary output and
is assumed to have a normal (Gaussian) distriblXigareo,d*rro). Inequality (4.12)
allows leakage to be optimized with timing yieldand it can be expressed in a linear

format by the percent point functiabi’ [62]:
/’Iqu( + a-qu( ED_l(l7) = Tmax (4 13)

In statistical linear programming (Figure 4.7) wa#riables, excepk;, are random

variables with normal distributions.

Minimize
S L& EE:ls,ubnomi =3 5 EZ{Xi O supnomi + (1_ xi)DsubnomH,i}
| | [Ji[Jgate number (S-0)
Subject to
[7i [Jgate number
Hpi = Xi [Dromu; + (l_ Xi)[Dnom,H,i (S-C1)
Oy =0, [, (S-C2)
Hri 2 [y + Hp; [Jj Ofanin of gate i (S-C3)
05 o = K(o7 +0y) (S-C4)
temp, 2ty + ty; + 307 (S-C5)
o, = (temp, — 14;;,)/3 (S-C6)
X;=0or1 (S-C7)
7k [JPO
fh, +0r, ®7n)<T,, (S-C8)

Figure 4.7 Detailed formulation of statistical di| assignment MILP.
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Comparing the deterministic MILP (Figure 4.4) witte statistical MILP (Figure 4.7),

we observe the following differences:

« The deterministic gate delay in (D-C1) is extente(5-C1) and (S-C2) to get the
mean and standard deviation of the statisticalydela

+ (D-C2) is extended to (S-C3) through (S-C6) to e mean and standard
deviation of the statistical arrival tim& at the output of gate. Section 4.4
briefely explains the transfer from (D-C2) to (S)G@&ough (S-C6).

e (D-C4) is updated to (S-C8) to ensure specifiedingmyield under process

variation.

4.4 Linear Approximations

In linear programming, all the expressions and tamgs should be linear functions.
However, in statistical analysis, some nonlinearapons are present. We, therefore, use

the following linear approximations.
« ADD,A=B+C

If B and C are N(i, ¢°) random variables, then their sufnalso has a normal
distribution. ‘Add’ is a linear function, but inatistical analysis, to obtain the standard
deviation 5,, we must deal withon’=0s*+0c?, which is a nonlinear operation.

Considering,

2
29 <502 <(0, +00)? (4.14)
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One can find a linear approximation [34, 37]:
0,=+0; +0% =k(og +0:) with k D[@H (4.15)

The optimal solution partially depends upon theugadfk. If we letk be 1, then the
standard deviation of a random variable obtainedqyation (4.15) is probably larger
than its real value and hence the constraintsansthtistical MILP formulation (Figure
4.7) are too tight to get a feasible solution. @& t¢ontrary, the smallekt ~0.707, is too

optimistic for the real condition. Hence, we kdiake a middle value 0.85.

. MAX,A=MAX(B, C)

If B and C are N{,0°) random variablesA does not necessarily have a normal
distribution [56, 58]. However, a normal linear apgmation with following mean and

standard deviation has been used [34, 37]:
My = max(Ug, He) (4.16)
UAz{maX(uB"'gﬂsnuc+3Jc)_,uA}/3 (4.17)

The error in this approximation has been showretsrhall [34, 37].

« MIN, A=MIN(B,C)

Similarly, for functionA = min(B,C), we use Equations (4.18) and (4.19) to estimate

the mean and standard deviation of random variable
Ha = Min(ig, e (4.18)

O, ={,uA —min(u, —30;, U —30C)}/3 (4.19)
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The above linear approximations are used in oursstal analysis to model the
leakage optimization problem under process vanatlyy a linear programming

formulation proposed in this chapter and in Chapter

4.5 Summary

The increased process parameter variations in pal@slevices lead to a large
spread of leakage power distribution and a higiverage leakage. In this chapter, we
propose an MILP formulation for leakage optimizatiby dualVy, assignment in a
statistical sense. Compared to the deterministicageh, which has to analyze the worst
case to consider the process variation, statiskititaP formulation has a more flexible
optimization space and can obtain an optimized -thuakhold circuit with less

sensitivity to the process variation.
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CHAPTER 5 TOTAL POWER MINIMIZATION WITH PROCESS VARIATION &

DUAL-THRESHOLD DESIGN, PATH BALANCING AND GATE SIZNG

Compared to subthreshold leakage, dynamic poweorisally much less sensitive
to the process variation due to its approximatelgdr relation to the process parameters.
However, the deterministic technique discussedhapfer 3, which uses path balancing
to eliminate glitches, becomes somewhat ineffeativder process variation because the
perfect hazard filtering conditions can easily berapted with a very slight variation in
some process parameters. The average dynamic pmfwercircuit optimized by the
deterministic path balancing approach increaseausecthe filtered glitches randomly
start reappearing under the influence of procesmtian. Combining the approaches
presented in Chapters 3 and 4, we propose a neistised MILP formulation, which
uses gate sizing, path balancing and dual-threstecldhiques to statistically minimize
the total power with process variation.

A deterministic MILP using gate sizing, path balagcand duaVy, assignment to
reduce the total power consumption is first introetll as a prerequisite and for later

modification to consider process variation.
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5.1 Deterministic MILP for Total Power Optimization by Dual-Vy,, Path

Balancing and Gate Sizing

In Section 2.3.2, we have discussed two ways o¢hgkelimination, path balancing
and hazard filtering. Path balancing can ensuré&d@lxch elimination at a cost of some
area and power overhead introduced by the insee&y elements. It is sensitive to the
process variation which will be discussed in Sect®.2.1. Hazard filtering uses
gate/transistor sizing to increase inertial delaydiitch filtering. Due to the limitation of
the maximum and minimum cell delays that can beéeaeld in a specific technology or a
standard cell library and the unchangeable gataydebn critical paths to meet the
performance requirements, hazard filtering cannargntee 100% glitch elimination and
becomes less efficient for the circuits with mamtical paths. But, it has several
advantages. Besides its low area and power oveshdlaid technique applied to ASIC
designs is not so sensitive to the process vaniabecause the discrete gate delays in a
standard cell library leave certain relaxed marfpn glitch filtering under process
variation (see Section 5.2.1). In this section, seebine path balancing and hazard

filtering together to get 100% glitch eliminationtkvleast power and area overheads.

5.1.1 Gate Sizing for Dynamic Power Reduction

Dynamic power depends on both the circuit switchaugivity (number of logic
transitions) and the power consumption of eachclaginsition determined mainly by the
loading capacitances at gate outputs. Path balguocily eliminates glitches to reduce the
number of logic transitions. Through gate sizingg @an further decrease the dynamic
power of each transition by the reduction of logdtapacitances.
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In Chapter 6, to verify the power reduction apphascproposed in Chapters 3 and 4,
we implement a simple standard cell library in BP7®hm [1] CMOS technology. Each
of the 19 standard cells has just one size ormgigtrength to drive at most five fanouts
each with 5fF loading capacitance. This type of letary makes loading capacitance
reduction impossible and allows only a limited op#iation space for the dynamic power
reduction. The additional power consumed by thaseeried delay elements may

counteract the eliminated glitch power (see resal®&ble 6.2).

Vth
6 4 2
High ® °
5 3 1 Size
Low ® @® > (Driving Strength)
1X 2X 4X

Figure 5.1 Extended cell library with 6 corners @ate sizing.

In a typical ASIC design, each cell in a standaetl tbrary has several sizes to
provide different driving strengths. We thereforp@&nd our simple cell library according
to Figure 5.1, in which each cell has six cornér§) based on its threshold voltage and
size. The original library used in Chapters 3, 4 &nonly has corners 3 (2X, low Vth)
and 4 (2X, high Vth). Each cdllhas one sizeS([i]), two inertial delay constant®{o[i]
and Dxzi[i]) and two leakage current valudsy([i] and Ixz4[i]) for a specified fanout.
When expanding this 2-corner library, we let sipésell i with 1X and 4X sizes are
exactly half and twiceS,[i]. Since according to Equation (2.2), subthreshudg an

approximately linear relation to the cell width agltistandard cells are assumed to have
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the minimal lengths to provide the fastest speatthseshold leakage of a cell with 1X
and 4X sizes are also scaled to half and twicesthhreshold leakage of the same cell
with 2X size. Inertial gate delay does not lineatgpend upon the gate size, so all inertial
delays at six corners are simulated by Spice. Adigransion, each cellhas three sizes

six inertial delay constants and six leakage cuivalues as shown in Table 5.1.

Table 5.1 Cell characterization in 6-corner cdltdiry

Corner 1 Corner 2 Corner 3 Corner 4 Corner 5 Corner 6

(4X,LVth) | (4X,HVth) | (@X,LVth) | (2X,HVth) | (1X, LVth) | (1X,HVth)

(Swg) 2Seli] | 2'Sdil | Sdil | Sdil | 0.5Sdi] | 05"l
o Dualil | Dedil | Dxall | Dedlil | Daalll | Dyudil
Subthreshold N T , , T o

(leadi]) 2*Ixa[i] 2* IxoH(i] Ixai] IxoHli] 0.5%Ixa[i] | 0.5*Ixz4{i]

In this 6-corner cell library, cells at corner k déihe fastest due to their low threshold
and largest size devices, although they consumenmoax leakage and dynamic power.
Cells at corner 6 are most power efficient but hthes slowest speed because of their
high threshold and smallest size devices. Whenmuammg the total power consumption
in a circuit and providing the highest performaneg use corner 1 as the starting
reference case. The optimization of power conswmngt circuits implemented by such
6-corner cell library is flexible. To reduce thendynic logic switching power, we may
decrease cell sizes (gate sizing) thereby redutiadoading capacitances. To minimize
the leakage, we can either assign high threshdlidges or decrease cell sizes. At the

same time, glitches can be eliminated by path lcalgrand hazard filtering (gate sizing).
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5.1.2 Deterministic MILP for Total Power Reduction

This section presents a deterministic MILP formolatto reduce the total power

consumption by dual, assignment, path balancing and gate sizing.

