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ABSTRACT

This paper presents a low power driven syntheaméwork for the unique class of non-
regenerative Boolean Read-Once Functions (BRORwapronged approach is adopted, where
the satisfiability of the functionality is first eared at the logic level on the basis of the predos
‘hybrid synthesis methbdThe resulting circuitry is contrasted with theduced disjunctive
normal form (DNF), resulting from standard two-lesgnthesis tool, ESPRESSO and conjunctive
normal form (CNF) expression obtained via, the @mional Tabulation method. The gate level
schematics are then translated into MOS transiéscriptions via, static CMOS and stacked
CMOS implementation styles. Leakage Control Traosis(LCTs) are also inserted between the
pull-up and pull-down network nodes, so as to minénthe overall power consumption of the
digital logic circuits designed. Furthermore, tlifeet of transistor re-ordering on the delay of the
resulting CMOS digital designs is also investigat€tle adopted synthesis procedures are all
evaluated based on a common Energy Delay Prodid®)Enetric. The SPICE simulation results
obtained for a 350nm TSMC CMOS process are progpsas it reports 41.5% savings in EDP,
10.5% reduction in power and 17.7% decrease inydelathe proposed method, on an average,
over the best of conventional methods.

Keywords: Read-Once Function (ROF), Low power design, EDRicsCEMOS, stacked CMOS.

1. INTRODUCTION

Minimization of power consumption of CMOS basec it designs is generally possible
at five levels (Chandrakasan et al., 1995) viz.hmebogy, circuit, logic, architecture and
algorithm. Hence the search for the optimal sotutiaust include, at each level of abstraction, ‘a
design improvement loop’. Obviously, collecting tfeedback on the impact of the different
choices on a level-by-level basis reduces the tisgeiired to arrive at a design decision. In this
context, this issue is dealt with in this papethatlogic and circuit levels for an important class
logic functions, namely the Boolean Read-Once fonst (BROF). BROFs, a special family of
monotone Boolean functions, have interesting spepraperties and account for a large
percentage of functions, which arise in real cireyplications. They have also generated much
interest in the field of computational learningahg(Golumbic et al., 2001).

Although algorithms exist, that obtain exact minimusum-of-products (SOP) or
disjunctive normal form (DNF) expressions in twede logic for a large set of functions
including BROFs (Coudert, 1994), the majority ofagical systems use heuristic logic
minimization algorithms. These produce irredundamtn-of-products expressions that are not
necessarily optimal. Here, optimality criteria atefined by the critical design metrics, which
qualify as the figure-of-merit for the circuits ifemented. For example, MINI (Hong et al., 1974),
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PRESTO (Svoboda and White, 1979), ESPRESSO (Bragttal., 1984), and others (Nguyen et
al., 1987) (Rudell and Sangiovanni-Vincentelli, I9gMcGeer et al., 1993) even produce non-
optimal irredundant DNFs. Due to restriction on fae-in of the library cells used for actual
circuit realizations; typical practical implemerntaits of a logic function utilize a multilevel
network of logic elements. Even an industry staddamthesis tool would construct a multilevel
Boolean network corresponding to an RTL (registandfer level) description of a design. Next,
this network is optimized using several technolagyependent techniques. Finally, technology-
dependent optimization transforms the technologlefirendent circuit into a network of library
gates in a given technology. The simple cost eséiroftotal literal count of the factored form of
the logic function at the technology-independenaget is replaced by more concrete,
implementation-driven estimates after technologyppmag. Mapping is constrained by factors
such as the available gates (logic functions) entéthnology library, the drive sizes for each gate
and the power, delay and area characteristicsabf gate.

Multi-level binary logic circuits are genesallepresented in an easy and efficient manner
by directed acyclic graphs (DAG). Rooted Binary dated Acyclic Graphs (Rooted BDAG)
usually represent combinational logic circuits irc@ampact multi-level form. A DAG can be
unfolded in such a way that multiple fan-out nodesot exist, except for the circuit inputs. Each
internal node is labeled with a Boolean operatdd@for OR). Henceforth, the primitives used for
logic level realization shall be classified under Atomic Operator set (AO) (Devadas et al.,
1994), which would comprise AND gate, OR gate andraerter as elements, whose fan-in and
fan-out are described by a 2-tuple as (2,1), (arid (1,1) respectively. The definition of the
atomic operator set also makes it sufficiently clisat complementary inputs are not assumed to
be present, as is the general case with cell bESedksigns. Although double-rail inputs are
usually available for designs targeting programmalaigic devices, for standard cell based
designs; single-rail inputs are preferred, as teay to consume lesser hardware area overhead.