5121 Variables

Integer [0,1] variables:

In contrast to the MILP of Chapters 3 and 4, thid.Mhas 6 integer variables, since

each device (functional cell) has 6 alternativeiobs

(0]

X1Ui], X2Ui], X4li] - the low threshold version with 1X, 2X and 4Xiwing
strengths respectively, for cell
X1H[i], X2Hi], X4H]] - the high threshold version with 1X, 2X and 4Kvihg

strengths respectively, for cell

Continuous Variables:

(0]

(0]

Sizgi] - size of cell.

liea 1] - subthrehold leakage of cell

DI[i] - inertial gate delay of cill

Ad[i,j] - delay of a possible delay element that may beried at the input of

celli on the signal from cejl

T[] - latest time at which the output of cettan produce an event after the
occurrence of an input event at primary inputshefdircuit.

t[i] - earliest time at which the output of celtan produce an event after

the occurrence of an input event at primary inpdthe circuit.
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5.1.2.2 Constants

o W - weight factors used for tradeoff between leakag® dynamic power

0 Tmax - specified upper bound on critical path delay édan circuit
performance requirement.

0 Sdi] - gate size of cell with 2X driving strength. (In our extended cell
library, sizes of cell with 1X and 4X driving strength are exactly halidamwvice
S«[i], respectively.)

0 Ixai], IxzeH[i] - subthrehold leakage of cellwith 2X driving strength. (The
subthreshold of a cell with 1X or 4X driving streing is scaled to half or twice
the subthreshold leakage of the same cell with 2Xrdy strength, respectively.)

0 Dxali], Dxadi], Dxadi], Dx1u[i], Dx2Hi], Dxad[i] - inertial gate delays of cellat

six corners.

5.1.2.3 Objectivefunction
The objective function, minimizing the total poweonsumption, is given by

equation (5.1).

Min {total power consumption}
= Min {leakage power + dynamic power}
= Min {leakage Power +

(logic switching power + dynamic power consumedh®/delay elements) }

= Min{w [ch o]+ (CZZ sizdi] +CSZ ; Adli, j]} (5.1)
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WhereC,, C, andC; are fitting parameters to let three ter@sXeadi], CoEsizdi]
and C3XXAd[i,j]) have the same unitg\(V). To the objective function (3.4) of MILP in
Section 3.2.2, we have addédxsizdi] to fully utilize the advantage of gate sizing for
dynamic power reduction. In a glitch-free circuptionized by path balancing, dynamic
power is composed of two parts, logic switching pownd additional dynamic power
consumed by the inserted delay elements. Since kgitching power depends on the
loading capacitances which are determined by thlestzes, it can be represented by
C,Xsizdi]. Extra dynamic power consumed by an insertedydellement also depends on
the size of that delay element which is nonlinedated to its delay value. To simply the
model, we describe the extra dynamic power intredudy delay elements as
C3XXAd[i,j]. Therefore, C.Zsizdi]+CsXXAd[i,j] represents the total dynamic power
consumption.

To reduce subthreshold leakage (minim&&l.a{i]), we may change the low,
devicei to a highVy, device, which can approximately reduce 98% of [dakage in
BPTM 70nm technologyMyq= 1V, Low Vi, = 0.20V, High Vi, = 0.32V). Decreasing size
is the other possible way, but with a relativelyaier leakage reduction (i.e., 25% or
50%). Therefore, when minimizing the total subthodd leakage, the LP solver first tries
to do dualvy, assignment, which probably causes the increassowfe critical path
delays. To remove such timing violations while kagghe total subthreshold as small as
possible, some gate delays have to be decreasgdtbysizing (enlarging sizes), which
increases the dynamic power consumption. Therefongmimizing CiXleadi] and

minimizing CyXsizdi]+C3XXAd[i,j] are two conflicting requirements in the objective
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function. By adjusting the weight fact@v, minimal leakage, minimal dynamic power or

minimal total power dissipation can be achievedafepecific application.

5.1.2.4 Constraints

» Basic constraints
o letthe LP solver choose one and only one optiroaier for each celt
X1L[i] + X 2L[i] + X 4L[i] + XIH[i] + X 2H[i] + X 4H[i] =1 (5.2)
o leakage of celi

leacli] = (OBL0XALLH] + X 2L+ 20X ALLi]) [, [i] +

(O5X1H[i] + X 2H[i] + 20X 4H[i]) O, ,,, i] 3)
0 gate delay of cell:
D[i] = Dy i EXALLI] + Dy [i]EX 2L + Dy [i] X AL + »
Do []XIH[] + Dy [] X 2H[1] + Dy ] XaH] &Y
o size of celli:
Sizéi]:{o.5qx1qi]+x1mi]) +(X2Ui] + X 2H[i]) +} s i 5)
2(X AL[i] + X 4H[i])

» constraints for glitch elimination
For celli, if one of its input is fed by cejls output, constraint (5.6) makes sure that
T[i] is the latest signal arrival time at the outptitell i, and constraint (5.7) ensures that
t[i] is the earliest arrival time.
T[i]= Tj1+Ad[i, j]+D[i] (5.6)

tfi] <t j1+Ad[i, j]+ Dfi] (5.7)
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Constraint (5.8) guarantees the output timing wind@[i] - t[i] , is always less than the
inertial gate delay of ceil hence glitches will not be generated at ielbutput.
D[i] = T[i] -t[i] (5.8)
» constraint for maximal performance
To keep the maximal performance, at every primaipuatk, let,

TIK] < T (5.9)

5.1.3 Results

We compare the dynamic power reduction of C432 (B@AS’'85 benchmark
circuit) implemented by either 2-corner or 6-coroel library in Table 5.2.

Case 1 (Row 2) - The simple cell library has twoneos whose driving strength is
2X. Since all cells implemented by this cell librdrave only one size, path balancing is
the only way to eliminate glitches for dynamic poweduction. Data in column 5, row 2
shows that if the extra dynamic power contributgdtibe inserted delay elements is
ignored, 25.25% power saving can be achieved hy lpaancing, which means glitches
in un-optimized C432 take up 25.3% of total dynamaever consumption. Considering
the additional loading capacitances contributedh@ge inserted delay elements for path
balancing, the net dynamic power reduction is @626 (column 7, row 2). Such small
dynamic power reduction is almost unacceptableesinese inserted delay elements also
bring some area overhead except for the dynamiepowerhead. If we use gate sizing

and path balancing simultaneously, more dynamicge@aensumption can be reduced.
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Table 5.2 Comparison of dynamic power optimizatér€432 implemented by 2-corner

and 6-corner cell library, respectively.

c . Weight Factor| Unopt Opt W) Power Opt (W) Power | Power of delay
ell Lib W (w/o . (w/ .
(W) delay G) Saving delay G) Saving | elementsgW)
2 - 101 75.5 25.3% 92.3 8.6% 16.8
corners
6 To Min. Leak.| 101 58.5 42.1% 76.7 24.1% 18.2
corners | ToMin. Dyn. | 101 41.5 58.9% 57.0 43.6% 15.5

Case 2 (Row 3) - The extended cell library hasr@ers whose driving strength can
be 1X, 2X or 4X. To make the comparison with caseaedsonable, we let the
unoptimized circuit in case 2 also be implementgdidw Vy, cells with 2X driving
strength. When the weight factoN) is large enough to let MILP’s objective function
(5.1) emphasize minimizing total subthreshold lemkad2.1% dynamic power can be
reduced by path balancing and gate sizing, or dyai@g the number of logic transitions
and decreasing loading capacitances simultaneod$lis dynamic power reduction
decreases to 24.1% when the extra loading capaegarontributed by the inserted delay
elements are considered.

Case 3 (Row 4) — The only difference between camed2case 3 is the weight factor
used in the MILP formulation. In case 3, the weitgator W) is small enough to let the
CPLEX LP solver [30] emphasize minimizing the tadghamic power, and up to 58.9%
of the dynamic power can be saved without considetthe additional power introduced
by the delay elements. When the extra power carteib by the delay elements is
considered, 43.6% of the dynamic power can be saved

The additional dynamic power contributed by thedlog capacitances of the

inserted delay elements is shown in column 8. Isecd, although delay elements
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consume an additional 15/ dynamic power, we still can get more than 40%aaiyic
power reduction by using path balancing and gaegisimultaneously, since not only
all the glitches are eliminated but also the logdiapacitances for some logic transitions

are decreased.

unoptjopt w/o delay CLE opt w/ delay CL
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(a) C432

‘EI unoptjopt w/o delay CLE opt w/ delay CL
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40
20

Normalized Dynamic Power

2 Corners 6 Corners - Min Leak. 6 Corners - Min Dyn.

(b) C7552

Figure 5.2 Comparison of dynamic power optimizat@ncircuits implemented by 2-
corner and 6-corner cell library with different \ghkt factors.
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To make the comparison clearer, Figure 5.2 showslyimamic power reduction in 3
cases for both C432 and C7552. In Chapter 6, Tal@eshows that 40.2% of dynamic
power in the unoptimized C7552 is consumed by lggiscwhile C432 only has 27.4%, so
in both case 2 (6 corners — min leak.) and cagec®iners — min dyn.), C7552 can obtain

more dynamic power reduction.

25.00 1.60 o
% +140 2
fxu 2000 T Y S 777777777777771, 120 D—
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T 1000 f-----mm N _ -1 060 N
c —o— Normalized Dyn IS
5 + 040 E
> 5.00 + 5
to20 2
0.00 T ————— N 1,9
© L >* O A4 DS & S a4 o N>
L F L LSS SIS
¥ & ¥ ¢ § ¥ ¢ ¥ & ¢ &
Na N~ N~ N’ N‘ N’ N‘ N. N‘ N. N‘

Weight Factor

Figure 5.3 Optimization space comparison betweakadge and dynamic power of C432
@ 90°C.

Using the MILP formulation in Section 5.1.2 and efatly adjusting the weight
factor W, we can get the minimal total power, minimal legdar dynamic power. In
Figure 5.3, whenW ranges from 18, to 1¢f, normalized leakage is accordingly
minimized from its largest value 23.03 (10u¥8) to the minimum value 1 (0.4%V),
while normalized dynamic power increases from itsakest value 1 (592V) to the
largest value 1.44 (85.%V). It should be noted that the units for two we&atiaxes are
different, and the purpose is to show the leakag@wep has a much larger range of

optimization space (23 times) than that of dynamiosver (43.9%). This is because
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leakage exponentially depends on some process ptammwhile dynamic power
generally has an approximately linear relationrmcpss parameters.

Figure 5.4 shows that the total power consumpticeinges with the weight factor
adjustment. WhenW equals to 18, C432 has the minimum 64,8/ total power
consumption if optimized by dual-threshold assigntheath balancing and gate sizing
simultaneously. In this cas® is 10% which means that the objective function in the
MILP model emphasizes dynamic power reduction siitcéhe optimized C432, leakage

is much less than the dynamic power.

] —— Leakage Power |-

30 Lo —=— Dynamic Power |

Power (uW)
D
o

20 F-----oo oo — —— — Total Power -

L 4
L 3
L 4
L 4

Weight Factor

Figure 5.4 Achieving the minimum total power bywdjng the weight factor (W).

Based on this optimal point (0.02, 64u82) for the total power optimization
without considering any process variation, theisiiaal MILP formulation can be further

adopted to statistically optimize power consumptod consider process variation.
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5.2 Statistical MILP for Total Power Optimization

5.2.1 Thelmpact of Process Variation on Dynamic Power

In Chapter 4, we propose a statistical MILP forriolato minimize the impact of
process variation on the subthreshold leakage.ifioadlly, due to the approximately
linear relation between dynamic power and procesameters, dynamic power is much
less sensitive to the process variation. Dynamiawgrocomprises two parts, logic

switching power and glitch power, which can be esged by the following equation:

P —%CLVZ [ALF = Logic switching power + Glitch power (5.10)

dyn —

where A is switching activity and F is the circagerating frequency.

Logic switching power is directly proportional tbet loading capacitances, ,C
which linearly depends upon gate sizéé(gate width) and_.¢ (effective gate length).
Local (intra-die) process variation causes gatessia vary randomly and hence does not
affect logic switching power too much. Global (intke) process variation changes gate
sizes in the same tendency and does vary the $ogiching power. However, it does not
affect the solution of the MILP formulation, singate delays and gate sizes in the MILP
constraints either increase or decrease with thee gaercentage when global process
variation is considered, afighaxis assumed to change accordingly.

The impact of process variation on glitch powedifferent and more complicated.
Glitches are generated if the constraint (5.1hoissatisfied for cell. Since inertial gate
delays D[i] vary with process variations, inequality (5.1fay change from being

satisfied to being violated or vice versa.

77



Dfi] = T[i] -[i] (5.11)
We consider the impact of global process variadod local process variation on

glitch power separately.

* Impact of global processvariation on glitches

For every gate, its timing windowT; - t; is actually determined by the two timing
paths, the fastest patRRath) and the slowest patlsPath from primary inputs to gate
T; is the cumulative inertial gate delays along #latvest path, and is the cumulative
inertial gate delays along that fastest path, wiigdhown in equation (5.12).

Ti -t = de— Zd” (512)

mOSPath nOFPath

Assuming there i$-100% (: 0~1) of global variation applied to the circugtjtch
filtering conditions for gate keep unchanged since both timing window and getayd
varyr-100%, which are expressed by equations (5.13]=a0d).

Tt'= Y a+nd,- Ya+nd, =@+ Yd, - Yd)=@+n -t) (5.13)

mOSPath nOFPath mOSPath nOFPath
d'=@+r)d (5.14)
Therefore, the technique of glitch elimination tipbalancing is resistant to the global

process variation.

* Impact of local processvariation on glitches
Now, let's consider the impact of local processiateon on glitch elimination by
path balancing. When local variation is applieatarcuit, as shown in Equation (5.15),
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T, andt; are the sum of gate delays, which vary randonlynathe slowest and the
fastest paths from primary inputs to cél inputs, so,T; - tj is not very sensitive to the

process variations, whil does change with the process variation.

Ti'_tiI: Z(1+ r.m)dm_ Z(1+ r.n)dn (515)
miJSPath nOFPath
d'= @+r)d (5.16)

As shown in Figure 5.5, there are three possihikehgffiltering conditions. Both
Figures 5.5(b) and (c) are glitch free while Figbrg(a) has a glitch. In an unoptimized
(with-glitch) circuit, Figures 5.5(a) or (b) is theuch more common condition for one
gate, although Figure 5.5(c) is still possible with the least possibility. On the contrary,
in a glitch-free optimized circuit, Figure 5.5(s) applied to lots of gates because Figure

5.5(a) is always forced to become Figure 5.5(cpdmy balancing for glitch elimination.

SR e

(a) Glitch Not Free (b) Glitch Free (c) Glitch Free

Figure 5.5 Three possible glitch filtering conditso

With local process variation, Figures 5.6(a) andsfiiow that the original condition
is not so easily corrupted if only the variationtle¢ timing window or the gate delay falls

into the shaded areas, while Figure 5.6(c) is extlg sensitive to the local process
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variation, since a slight increase of the timingnaow or decrease of the gate delay can

simply let an original glitch-free gate generatiécles at its output.

d, L d | d
T.-t Tt Tt
- > >
(a) Glitch Not Free (b) Glitch Free (c) Glitch Free

Figure 5.6 Three possible glitch filtering conditsounder process variation.

This explains why the dynamic power of an unoptedizwith-glitch) circuit is
much more resistant to local process variation thahof a glitch-free circuit optimized
by path balancing. The glitch-free condition shoimunFigure 5.6(c) cannot be really

satisfied even with a quite small process variation

Table 5.3 Normalized dynamic power distribution wf-optimized (with-glitch) C432
under local delay variation.

delay variation| nomina mean 3*S.D. / mean (meaminal)/nominal
10% 1 0.9995 1.95% -0.05%
20% 1 0.9987 3.36% -0.13%
30% 1 0.9978 4.50% -0.22%

Table 5.3 and Figure 5.7 demonstrate the resistahc@moptimized circuits to the
local process variation. We apply 10%, 20% and 36€al delay variations, which are
caused by the variation in gate-length-independgnto the unoptimized (with-glitch)
circuit C432. The largest percentage of the medmevdeviated from the nominal value

is 0.22% and the maximum spread (3*S.D./mean) lig 4:/5%.
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Figure 5.7 Dynamic power distribution of un-optimd (with-glitch) C432 under local
delay variation.

The sensitivity of glitch-free circuits optimizedy lpath balancing to the local
process variation is illustrated by Table 5.4 aigufe 5.8. Data in Table 5.4 shows that
both the mean value and standard deviation of dimgower distribution increase
significantly with the increase of the local progesriation. When 30% local variation is
applied to the optimized glitch-free C432, its aage dynamic power increase 32% and
almost equals to the normalized dynamic power (jld4unoptimized C432. In Figure
5.8, some samples of optimized C432’s dynamic poaver even larger than 1.34. It
should be mentioned that every sample in Figuresbl&ger than the nominal value, 1,
which is the expected minimum normalized dynamievegio of optimized glitch-free
C432 achieved by path balancing. Process variaanises some glitches to be generated

in this glitch-free circuit and hence increasesdim@amic power.
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Table 5.4 Normalized dynamic power distributionoptimized (glitch-free) C432 under
local delay variation.

> $ @
ISR S

delay variation| nomina mean 3*S.D. / mean (meaminal)/nominal
10% 1 1.10 5.13% 9.8%
15% 1 1.14 5.34% 13.5%
20% 1 1.23 7.42% 23.2%
30% 1 1.32 9.76% 31.6%
0.20
018 |-~ @®g - - -] —o— 10% delay variation - -
016 r----—--—-{--® -~ ——20% delay variation - -
S, 014 poommoopoo ooy 30% delay variation - -
£ 012 ------f---}---S R
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O o04 t
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Figure 5.8 Dynamic power distribution of optimiz@glitch-free) C432 under local delay

variation.