Three different gate level netlist information figiven logic functionality are obtained
from the technology-independent synthesis stage, disthem (CNF and DNF) (Kohavi, 1999)
based on conventional techniques (McGeer et @31@McCluskey, 1956). It is well known that,
traditionally, DNF and CNFs are generally implengehtusing NAND logic and NOR logic
respectively. The realizations then undergo tramsétions according to the proposed heuristic to
result in logic implementations with lesser traiogitactivity. The two-level NAND and NOR
digital circuits and the transformed logic funcsoare then transformed into multi-level logic,
concomitant with equivalent DAG representations dadcribed using static CMOS and stacked
CMOS logic styles. With a view to reduce the leakggpwer component for ultra sub-micron
ranges, LCTs (Hanchate and Ranganathan, 2004hareintroduced between the pull-up and
pull-down network nodes. The effect of input resindg on the delay parameter of the three
different implementations has been subsequentlgroéhed at the gate level. To validate our
proposition, EDP has been chosen as the quantitéiure-of-merit (Guyot and Abou-Samra,
1998). The simulation results demonstrate thaagmication of transformations to the minimized
functionalities resulting from standard synthesisld enables low power design.

The remainder of this paper is organized as follo®sction 2 gives background
information about the terminologies used. Sectiothe8cribes the motivation for this work. We
also discuss a quick estimation of transition cduere. Sections 4 and 5 discuss the logic level
and circuit level optimization methodologies adaptSection 6 gives the proposed algorithm.
Section 7 cites an illustrative example. Sectiatepicts the various functionalities considered and
also the simulation results obtained. Section @lights the conclusions of this research.

2. PRELIMINARIES

2.1. Boolean Read-Once Function (BROF)

A Boolean function, F, is called a read-once fuoretfROF), if it has a factored form in
which each variable appears exactly once. Hencedheplexity of a read-once formula is the
least, as it has no variable repeated. The redmdrROFs are also known as non-repeatable tree
functions is that its parse tree has no varialpeated (Golumbic et al., 2001).
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2.2. Description of Sum term (Product term)

A new terminology is proposed, namely the des@ipset of a Boolean term (sum term
or product term). The description set of a sum tfpmoduct term], shall be represented by the
notation D(Q [D(P)]. D(S) specifies the set of all literals in their actémm, that the particular
sum term Sis dependent upon for its evaluation to a logitieaf ‘0’ and D(F) indicates the set
of all literals in their respective form, that eoguct term Pdepends upon for its evaluation to a
logic value of ‘1'.

For e.g. If F = a’bd + b’cd’, where; a’bd and P= b’cd’, then D(R) = (a’,b,d) and
D(P,) = (b’,c,d). Here P and B are BROFs. The above argument holds good for smmst as
well. If G = (a+b+c’) « (d'+e+f), where S= (a+b+c’) and $= (d'+e+f), then D(9 = (a,b,c’) and
D(S,) = (d',e,f). In this case,;SS; and G are all BROFs.

2.3. Sum of Disjoint Products (SoDP)
A logic function in its simplest and reduced focan be represented as a SoDP, if and
only if (1) is satisfied. Here ‘+’ stands for th@@®ean OR operator. It is given as:

F=R+R;suchthat{D (B} {D (PY}={} (1)

2.4. Product of Disjoint Sums (PoDS)
A logic function in its minimized form could be idified as PoDS, if and only if (2) is
satisfied. Here ‘o’ stands for the Boolean AND agier. Hence:

F=§eSc;suchthat{D (8} {D(S}={} @)
3. MOTIVATION FOR THE WORK

For well-designed sub-micron digital CMOS circuitee dominant source of power
consumption is due to the charging and dischargfribe node capacitances and is computed as,

P=05a.GC .Vy. fu (3)

where &’ is the switching activity, ‘C is the load capacitance (modeled as the sum of
intrinsic capacitance of the device, extrinsic l@agbacitance and net capacitance) at the output
node (Gallant and Al-Khalili, 1999), ‘¥ is the supply voltage andf is the clock frequency.