It is remarkable that the advantage of glitch atiation by path balancing is totally

lost due to the local process variation. The deit@stic approach introduced in Section

5.1.2 is not effective for power optimization wigtocess variation. In the following

subsection, we combine the MILP formulation introeld in Chapter 4, and thus a new

statistical MILP formulation is proposed to optimipower under process variation and

to fully utilize the advantage of path balancing.
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5.2.2 Statistical MILP for Power Optimization with Process Variation

Like the statistical MILP formulation presentedGhapter 4, we treat all gate delays
and timing window variables as random variableshwiormal distribution whose

standard deviation i&.

5221 Variables

* Integer variables:
Same as the MILP proposed in 5.1.2, this MILP hast&ger variables since each
device has six alternative choices.
o X1Ui], X2Ui], X4Ui], XaHi], X2Hi], X4Hi]
« Continuous Variables:
o J[i] - relaxed variable for the glitch filtering constraof celli. It will be

discussed in Section 5.2.2.3.

o0 Sizgi] - size of celli.

0 lieadi] - nominal value of subthrehold leakage of cell
o u_Di] - mean of inertial gate delay of cell

o s_QOi] - standard deviation of inertial gate delay efi .

0 u_Ad[i,j] - mean ofAd[i,j].

o s Ad[i,j] - standard deviation afdf[i,].

o u_Ti] - mean ofT[i].
o s_Ti] - standard deviation df[i].
o u_{i] - mean oft[i].
o s_{i] - standard deviation dfi].
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5.2.2.2 Constants

Trax - the maximum expected circuit performance.
oy - standard deviation of the process parameteatianis.
S]] - gate size of cellwith 2X driving strength.

Wi, W ,\ W, - weight factors.

Ixal[1], Ix2n[i]] - nominal values of the subthrehold leakage elf c with 2X
driving strength.

Dxa[i], Dxadi], Dxadli], DxiHi], Dx2H[i], DxaH[i] - nominal values of the inertial

gate delay of cell at all six corners.

5.2.2.3 Constraints

* Basic constraints

o

Let LP solver choose one and only one optimal comadel for celi.
XUi]+ X2 1]+ X4Li]+ X1IH[i] + X2H[i] + X4H[i] =1
Nominal value of the subthreshold leakage of cell i

u_ I il = (O50XALLi] + X 2L[i] + 20 XALLi]) [1 ., [i] +

(O5DXIH[i]+ X 2H[i] + 20X 4H[i]) O 4 5, [i] ®.17)
Mean and standard deviation of the gate delaylbi:.ce
u_Dl[i]= Dy, [i]OXALi] + Dy, [i] DX 2LLi] + Dy, [i] DX 4L +
. . : . . . (5.18)
Dy [i] DXAH[i] + Dy [i] X 2H[i] + Dy [i] DX 4H[]
s_D[i]= o, m_DJi] (5.19)
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0 The size of celi:

Sﬁ&l:{;ﬁijﬂﬁiﬁiﬁ:ﬂ?+(X2u”+X2H“D+}E&Jﬂ (5.20)
* For glitch elimination
o standard deviation afd[i,j]:
s_Ad[i, j]=o, @_Ad[i, j]) (5.21)

o auxiliary variables and constraints for calculatihg mean and standard deviation
of (output) timing window variables.
In the deterministic method, we can use Equaticnd1¢5.d4) to get the
output timing window variablesI[i] and t[i], for cell i. Tiy[i] and ti,[i] are the

variables for the input timing window.

T,[i]=T[j1+Adl, ] (5.d1)
t il <t j]+Adli, j] (5.d2)
T[i]=T,[i1+ DIi] (5.d2)
t[i] =t [i] + D[i] (5.d4)

In statistical approach, Equations (5.d1-5.d4) expanded as (5.22-5.33).
Prefixesu_ ands_ represent the mean value and the standard deviafidhe

corresponding variable, and botemp_T.[i] and temp_t[i] are intermediate

variables.
u_T, [i]zu_T[j1+u_ad]i, j] (5.22)
s_T,[i]=kHs_T[j1+s_adfi, ) (5.23)
temp_ T, [i]=u_T[j]+u_Ad[i, j]+35_T,[i] (5.24)
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u_t [i]<u_t[j1+u_adli, ] (5.25)

s_t, [i] =k ds_t[j]+s_ad]i, j]) (5.26)
temp_t, [i]<u_t[j1+u_Ad]i, j]-3G_t,[i] (5.27)
s_T,[i] = (temp_T,[i] -u_T,[i]) /3 (5.28)
s_t,[i] = (u_t,[i] ~temp_t,[i]) /3 (5.29)

0 mean and standard deviation of timing window vdeab

u_T[i]=u_T,[i]+u_D[i] (5.30)
s_T[i] =k qs_T,[i] +s_D[i]) (5.31)
u_tfi]=u_t,[i]+u_D[i] (5.32)
s_tli]=ks_t,[i] +s_D[i]) (5.33)

o Gilitch filtering constraint in the statistical meth
u_Dl[i]-3xs_D[i] = (u_T[i]+3xs_T[i]) - (u_t[i] -3xs_t[i]) (5.34)

This constraint can leave certain margin for precasiation in advance as shown in
Figure 5.6(b) instead of Figure 5.6(c). However t#ibove worst case constraint is
usually too tight to make CPLEX LP [30] solver fiadfeasible solution. So, we add a

relaxed variabl@[i] to each glitch filtering constraint (5.34).
il Hu_Dl[i]-3xs_D[i]) = (u_T[i] +3xs_T[i]) - (u_t{i]-3xs_t[i]) (5.35)

In the objective function, by minimizingd[i], CPLEX LP solver will try to find one

optimal solution to make as large number of com#isg5.35) satisfied as possible with a
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zerod[i], which means the glitches of correspondued/s can be truly eliminated even in
the worst case condition of process variation. €hmmnstraints only being satisfied with
the help of a positivé[i] quitelikely fail to filter glitches.

* For maximal performance

To keep the maximal performance, at every primaipuat k, let,

u_T[k]+3xs_T[K]<T,.,.

5.2.2.4 Objectivefunction

The objective function minimizes the impact of pssg variation on the total power
consumption.
Min {the impact of process variation on the tatgtimal power consumption}
= Min {mean and standard deviation of leakage power

mean and standard deviation of dynamic power}

= Min{Wl [ch eacli] + W, [ﬁczz size{i]+c3iZJZAd[i, j]J +W, DZd[i]} (5.36)

C1, C; and C3 are fitting parameters to let three tern@Xeadi], C.Xsizdi] and
CsXXAd[i,j]) have the same unita\(V). When we talk about process variation, its imipac
on the mean value and standard deviation of theepamwnsumption should both be
considered. For leakage, a smaller mean value atitcatly means a narrower spread of
leakage power distribution since more gates angrasd highVi,. Min(C.Zleadi]) should
be enough to minimize the impact of process vamatin the total subthreshold leakage.

For the dynamic power, standard deviation of thenagtyic power distribution is
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determined by&d[i] and C,Xsizdi]+C3XXAd[i,j]) affects the average dynamic power.
Therefore we should minimiz€4Zsizdi]+Cs;XXAd[i,j]) andZd[i], simultaneously.

The objective function (5.36) is composed of thpeets (three single objectives),
including, to minimize average leakage power, taimize average dynamic power and
to minimize the standard deviation of the dynanower. It is actually a multi-objective
function and each single objective conflicts witiheys, for instance, to minimizZ&j[i]
causes the increase XXAd[i,j], and to optimizelo]i] leads to a largeXsizdi], etc It
iSs not easy to get one optimum value for every Isingpjective. What we can do
instinctively is to carefully select weight factpM, W, and W5 to make a tradeoff
among these three objectives.

It should be noticed that the solution providedtly deterministic MILP in Section
5.1.2 gives us not only a rough image of which mnthe dominant power component
between leakage and dynamic power but also theactewptimal values (power
consumption) in the optimized circuit. Based ont théormation, we can choose weight
factors and add some constraints of the largestvalble minimal leakage or dynamic

power in the statistical MILP formulation empirital

5.2.3 Minimizing Impact of Process Variation on Leakage or Glitch Power

The choice of minimizing the impact of process ataoin on the leakage or reducing
the effect of process variation on the dynamic poweletermined by which one is the
dominant one between the leakage and the dynamierpand the circuit applications as

well. In a circuit optimized by the deterministidIMP proposed in Section 5.1.2,
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* Case 1 - if the optimal leakage is much less tharoptimal dynamic power and its
large spread due to process variation (for exantedifference under 30% global
process variation according to Table 4.2) still banignored, we need to put much
more emphasis on dynamic power resistance to ppo@egtion;

 Case 2 - if the optimal leakage is comparablehto dptimal dynamic power, and
most of the time the circuit in the standby moae ,example, circuits of cell phones,
the impact of process variation on the optimal éggk should be minimized with
priority definitely since leakage is much more sévesto the process variation;

 Case 3 - if the optimal leakage is comparableht dptimal dynamic power, and
most of the time the circuit is in the active motie, example, circuits of portable
GPS or portable game machines;, both the mean and standard deviation of the

dynamic power distribution should be optimizedha first place.