It is clear from the above equation that mden in switching activity leads to
minimization of power consumption. It has been observation, after extensive studies and
validation that inverters associated with primamplits tend to experience the greatest transition
activity, which results in increased power dissigrat This is much more dominant in the case of
both SoDP and PoDS functions, whose sub-functiorss BROFs, where input literals
predominantly appear in complementary form. Henge rmvel proposition is to do away with
primary input inverters, although this may lead itdroduction of inverting buffers at the
intermediate outputs, which generally exhibits mmai activity. Our preliminary inference based
on computation of the transition count using th#ofeing novel formulation has been the
inspiration for this work. SPICE based simulati@sults further rationalized our understanding.
Though quite a few logic minimization schemes eiglgctargeting low power realizations have
existed in literature; to our knowledge, this ha®ib the first research attempt in this direction,
especially targeting the special class of BROFs.

3.1. Classification of Logic primitives

The entire class of basic logic gates (library)elave been grouped, primarily on the
basis of distribution of elements between their 'GiXd ‘OFF’ sets as follows. However, the
following classification holds good only for a umim distribution of input patterns.
3.1.1. Singleton logic gate

A logic gate, ‘Gk’, is referred to as “Singletorif,it has either a singleton ON set or a
singleton OFF set. The AND, OR, NAND and NOR gdtextionality can be grouped under this
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category. The AND and NOR gates have a singletons@iNwhile OR and NAND gates have a
singleton OFF set.
3.1.2. Equivalent logic gate

A logic gate, ‘GK’ is said to be “Equivalent”, if comprises of an equivalent distribution
of elements in both its ON and OFF sets. The NOORxand XNOR gates functionality belong to
this group.

3.2. Theoretical estimation of upper bound of Tranion Count (TC)

Let 'No' and 'N, represent the finite number of minterms/maxtenwtsch result in logic
'0' and logic '1' in the output column of the trtable of a logic gate, say Gk. In other wordsythe
represent the cardinality of the OFF set {kand ON set (Gdq) of the logic gate. Let 'N
indicate the total number of unique states. Thermae,

Ng=2'= (No + Ny) (4)

Whenever, there is a state change frorgyG#t Gkorr OF vice-versa, it is construed as a
transition. Therefore, the transition activity is,

TCGk=2x (N+N;-1) (5)

Since either N= 1 or N, = 1 in case of Singleton gates (AND, NAND, OR anomR
gates), we can easily conclude that,

TCGk=2xNxN;=2x|Gln| x| Glorr | (6)

Relying on the principle of mathematical intion, the upper bound of the switching
activity for the case of Equivalent gates (NOT, X&®Rl XNOR gates) is determined as,

TC Gk = (N + Ny) [(Ng + Ny - (No + Ny) / 2)] 7
Hence, TC Gk = ((B+ Ny)?/ 2) (8)
As Ny= N; for the class of equivalent gates, the above @pstan be simplified as,
TCGk=((\)/2)=((N\)*/2)=2xNxN;  (9)
Alternately, it is given as,
TCGk=2xNxN;=2x|Gly | % | Glogr | (10)

3.3. Simplifying the computation of TC for gates oftwo-level and three-level logic circuits,
with uniform input distribution

The computation of TC (indicative of switching iaity) using (6) or (10) seems to be
apply for all the gates in a logic network irrespez of the level, in which they appear in a citcui

However, for two-level logic circuits, the compudaial complexity associated with the
estimation of TC for an individual gate can be tjeaeduced if its evaluation would purely
depend upon a relationship between the numberimiapy inputs and the number of actual inputs
to a gate. This will enable a quicker evaluatiorthef TC, as a theoretical measure for two-level
logic circuits. Otherwise, the enumeration ofdgland Glge for each gate in a logic design may
take a longer time for initial estimation of TC.i¥may become cumbersome for larger designs.