5.2.3.1 Minimizing theimpact of processvariation on glitch power

In case 1 and case 3, dynamic power is the domio@mponent of the total power
consumption. Its standard deviation is determingdtie number of glitch filtering
constraints (5.35) whoséi] are positive values. So, in the MILP objectivendtion

(5.37), we first leWW3be infinitely large to put the highest priority annimizing Zd[i].
Min{WlDZ |,eak[i]+w2[EZ sizdi]+>" > ad[, j]J + ws3 Zd[i]} (5.37)
i i i e

Although MILP tries to minimize&d[i]. d[i] for some gate may still be positive since

the constraint (5.34) is too tight to be satisfi@ithout the help of a positivé[i]. Every
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positived[i] possibly causes the glitch generation at gateutput. From Table 5.4, we
can also see that the average dynamic power ljneantease with the process variation
approximately. This increase is contributed by giitch power which generates under
process variation condition. To counteract theaase in the average dynamic power due
to those glitches, or to let the really average atyit power in process variation
condition still be close to that one achieved by tleterministic MILP formulation, we
have to sacrifice some leakage power to get a emalyjic switching power in advance.
This can be achieved by lettingl and W2 both equal to 1 in the MILP objective

function (5.38) and adding a new constraint (5t83e statistical MILP formation.
Min{Clzi: e li]+ [CZZ sizdi] +cszi: Zj:Ad[i, j]J +V\V’V3Z 5[i]} (5.38)
C,> sizdi]+C; > > Ad[i, j] < (Ryn o/ p) (p>1) (5.39)
i i j

Payn_optiS the optimal dynamic power obtained by the daeteistic MILP in Section 5.1.2
andp is a constant determined by the process variaBgnletting p larger than 1, the

statistical MILP formulation can give an optimalaziit which has less dynamic power.
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—e— statistical pu=1.04 @u=2.82% (1-N)/N=3.63%
—m— determistic p=1.14 @u=5.13% (1-N)/N=13.53%
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Figure 5.9 Comparison of the impacts of 15% loagalcpss variation on the dynamic
power in C432 which is optimized by the statistidslLP with the emphasis on the
resistance of dynamic power to process variationSection 5.2.3.1, or by the
deterministic MILP in Section 5.1.2. (N=1, is the&pected normalized minimum
dynamic power in the optimized glitch-free C432).

In C432 optimized by the deterministic MILP formiiden in Section 5.1.2, the
optimized total power comprises 5\ dynamic power and 54V leakage power as
shown in Figure 5.4. The data in Table 5.4 showas wWith 15% local process variation,
its average dynamic power increase 13.53% and @iB4% standard deviation. To
reduce the impact of process variation on its dyngrawer, the objective function (5.38)
and constraint (5.39) (letyfd 0p=59.3uW andp=1.10) are adopted in the statistical MILP
formulation. The two curves in Figure 5.9 show thia# average dynamic power only
increases 3.63% instead of 13.53%, and standardtaevis also reduced to 2.82% from
5.13% when 15% local process variation is appledhe optimized glitch-free C432,
although at a cost of 94% average leakage poweease (from 1.0 to 1.94) and a little

bit wider spread of leakage power distribution, etthis shown in Figure 5.10.
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—=— statistical N2=1.94 p=2.26p=10.24% (u-N1)/N1=16.97%
—e—deterministic N1=1.00 p=1.16/u=6.64% (U-N2)/N2=15.22%
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Figure 5.10 Comparison of the impacts of 15% |dgalprocess variation on the leakage
power in C432 which are optimized by the statistiddP with the emphasis on the
resistance of dynamic power to process variationSection 5.2.3.1, or by the

deterministic MILP in Section 5.1.2. (N1 and N2 #@ne normalized nominal leakage
power in the optimized glitch-free C432).

5.2.3.2 Minimizing theimpact of processvariation on leakage

In case 2, leakage almost equals to or is everiddhgn the dynamic power. Since
leakage is so sensitive to the process variatiah We cannot minimize the effect of
process variation on the dynamic power by sacnfideakage any more. The technique
of using path balancing to eliminate glitches lmbe discarded since the increase in the
average dynamic power under process variation neagidse to or even larger than the
glitch power eliminated by path balancing. To lbe tleakage of optimized circuits
resistant to the process variation, we can stélthe MILP proposed in Chapter 4 except

every gate has six possible choices instead ofysthoices.
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5.3 Summary

This chapter first introduces the technique of gspate sizing to reduce dynamic
power. Then a deterministic MILP formulation is posed to optimize the total power
consumption by dudy, assignment, path balancing and gate sizing witbonsidering
any process variation. The impact of process varian dynamic power is analyzed and
a statistical MILP formulation is presented to mirge the impact of process variation on
the dynamic power by giving up some leakage poWwéna dynamic power is still the
dominant one under process variation. Figure 5itdsghe flowchart of how to make a
decision as to which one, leakage or dynamic pogsieould be optimized considering

process variation.
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Use determinstic MILP
to
get the optimal power

Simulate optimized circuit
with certain process
variation, get mean and
standard deviation of
leakage

Can leakage still be
ignored under certain
process variation?

Use statistical MILP
to - N

minimize process variatior
impact on dynamic power

Is circuit most time
in standby mode?

Use statistical MILP
to
minimize process variatio
impact on leakge power

Figure 5.11 Flowchart of making a decision as tacWlone, leakage or dynamic power,
should be optimized with process variation.
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CHAPTER 6 RESULTS

To study the increasingly dominant effect of leakagwer, we use the BPTM 70nm
CMOS technology [1]. Low/, for NMOS and PMOS devices are 0.20V and — 0.22V,
respectively. Highvy, for NMOS and PMOS are 0.32V and — 0.34V, respebtivwe
regenerated the netlists of ISCAS’85 benchmarkudsausing a 2-corner cell library in
which the maximum gate fanin is 5. Two look-up &bfor gate delays and leakage
currents, respectively, of each type of cell wewastructed using Spice simulation. A C
program parses the netlist and generates the eartstet for the CPLEX LP solver in the
AMPL software package [30]. CPLEX then gives théiropl Vi, assignment as well as
the value and position of every delay element. d@ijn@eamic power is estimated by an

event driven logic simulator that incorporates ertial delay glitch filtering analysis.

6.1 Resultsof Deterministic MILP (Chapter 3) for Total Power Optimization

6.1.1 LeakagePower Reduction

The results of leakage power reduction for ISCAS¥@nchmark circuits are shown
in Table 6.1. Here the objective of the MILP in @t 3.2 was set to minimize the

leakage alone. AlAd;; variables were forced to be 0 and constraints) (8@l (3.10)
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were suppressed. The numbers of gates in colunme #oaour gate library and differ
from those in the original benchmark netlistsin column 3 is the minimum delay of the
critical path when all gates have Iow,. This was determined by the LP discussed in
Section 3.2 in the paragraph following Equatiori 3. Column 4 shows the total leakage
current with all gates assigned Io¥. Column 5 shows the optimized circuit leakage
current with gaté/y, reassigned according to the MILP optimization.u@mh 6 shows the
leakage reduction (%) for optimization without stcing any performance. Column 9

shows the leakage reduction with 25% performancefsz.

Table 6.1 Leakage reduction alone due to dMgagssignment (27°C ).

Unopt Optimized [Tma= Te) Optimized Tya= 1.25T)
Circuit ﬁ (T}) loak | Leakage Sun | Leakage Sun
name ates| (ns leak leak
g (uA) (uA) | reduction 0S 5.7 (uA) | reduction 0S5 .7

CPU s CPU s

C432 160 | 0.751 2.620 1.022 61.0% 042 0.132 95.0% .3
C499 182 | 0.391 4.293 3.464 19.3% 0.08 0.225 94.8% .8
C880 328 | 0.672 4.406 0.524 88.1% 0.24 0.153 96.5% .3
C1355 214 | 0.403 4.388 3.29 L 0.294 93.3% .1
C1908 319 | 0.573 6.023 2.02 66.4% 5¢ 0.204 96.6% 3
C2670 362 | 1.263 5.925 0.65 90.4% 0.3 0.125 97.9% 0.16

4

4

D 25.0% 0.

3

D
C3540 | 1097| 1.748 15.622 0.972 93.8% 3. 0.819 98.0% 0.74

5

5

P

P N O B O

S

C5315 | 1165| 1.589 19.332 250 87.1% 14 .B95 98.0% 0.71
Cc6288 | 1177| 2.174 23.142 6.07 73.8% 27
C7552 | 1046| 1.915 22.043 0.87 96.0% 1.

PN O © o

0
0.678 97.1% 7.48
0.445 98.0% 0.58

From Table 6.1, we see that B, reassignment, the leakage current of most
benchmark circuits is reduced by more than 60% awithany performance sacrifice
(column 6). For several large benchmarks leakageduced by 90% due to a smaller

percentage of gates being on critical paths. Howef@ some highly symmetrical
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circuits, which have many critical paths, such d9€and C1355, the leakage reduction
is less. Column 9 shows that the leakage reducgiaohes the highest level, around 98%,
with some performance sacrifice.