When inverters are required to obtain complementamsions of the primary input
signals, as is the case with standard cell-basedekigns, the traditional two-level logic would
essentially be transformed into three-level lodit.this case, (6) or (10) could be used to
determine the transition count of each of the primiaput inverters or by using (12) to arrive at a
quick estimate without having to compute the caatitiy of Gkon and Glger for each of them. For
the gates present in the first level of a two-lelegjic circuit (when there are no primary input
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inverters) or in the intermediate level, i.e. i ttecond level of a three-level logic circuit, wher
the first level is defined by those of the investeassociated with primary inputs, equations
mentioned in section 3.3.2 would be helpful in glycevaluating the transition count of all the
individual gates. However, it should be noted ttetse mathematical formulations would only
hold good for the case, when the inputs are untifpdistributed and uncorrelated.
3.3.1. Computing the upper TC bound for the primaryinput inverters in a three-level circuit

Let ‘NI’ be the number of primary inputs, which forthe basic support of an arbitrary
logic function, F and ‘NG’ be the number of inputs a gate. Then the upper bound of the
transition count, TC of the inverting gates (ocdapythe first-level) of a three-level logic circuit
would be given by,

TC Gk=Nx (2" =2 x (2] (11)
Hence, it obviously follows that,
TC Gk = 22N=D = (NH)/2 (12)

3.3.2. Computing the upper TC limit for the first-level gates of a two-level logic circuit and
the intermediate level gates of a three-level logiircuit

Let us now evaluate the maximum TC limit for théegapresent in the first-level in case
of a two-level logic circuit and the gates predarthe intermediate in case of a three-level binary
logic circuit.

The transition count, TC of such a gate could beegaized based on the principle of
mathematical induction as follows.

TC Gk = 2 x [(2'~N%) x (2" - 2V ~N9)] (13)
On further simplification, we get,
TC Gk - 2(2N|—2NG + 1)X (2\|G _ 1) (14)

If the number of inputs to a gate in the first legé a two-level logic circuit or at the
intermediate level in a three-level logic circ@tthe same as that of the number of primary inputs
of the corresponding logic function, then (14) wbhk reduced as follows,

TCGk=2x (2°-1) (15)

It should be noted that (15) only represents aiapease of (14). The above equations
were derived methodically in a systematic manneseflaon the principle of mathematical
induction. It could be noticed in this context tkia2), (14) and (15) are dependent only upon ‘NI’
and ‘NG’. Therefore, this enables an easier antkfalculation of the transition count at a gate
output node, depending upon its level in an initgllization.

3.3.3. Sample cases

Let us consider two functions to explain the compioh of TC for a Boolean
specification in two-levels and three-levels. lbshl be borne in mind that (14) could be used to
directly calculate TC for gates present in thet fiewel of a two-level logic circuit or the gates
present at the intermediate level of a three-ldogic circuit, provided that the inputs exhibit
uniform distribution and uncorrelated; similar cdrah for (12). For inputs exhibiting correlation,
(6) or (10) would still hold good for all the gatésespective of their presence at any level gof an
type of circuit (two-level or three-level); howeyéne computational cost would become higher.
3.3.3.1. Case 1 (Two-level logic)

Let us consider an arbitrary 4 variable logic fimtt given by,

Y = (YitY2) . (Yatystya) (16)



18 Internatadrdournal of Computers, Systems and Signals, Vab8l, 2007

Let us have the assumption that all the primarytisgxhibit a uniform distribution and
are uncorrelated. Therefore, P(a=0) = P(b=0) = ®(e=P(d=0) = 0.5. A similar probability value
holds good for the inputs present in a logical HIGkite.

The sum terms, (yy,) and (¥+ystys) would be realized in the first-level of a two-é&v
logic circuit. Here, primary input inverters aretmecessary and so the AND gate necessary for
conjunction of the two sum terms would comprisesgbeond level of the logic realization.