The curves in Figure 6.1 show the relation betweamalized leakage power and
normalized critical path delay in a dugl: process. Unoptimized circuits with all 10w,
gates are at point (1, 1) and have the largesiatgakower and smallest delay. With
optimal Vy, assignment, leakage power can be reduced shar@g% (from point (1, 1)
to point (1, 0.4)) for C432 or 88% (from point (1) to point (1, 0.1)) for C880,
depending on the circuit, without sacrificing angrformance. When normaliz€lax
becomes greater than 1, i.e., we sacrifice somérmpaance, leakage power further
decreases with a slower decreasing trend. Whedelag increase is more than 30%, the
leakage reduction saturates at about 98%. Thusyd=ig.1 provides a guide for making

tradeoffs between leakage power and performance.
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Figure 6.1 Tradeoffs between leakage power andprence.
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6.1.2 Leakage, Dynamic Glitch and Total Power Reduction

The leakage current increases with temperatureused4 (thermal voltagekT/q)
andVy, both depend on the temperature. Our Spice siroulathows that for a 2-input
NAND gate with lowVy,, when temperature increases from 27°C to 90°C|abakage
current increases by a factor of 10. For a 2-ifND gate with highVy, this factor is
20.

The leakage in our look-up table is from simulation27°C operation. To manifest
the dominant effect of the leakage power, we edantae leakage currents at 90°C by
multiplying the total leakage current obtained fr&@RLEX LP solver [30] by a factor
between 10 and 20 as determined by the proportitowoto high threshold transistors.

The dynamic power is estimated by a glitch filtgrievent driven simulator, and is

given by

05 |:q::lnv |N/ddz @Tl Fq

P, =—= 6.1
T 100q1.21,) ©1)

whereCi,, is the gate capacitance of an inverfgris the number of transitions at the
output of gata when 1,000 random vectors are applied at PlsF&hds the number of
fanouts for gate. The vector period is assumed to be 20% greatar the critical path
delay, T.. By simulating each gate’s number of transitions, can estimate the glitch
power reduction.

When path balancing is used to eliminate glitchése additional loading
capacitances contributed by the inserted delay esdésnconsume extra dynamic power.

Whether the technique of path balancing is effectiepends on the ratio of this dynamic
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power overhead to the eliminated glitch power. Dateolumn 3 of Table 6.2 show that
less than 10% dynamic power reduction can be aetiéar some circuits, for instance,
C432, C1908 and C2670, when the loading capacisanféethe delay elements are
considered. This is mainly because we use a 2-camie library which has a limited
optimization space. As we discussed and illustrateSection 5.1, using a 6-corner cell
library, normally we can achieve more dynamic poweztuction since this type of cell
library makes it possible to eliminate glitches fgth balancing and to reduce loading
capacitances for each logic transition by gatengisimultaneously.

Table 6.2 Comparison of the percentage of glitahasoptimized circuits with the real

percentage of dynamic power reduction achieved & falancing considering the
additional loading capacitances contributed bydblay elements.

Cirt. Name Glitch % in_ Dynamic Power reduction
Un-opt Circuits W/ C_ of delay elements
C432 274 % 8.63 %
C499 29.0 % 18.13%
€880 27.8% 16.23%
C1355 43.5% 35.79%
C1908 22.4 % 8.39%
C2670 21.6 % 7.42%
C3540 315% 14.04%
C5315 34.6 % 12.08%
C6288 76.0 % 68.73%
C7552 40.2 % 27.74%

To demonstrate the projected dominant effect okdga power in a sub-micron
CMOS technology, we compare the leakage power gndrdic power at 90°C in Table
6.3. “All low V" means the unoptimized circuit that has all loweghold gates, and

“Dual Vy" means the optimized circuit whosé, has been optimally assigned for
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minimum leakage. Column 6 gives the dynamic povi¢he optimized design, which is
further reduced as shown in column 7 when glitdreseliminated by path balancing and
the power overhead contributed by the delay elesnsntonsidered. We observe that for
70nm BPTM CMOS technology at 90°C, unoptimized &gk power (column 3) of some
large ISCAS'85 benchmark circuits can account fwud one half or more of the total
power consumption (column 9). Wi, reassignment, the optimized leakage power of
most benchmark circuits is reduced to around 10%h Wirther glitch (dynamic) power
reduction, the average total power reduction f@AS'85 benchmark is 40%. Some have

a total reduction of up to 70%.

Table 6.3 Leakage, glitch and total power reductmmISCAS’85 benchmark circuits
(90°C).

cint . Leakage Powend\) Dynamic Power/({W) (Ieakz:—gc()atf:jyigvr\:ﬁcr:pw
Name | gates IﬁUv Dual | Reduc. | Dual | Delay | Reduc. | All low la_uaé\e/tlh Reduc
Vi, Vi % Vin | Opt. % Vi Opt. %
C432 | 160 | 35.77| 1187 66.8% 1040 733 8.63% 136.804.15 | 23.86%
C499 | 182 | 50.36| 39.94 20.7% 2257 160.3 18.13% 276.224.72 | 18.61%
C880 | 328 | 85.21] 11.05 87.0% 1773 128.0 16.23%  26R.359.57 | 39.21%
C1355| 214 | 54.12 39.96 26.3% 2933 165.7 35.79% 434[7.228.29 | 34.29%
C1908| 319 92.17] 29.69 67.8% 2549 19Y.7 8.39% 34[7.263.20 | 24.17%
C2670| 362 1154 11.32 90.2% 128.6 100.8 7.42% 244.030.38 | 46.57%
C3540| 1097| 302.8 1798 94.1% 333.2 228.1 14.04% .0636 304.40| 52.14%
C5315| 1165| 421.1 49.79 88.2% 4635 304.3 12.08% .6886 459.06 | 48.22%
C6288| 1177 388.5 97.1fy 75.0% 1691 405.6 68.713% .2079625.95| 69.90%
C7552| 1046| 4444 18.75 95.8% 380.9 227.8 27.14% .3825 293.99 | 64.38%
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6.1.3 Tradeoff Between Glitch Power Reduction and Area/Power Overhead
Contributed by the Delay Elements

The area overhead due to the inserted delay elsnesbmewhat large. From Table
6.4, we observe that the number of delay elemeyds#) is almost equal to the number
of gates (Gates #), except for C1355. If we assilmaethe average number of transistors
in a gate is 4 (e.g., consider a 2-input NAND gaaed each delay element implemented
by a CMOS transmission gate has 2 transistorsiahgh area overhead will be around
50% due to delay element insertion. The main reasdhat our cell library has some
complex gates, for example, AOI (AND-OR-INVERT) gatwhose fanin number may
be as large as 5. Some NAND or NOR gates canhage as large as 4 inputs. As a
result, it is very possible that more than one ylddaffer is inserted for a gate. The
solution is to use a simpler and smaller cell lipravhich will be used in our following

research.

Table 6.4 Number of delay elements for optimization

Circuit Gates # Adi #
C432 160 160
C499 182 128
C880 328 303
C1355 214 112
C1908 319 313
C2670 362 330
C3540 1097 1258
C5315 1165 1198
C6288 1177 1307
C7552 1046 845
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Considering the usually large routing area in an\&hip, and the fact that a large
percentage of delay elements have quite small d€kge the following discussion in this
section) and hence small sizes, the actual araheae should be much less than 50%.

We also applied the path balancing technique tcABx (Analog Devices Inc.)
RFID chip which is implemented in TSMC 0.35um CM@$hnology and has 46,000
placeable cells (39,000 combinational cells and0@,8equential cells). The power
simulation results by PrimePower [5] show that ¥4 & the logic transitions are glitches
which consume 8% of the dynamic power. Here therival logic switchings inside of a
standard cell are not considered. Although thisOREHhip does not consume too much
glitch power, the analysis of the values and numiiethe delay elements is still

instructive.

worst case
best case H

reduced Dyn Power

0 M A...LL L N\u ummumm‘ﬂﬂﬁhuu i
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Figure 6.2 (a) dynamic power reduction by delaynglets with a certain deldy, and (b)
cumulative dynamic power reduction by delay elemmeavith delay 0~D.
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Figure 6.3 The relation between the number of teskedelay elements (sorted by their
contribution to the dynamic power reduction) ané tlorresponding percentage of glitch
power reduction

Figure 6.2(a) gives the PDF (probability distrilmmtifunction) of the delay elements,
or dynamic power reduction by delay elements wittedain delayp. It shows that most
of the delay elements inserted for glitch elimioathave small delays. This coincides
with the nature of the circuit structure in a higjeed ASIC design. The logic depth of
any combinational logic between two flip-flops canhrbe very large in a high speed
ASIC chip and hence the timing window determinihg value of a delay element is not
wide. Figure 6.2(b) gives the CDF (cumulative dmttion function) of the delay
elements, or the cumulative dynamic power redudbpnlelay elements with delay D~
It is found that delay elements whose delays agetahan 5ns or 10ns for the best case

or worst case, respectively, contribute very littte the dynamic power reduction.
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Therefore, Figure 6.2 gives us guidance for thecsiein of the delay elements when a
standard cell library of delay elements is cons&dc

The relation between the number of inserted delements and the corresponding
percentage of glitch power reduction is shown iguFe 6.3. Delay elements are assorted
by their contribution to the dynamic power redustidhe fist 10,000 delay elements play
a much more important role in glitch eliminationhile the remaining 4,000 cells’
contribution is very small. Figure 6.3 actually yiaes circuit designers a clue of how to
make a tradeoff between glitch reduction and paaved overhead introduced by those
delay elements. It should be noted that the glggh®pagated at the outputs of buffers
and inverters disappear automatically when allpghias are balanced. In this RFID chip,
this type of glitches consumes 25% and 39% of ¢ited glitch power for the worst case
and best case respectively. Therefore, the maximlitch power contributed by all the
remaining glitches is 75% and 61% of the totalcglipower for the worst case and best

case respectively.

6.2 Resultsof Statistical MILP (Chapter 4) for L eakage Optimization

To compare the power optimization results of tregistical MILP with those from
the deterministic approach, we assume that allghtes have the san® and cp
(sensitivities of gate delay to the variation offefient process parameters) in equation
(4.9). Therefore, each gate has the samend we assumesBu of r; is 15%. This
assumption is only for the simplicity and does aleénge the efficacy of the statistical

approach.
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In the deterministic method, the worst case is iadpwhich means all gate delays
increase 15% and hendk,.x increases 15% accordingly. To make the comparison
between the statistical method and the determinegpiproach reasonabl&y.x in the
statistical approach is also 115% of the origiredle.

Table 6.5 Comparison of leakage power saving dustdtistical modeling with two
different timing yields £).

Deterministic Statistical Optimization | Statistical Optimization

Circuit Optimization a0 — aro
(/7 = 100%) (’7 =99 /0) (/7 =95 A))
Unopt. | Opt. Opt. Opt.
Leak. | Leak. Run Leak. Extra R_’un Leak. Extra Run
Name | # gate Time Power | Time Power | Time
Power | Power Power Power

(W) | (uW) (s) (W) Saving | (s) (LW) Saving | (s)

C432 160 2.620 1.003 0.00 0.662 33.9% 0.44 0.589 .3%41| 0.32
C499 182 4293, 3.396 0.02 3.396 0.0% 0.22 2.323 6981, 1.47
0
0

C880 328 4406, 0.526 0.02 0.367 30.2% 18 0.340 .4985| 0.18
C1355 214 4.388| 3.153 0.0 3.044 3.5% A7 2.158 .6981| 0.48
C1908 319 6.023| 1.179 0.0 1392 21.7% 1121 1.168B4.3% | 17.5
C2670 362 5.925| 0.565 0.0 0.298 47.2% 0.35 0.2839.8%4 | 0.43
C3540 | 1097| 15.622 0.957 0.1 0.475 50.4% 024 0.43%4.5% | 1.17
C5315 | 1165| 19.332 2716 1.8 1.194 56.0% 67.63 60.9564.8% | 19.7
C7552 | 1046| 22.043 0938 04 0.751 20.0% 0/88 0.6727.9% | 0.58
Average of ISCAS’85 benchmarksg 0.2 29.2% 9.04 3%l | 4.64

| ARM7 | 155k | 686.56| 495.12 15.60 425444.07% | 36.79) 42544 14.07% 34.4

BB 00 W W WO

In Table 6.5, columns 4, 6 and 9 give the optimlilemkage power by deterministic
MILP, by statistical MILP with 99% timing yield anty statistical MILP with 95%
timing yield. From Table 6.5, we see that comparethe deterministic method, which
uses the fixed values, when we use statistical lmoe gate delay and subthreshold
leakage current, ISCAS85 benchmarks can achievavenage 29% greater leakage
power saving with 99% timing yield and 41% gregtexver saving with 95% timing
yield. The reason is that statistical model hasoaeniflexible optimization space, while

105



the deterministic approach assumes the worst ¢ageC499 and C1355, which have
many critical paths due to their extremely symneatrcircuit structures, the optimization
space is limited and therefore the additional posaing contributed by optimization is
much smaller, especially with the higher timinglgi€99%). It is also obvious that with a
decreased timing yield, higher power saving caradi@eved due to the relaxed timing

constraints, resulting in a larger optimizationapa

.
09\
\
08§ L Ll LL Deterministic LP
0.7+ \ Statistical LP ( 99% Timing Yield)

0.6} ‘\ ---------- Statistical LP (95% Timing Yield)
*

Normalized Leakage Power

| | | | | | | |
1 1.05 1.1 115 1.2 125 1.3 1.35 1.4 1.45 1.5
Normalized Timing

Figure 6.4 Power-delay curves of deterministic stadistical approaches for C432.

Figure 6.4 shows the power-delay curves for C432akage optimization by
deterministic and statistical approaches. The istagpoints of the three curves, (1,1),
(1,0.66) and (1,0.59), indicate that if we can wathe leakage power to 1 unit by
deterministic approach, 0.65 unit and 0.59 unikdeg power can be achieved by using
statistical approach with 99% and 95% timing yieldspectively. The lower the timing
yield, the higher the power saving. With a furthelaxedTay all three curves will give

more reduction in leakage power because more galldse assigned high..
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Figure 6.5 Leakage power distribution of digl-C7552 optimized by deterministic
method, statistical methods with 99% and 95% tinyireids, respectively.

Figure 6.5 shows a clear comparison of the leakmyeer distributions of dud
C7552 optimized by the deterministic method, areddtatistical methods with 99% and
95% timing yield, respectively. We can see thathboiean and standard deviation of
C7552’s leakage distribution are reduced by stesistipproaches as compared to the
deterministic method. Although not very obviougKage optimization with 95% timing
yield indeed has a smaller spread than that wi% 8&ing yield.

The reason for the narrower leakage distributioth lamver average leakage lies in
the fact that more high threshold gates can begmesdi by the statistical method
compared to the deterministic method. Because, wh@mizing the leakage and
considering process variation by the determinepproach, we have to analyze the worst
case which is too pessimistic. The leakage in Mglgates is less sensitive to the process
variation, because although high, gates may have the same percentage of leakage

variation as lowVy, gates, the absolute variation in high, gates is certainly much
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smaller. Therefore, a higher percentage of hghgates in a dual, circuit ensures a
narrower spread and a lower mean of leakage power.
Table 6.6 Monte Carlo Spice simulation resultstfe mean and the standard deviation

of the leakage distributions of ISCAS’85 circuitptimized by deterministic method,
statistical methods with 99% and 95% timing yiel@spectively.

Circuit Deterministic Optimizatior] Statistical Optimization|  Statistical Optimization
n=100% N = 99%) n = 95%)
Name # ngl](.. E/lee;kr.] SD. ngl](.. II\_/leea(’jl‘: SD. ngl](.. E/lee;kr.] SD.
2es) @w) | ew) | ™ | qwy | @wy | ™| ow) | wy | ™)
C432 160 | 0.907 1.059| 0.104 0.603 0.709 0.074 0.520.614| 0.069
C499 182 | 3.592 4283 0.255 3592 4.283 0.255 2.462.905| 0.197
C880 328 | 0.551 0.645| 0.086 0.430 0.509 0.080 0.416.491| 0.079
C1355| 214 | 3.198 3.744) 0.200 3.090 3.606 0.202 2.192.610| 0.175
C1908| 319 | 1.803 2.123] 0.170 1.3%6 1.01 0.116 1.140.341| 0.127
C2670| 362 | 0.635 0.750, 0.078 0.405 0.473 0.046 0.3968.461| 0.043
C3540| 1097 1.055 1.243 0.119 0.527 0.611 0.p32 30.490.575| 0.031
C5315| 1165 2.688 3.128 0.165 1.2p9 1.420 0.p88 41.031.188| 0.067
C7552| 1045| 0.924 1.073] 0.069 0.7f4 0.903 0.p49 10.700.823| 0.045
Average of ISCAS'85 benchmarks  0.138 0.105 8.0p

In global process variation, all the gate delayselhthe same percentage of variation,
and hence no effect on the timing window constgaint the statistical MILP, which
means the assignment of the dual threshold voltey&ept unchanged. On the other
hand, subthreshold current is most sensitive td_theariation. Therefore, in Table 6.6,
we simulate the leakage distributions of all theeduainistically and statistically
optimized ISCAS’85 benchmark circuits witbcal Ly variation (/pu=15%) by Spice.
Just as expected, almost all of the mean and sthndeviations of the leakage

distributions are decreased by statistically apgnea. Narrower spread and lower mean
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can be achieved by the statistical method with 9B#tng yield compared to that with

99% timing yield.

6.3 Run Timeof MILP Algorithms

The run time of MILP is always a big concern siitsecomplexity is exponential in
the number of variables and constraints of the lprolin the worst case. However, our
experimental results show that the real computinge tmay depend on the circuit
structure, logic deptletc, and may not be exponential.

The CPU times shown in columns 7 and 10 of Tablea#e for the deterministic
MILP in Chapter 3. From the data in Table 6.1sihard to express any relation between
the CPU time and the problem size, such as the aumbgates in the circuit. For
example, MILP solution time for the 1046-gate C7%582nly 1.1 CPU seconds, which is
much less than 140 CPU seconds used for the 1165§815. Even for the same size
problems, different constraints require varyingusoh times. Consider the 1177-gate
C6288 circuit as an example. When the timing camsts for primary outputs (POs) are
relaxed by 25%, CPU time decreases from 277 CPOnsiscto 7.48 CPU seconds. As a
result, MILP formulation may still solve some veligrge size circuits and provide a
possibly better solution to dusl, assignment problem through global optimization.

Running on a 2.4GHz AMD Opteron 150 processor BB memory, many CPU
run times for solving the statistical MILP probld@hapter 4) were less than one second
(columns 5, 8 and 11 in Table 6.5). This is an athge over other techniques [61]
because we achieve 30% more leakage reduction9®¥h timing yield but in much less

CPU time.
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Besides ISCAS’85 benchmark circuits, we also ojz&a the leakage for an ARM7
IP core, which has 15,500 combinational cells ad4@@ sequential cells implemented in
TSMC 90nm CMOS process. The experimental resulteerlast row of Table 6.5 show
that 14% more leakage reduction is achieved withs8@onds run time and partly
demonstrate the feasibility of applying our MILPpapach to real circuits.