In the first logic level, the OR gate needed tdizeahe logical sum, @#+Y), would have
| GKon| = 12 and | GKgr| = 4. Hence as per (10), TC of this AND gate wchédd6. The number
of inputs for the OR gate needed to realize thevalpsoduct (NG) is 2 and the number of primary
inputs for the function Y (NI) is 4. Substitutingetse values in (14), we obtain a similar transition
count of 96. For the sum term,fys+y.), | GKon | = 14 and | GKre | = 2. Substituting these
values in (10), TC for this OR-ing would be 56. §natches with the TC computed using (14),
wherein NI = 4 and NG = 3. The integer measuréefttansition count for Y, considering a two-
level logic realization is then 262.
3.3.3.2. Case 2 (Three-level logic)

Let us consider a 4 variable BROF, given by,

Z=ab' +cd a7

Let us assume that that all the inputs are randgnts (for e.g. white noise) which are
not correlated. This means that P(a=1) = P(b=1Jc=B = P(d=1) = 0.5. Let us also assume a
similar probability value for the complementarytstaf the input binary signals.

The product terms, a’b’ and cd would be realizethin second and first logic levels of a
three-level logic circuit respectively. The invegteised to obtain the negation of the input signals
‘a’ and ‘b’ would constitute the first level andettOR gate needed for disjunction of the two
product terms in order to realize F would form tiied level of the logic implementation.

Here, in the first logic level, the AND gate neededrealize the logical product, cd,
would have | Gy | = 4 and | GKgr| = 12. Hence as per (10), TC of this AND gate widag 96.
The number of inputs for the AND gate needed tdizedahe above product is given as, NG = 2
and the number of primary inputs for the functiors fgiven by, NI = 4. Substituting these values
in (14), we obtain a similar transition count of. 9this would be the same for the product term,
a’b’ as well. Hence, the integer measure of thasiteon count for Z, considering a three-level
logic realization would then be 574, with input émters alone accounting for 45% of the total.

In the light of the above discussions, we also nia&accinctly clear that computation of
TC could at the best serve as a useful forecaste@sure at the technology-independent stage and
it may not be able to predict the actual power rsgsithat is likely to result after the technology-
mapping phase in all cases; nor does it forecagtimprovement/degradation in speed metric
evaluated after the physical implementation staget is independent of device parameters.

4. LOGIC LEVEL OPTIMIZATION

The complexity of a combinational logic circuit dgsed, roughly speaking, depends on
the number of its constituent gates and that adta depends upon its number of input literals. For
practical applications, circuits with minimum numlaoé gates are preferred, as they tend to have a
direct bearing on the hardware implementation areh aoverhead, power consumption and
performance. The conventional methods of implenmgné reduced SOP form by NAND logic
and a minimal POS form by NOR logic (Kohavi, 19%)ontrasted with the proposed method,
designated ashybrid synthesis methodihich favours a wise combination of NAND, NOR and
NOT gate primitives, from a low power perspecti@ur method, besides ensuring a minimum
area solution, for a majority of the samples, Has anabled improved EDP metric, substantiated
by the simulation results obtained.

Apart from affecting a minimum power solution, fmposed technique has also resulted
in considerable improvement in delay, which isifiesi by the average delay parameter obtained
for the samples considered in this paper, showhRign 1 and Fig. 2 for the case of static and
stacked CMOS circuits with embedded leakage commokistors respectively.
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5. CIRCUIT LEVEL MEASURES

A couple of circuit level optimization approachesvl been introduced to study their
significance in minimizing the EDP, whilst satisfgi the requisite Boolean functionality. The
effect of transistor reordering in reducing delaghaut transistor sizing, formulated as a delay
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optimization algorithm in (Carlson and Lee, 199%sbeen included in our analysis. The re-
ordering scheme followed for static CMOS and stdc&dMOS NAND gates with LCTs is top
critical re-ordering; while for static CMOS and citad CMOS NOR gates with LCTs, bottom
critical re-ordering is adopted. The simulationdzhseasoning is highlighted in Table 1.

Table 1. Effect of Input re-ordering on primitivatg metrics

Type of Tiavg) Power dissipation EDP
Re-ordering (in ns) (in Watts) (x10%°Js)
2-input NAND gate
Static-CMOS with LCTs
Top cr|t|pal 0.032 1.4012 nW 1.4348
re-ordering
Bottom critical
re-ordering 0.035 1.7030 nW 2.0862
Stacked-CMOS with LCTs
Top critical | 155 1.4012 nW 2.5309
re-ordering
Bottom critical |, 55 1.7030 nW 7.1952
re-ordering
2-input NOR gate
Static-CMOS with LCTs
Bottom critical
re-ordering 0.11 67.4143 pW 0.8157
Top critical 0.11 109.0497 pW 1.3195
re-ordering
Stacked-CMOS with LCTs
Bottom critical | ) 7 67.4143 pW 0.3692
re-ordering
Top critical 0.12 109.0423 pW 1.5441
re-ordering

Though (Hanchate and Ranganathan, 2004) adviheataitability of LCTs for static

CMOS logic, its adaptability with stacked CMOS implentation style has been investigated for
the first time in this work, as the latter facitida effective wave-pipelined circuit designs
(W.J. Kim and Y.B. Kim, 2003). Besides, static CM@S§ic ensures a lower EDP value, which
corroborates the findings cited in (Hanchate anddgaaathan, 2004). The usefulness of LCTs in
reducing leakage power consumption, which is a danti source in sub-nanometer designs, has
been included in the static CMOS realizations, alth their impact in reducing the average
power dissipation has been ascertained in thisrpapehe anomaly between the different power
consumption components will be actually reflectatyyan the total power consumption. The other
reason being the necessity to compute EDP.

6. PROPOSED ALGORITHM

A heuristic has been proposed t@atffoptimization at the technology-independent
synthesis phase to reduce the transition actitigl ahe gate output nodes. It is given below.

Algorithm:
Start: The input and output descriptions of a gilagyic function are in standard PLA format
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Step 1: Minimize the given Boolean function, Fngsstandard two-level synthesis,
such that F 5, F,nE FoE ... R; E  ‘+’ (Boolean OR) or ‘.’ (Boolean AND);
where k Fo.1, Faso, ..., | are all sub-functions describing the original fiimeality F;

Step 2: Compute TC using equation (6) or equati®) for F and for k Fy+1, Faso, -...,R as well;
Step 3: For every literal mapping®z z') associated with D(J,
Step 4: Compute TC for such literal transforma(io6,) as 2", where n = |s[F]|;
t p
Step 5: Total TC =TC (F) + [TC (Rs)] + TG; for 't gates and ‘p’ input inverters
0= z=0
Step 6: If S[R] = {x;} E {X;}; (S[F] = support of F); and the conditionalitydi j = f holds well,

Step 7: For everyd {x;}and x1 {X}, x,C x =f;
likewise, for everyd {x;}and x,1 {X;}, Xxm C X, =f; also {x} C {x;}={}

Step 8: For { ¥}, apply De-Morgan’s theorem, thereby,

Step 9: For say,o% Xp, Xq 1 { X}, perform the following transformations
(¥ Uxy' Uxg) U (% UX, Uxg) and (' UXy' UXg) U (X Uy UXg)’

Step 10: Transform pUx, Uxy' ) as (% U (%, UXy));
similarly (xUx, Uxy) U (% U (X, Uxg)’); U  (logical AND),U  (logical OR)

Step 11: Continue steps 10 and 11, till all tenmthé minimized version of F are exhausted, else

p
Step 12: Compute total TC as, TC = TC (F) A C (transformed sub-functions)] + TG
z=0

Step 13: A power optimal solution would have bebtaimed
End,;
7. ILLUSTRATIVE EXAMPLE

The following example illustrates the low power hwtology of the proposed algorithm.
The sequencing of operations leading to a lowenrsttimn activity solution is described using this
example by correlating with the subsequent stepshef proposed heuristic. Consider the
compressed ON-set description of a 7-variable Boofanction, given by,
Yon = {(100011x), (011xxx0), (xxx100x)}. Here ‘x’ acoats for a variable permutation.