Although today's SOC may have over one million gaitealways has a hierarchical
structure. MILP constraints can be generated fonsdules at a lower level and the run
times will be determined by the number of gateshim individual submodules. Such a
technique may not guarantee a global optimizatom still would get a reasonable result

within acceptable run time.

6.4 Summary

Experimental results are presented and discusséusirchapter. The results show
that the deterministic MILP formulation proposedGhapter 3 for total power reduction
by path balancing and dusl, assignment can achieve on average 40% total power
reduction. If combining with the gate sizing teaqure discussed in Chapter 5, more
power reduction can be obtained. The statisticaLMproposed in Chapter 4, for
minimizing the impact of process variation on legkagower, can achieve 30% more
leakage power reduction compared to the determanidtLP formulation. Whether is it
necessary to minimize the impact of process vanatin dynamic power depends upon
the circuit applications and which one is the daninpower component in the optimized
circuit, so we only propose the corresponding stiadl MILP formulation in Chapter 5

and do not give more detailed results in this afapt
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CHAPTER 7 CONCLUSION AND FUTURE WORK

In this chapter, we summarize the entire work of thissertation and provide some

suggestions for future research.

7.1 Conclusion

With the continuing trend of technology scalingglage power has become a main
contributor to power consumption. DUl assignment has emerged as an efficient
technique for decreasing leakage power. In Chaera mixed integer linear
programming (MILP) technique simultaneously minieszhe leakage and glitch power
consumption of a static CMOS circuit for any spiecifinput to output critical path delay.
Using dual-threshold devices, the number of higlkeghold devices is maximized and a
minimum number of delay elements are inserted tluge the differential path delays
below the inertial delays of the incident gatese Kby features of the method are that the
constraint set size for the MILP model is linear thre circuit size and a power-
performance tradeoff is allowed. Experimental ressutshow 96%, 28% and 64%
reductions of leakage power, dynamic power andl tptaver, respectively, for the
benchmark circuit C7552 implemented in 70nm BPTM@$341technology.

Due to the exponential relation between subthresbotrent and process parameters,

such as the effective gate length, oxide thickremsd doping concentration, process
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variations can severely affect both power and tgniields of the designs obtained by the
MILP formulation. In Chapter 4, we propose a staisd mixed integer linear
programming method for dualy design that minimizes the leakage power and dircui
delay in a statistical sense such that the impagiracess variation on the respective
yields is minimized. Experimental results show tB@% more leakage power reduction
can be achieved by using the statistical approaoenwompared with the deterministic
approach that has to consider the worst case iprésence of process variations.
Compared to subthreshold leakage, dynamic powtsss sensitive to the process
variation due to its linear dependency on the m®ceparameters. However, the
deterministic technique discussed in Chapter 3ckwhises path balancing to eliminate
glitches, becomes ineffective when process vanaisoconsidered. This is because the
perfect hazard filtering conditions can easily l@stcbyed even by a small variation in
some process parameters. We present a statistit® fdrmulation to achieve a process-
variation-resistant glitch-free circuit in Chapter Experimental results on an example

circuit prove the effectiveness of this method.

7.2 FutureWork
Some ideas and suggestions for future work arengivéhis section.
7.2.1 Gateleakage

In this work, the contribution of the gate-tunnglieffect to the total leakage is not
considered. Neglecting such effect can result iugerestimation of the total leakage.
Our examples use BPTM 70nm technology, which igadtarized by BSIM 3.5.2 and

may not correctly model gate leakage. However, vagpropriate design, the gate
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leakage of transmission—gate delay elements cakepé small. For example, it is
possible to use high-threshold transistors in tblaydelements because these transistors
are always on and the switching speed is not inapbrfThese transistors have a thicker
gate oxide layer and hence have a lower gate |eakaan low-threshold transistors.
Otherwise, in general, the problem of gate leakaidlehave to be answered by future

research.

7.2.2 Techniquesfor Glitch Elimination with Process Variation

Although leakage has become a dominant contributorthe total power
consumption with the continued technology scalitgy,contribution drops much lower
than the dynamic power after the circuit is optiedizby efficient techniques, such as
dualVy, assignment and adaptive body bias [11, 13, 28,684,90]. Elimination of
glitches in a high activity circuit is still imperee. Path balancing is not preferred due to
its sensitivity to the process variation. Hazaltéfing (gate sizing) is sort of resistant to
the process variation but has its own limitationthat a 100% glitch reduction is not
guaranteed because of the impossibility of increpany gate delays on critical paths [8].
Besides, there exists an upper bound on the adileevgate delay in any specific
technology. Combining the two methods together ¢hieve both a complete glitch
reduction and a process-variation-resistant cirshibuld be a challenging topic. In
Chapter 5, we propose such a combined techniquatlautost of leakage increase. More

efficient algorithms should be developed.
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7.2.3 Improvement of the MILP formulation

We have applied our MILP formulation of dudl; assignment to some industry
circuits. (This work was done in the CAD group, Ama Devices Inc., during the
summer of 2006).

The basic steps were as follows.

1. Assign all cells in the circuit with lowy,. Then the LVT (lowVy,) delay and

leakage for each cell is extracted by PrimeThjérom this LVT design.

2. Similarly, acquire the HVT (high/y,) delay and leakage for each cell from a

HVT design.
3. Extract timing (slack, specified clock period, itjulelay, output-delay),
primary inputs and primary outputs for each timgngup by PrimeTime [4].

4. Construct an MILP model based on the above infaonat

5. Solve this MILP problem and give the optimal difalsolution.

6. Update the circuit from the original LVT designtte dualVy, design according

to the CPLEX solution.

7. Check timing and power of the new du&l-design by PrimeTime [4] and

PrimePower [5] respectively.

Experimental results show that twice the leakagegoaeduction can be achieved
by our dualVy, assignment MILP model as compared to a designolaynercial tools,
Physical Compilef3] and Astro [2]. About 42% of 15,500 combinatibreells were
assigned high/y,. The runtime for solving this MILP was only seMemanutes since in

such an ASIC design, only small combinational logiguds (sub-circuits) are inserted
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between registers, primary inputs and registerd,ragisters and primary outputs. Thus,
the runtime of an MILP actually depends on theuwtrstructure of the most complicated

or deepest combinational cloud, instead of ondked humber of the cells in the circuit.

gate delay
ns = 2 + 2 + 3 -4 LVT design
82ns = 2 + 3 + 32 <& dual-Vth design

> —__D—___g)—'f_-}l_ >

FF |- p FF
8ns

Figure 7.1 An example circuit used for illustratitg timing violation.

However, there are some timing violations (the alchath delay is larger than the
timing specification) in the dudly, design optimized by our MILP formulation. A
possible reason is that the delays of LVT cellgaeted in step 1 are not accurate. We
use the example circuit in Figure 7.1 to brieflylkmn the cause of a timing violation. In
LVT design, the path delay is 7ns (2+2+3) whicless than the specified clock period of
8ns. CPLEX finds that to reduce leakage, gate 2 lmarassigned highWy, without a
timing violation since gate 2's HVT delay is 3ngddmence the new path delay should be
8ns (2+3+3). However, we found that in the dugldesign, the LVT delay of gate 3
actually changes to 3.2ns due to the increases impiut transition time, as a result of the
increase in gate 2’s output transition time. Themef the real path delay is 8.2ns
(2+3+3.2) which is beyond the specified clock pe8ms. The cause of this phenomenon
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is the interdependency of delays of gates, whicks waglected for simplicity in our

MILP formulation.

An iterative method shown in Figure 7.2 may be aeldpo get the accurate delays
and hence avoid the timing violation problem. l{yaiming violation is found, the new
delays for all LVT cells are extracted from the remt dualVy, design and the MILP
formulation is updated correspondingly. A differeptimal solution is then given by the
CPLEX solver with fewer timing violations. We camtie iterations until all timing

violations are eliminated.

7.24 Complexity of the MILP formulation

As discussed in Section 6.3, for a several-milgate SOC, MILP constraints can
be generated for its submodules at a lower leveltha run times will be determined by
the number of gates in the individual submoduleshSa technigue may not guarantee a
global optimization, but still would obtain a reasble result within acceptable run time.

To further reduce runtime of an MILP or ILP formuidan, we may also adopt a
relaxed LP that uses the LP solution as the stapaint and round off the variables such
that they satisfy the (M)ILP. Kompella et al. in8[449] use branch-and-bound methods
to do exhaustive search in the integer space. Aghogiven enough computing time,
those methods can find an optimal solution, feasibhbn-optimal solutions with
acceptable run time can be achieved. In [41], th#hnaas propose a new recursive
rounding approach which can produce solutions that are ctoseptimal and, most

importantly, the complexity of the new approacpatynomial.
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According to current dual-
V,, soution to update the
delays of all LVT cells in

the MIP problem

T

Extract the delays of all
LVT cells by PrimeTime

A

CPLEX solves the update
MIP problem, and gives &
new dual-\,, solution

'

Update the dual-y netlist

'

Check the timing of the
new netlist by PrimeTime

Is there any timing
violation?

Figure 7.2 Flowchart of an iterative power optinti@a procedure.
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