The reduced DNF derived after step 1 (hemtefa ‘step’ mentioning would implicitly
refer to that of the above algorithm) is given by,

Yon=[ab'c’d’ef + a’bcg’ + de'f'] (11)

Using (6) and (10), we compute the respecli@ (as in step 2) for the read-once
Boolean sub-functions (ab’c’'d’ef), (a’bcg’) and {{)eas 504, 1920 and 3584, while the OR-ing
of the sub-functions is associated with a TC of(61&n input literal translation (step 3), such as
for the mapping (@ a’) accounts for a TC (as per step 4) of 8192sTiwiapplicable for all
individual literal complementations. Hencegyyis found to have an overall TC (step 5) of 68502.
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The transformed minimized functionality, adbtad on the basis of the proposed hybrid
technique (as highlighted in step 10), using De-gdoi's laws (corresponding to steps 8 and 9) is:

Yon = [(b+c+d)'aef + (a+g)’bc + (e+f)'d] (12)

The corresponding TC for the read-once sulstfans (b+c+d)’, ((b+c+d)’aef), (a+g)’,
(a+g)’bc, (e+f)’ and ((e+f)’d) are determined as885504, 6144, 1920, 6144 and 3584 using
equation (6) respectively, while the combined OR-@fi the above sub-functions contributes to a
TC of 5150. Hence, in this casegnrhas a total TC of 27030, computer as per stepfiheo
algorithm. For this case, the percentage redudticwitching activity, a’ and actual total power
consumption has been 30.27% and 58.26% respectively

8. SIMULATION MECHANISM AND RESULTS

A significant number of non-regenerative digitatcaits (incorporating BROFs) have
been considered for optimization studies to vatidair proposition and some of them have been
mentioned in Table 2.

Table 2. Logic function description
(R’ | — Function identity, J — Order of the functionterms of input variables)

Function

ID Compressed Function description

F° (L LXXXXXXX) (XXXXXX L L) (XXXXXXXX1) - PODS

F° (001xxx)(xxx001) — PoDS

Fs (L LxxxxxX) (xxX00xxxX (xxxxxx00) — PoDS

N (000xx)(xxx11) — SoDP and PoDS

Fs (1x00xx) (x100xx)(xxxx00) — PoDS

Fe' (000Xx6XXX) (XXXX000XXXX) (XxxxxxxX1x11) - PoDS

M (L LXXXXXXXXXEXKXXKXK) (XXXXXXXXXOOXXX) (XXXXXXXXXXX000) PoDS

Fe (0001xxxx)(xxxx0011) — PoDS

Fy (002Lxxx)(xxxL1X)(xxxxx1) — PoDS

Fio' (00xx) (xx11)' — SoDP and PoDS

Fu'? (L 2XXXXXXKXXXK) (XXOOXXXXXXXX) (XXXXXXOOXXXX) (XXXXXXKOOXX) (XXXXXXXXXX00)

- PoDS

Fi” (00 LxXXXXXXXX) (XXXOO LXXXXXX) (XXXXXXO0 LXXX) (XXxXXXxX001) - PODS

Fis (Oxxx01xxxX)+(Xxxxxx0x0) — SoDP

Fu’ (000XX0XXXXX) +(XXX000XXXXX) +(XXXXXXXX001) - SODP

Fie (0X0X0xxX)+(xxxxx001) — SoDP

Fig” (0000XXXXXXXXXX)+(XXXXO000XXXXXX) +(XXXXXXXXXX0001) SoDP

Fi7 (00000xxxx)+(xxxxx00x1) — SoDP

Fig (OxxxXxX)+(XLxxxx)+(xx00x1) — SoDP

Fig? (00XXXXXXXX) +(XXOOXXXXXX) +(XXXXOOXXXX) +(XXXXXX L LX)k (XXXXXXXX11) - SoDP

Foo” (OXXXOLXXXXXXXX) +(XXXXXXOXOXXXXX) +(XXXXXXXXXXXX00)- SoDP

For (010xxxx)+(x01xxx0) — SoDP

Fo (000x)+(0x10) — SoDP

Fos (xxx000xx)+(xxxx1x00) — SoDP

For (0x01)+(x010) — SoDP

[ (0x0x)+(00xx)+(x010) — SoDP

[ (010x)+(1xx1)+(x010) — SoDP

For (100xx)+(x0x00)+(0100x) — SoDP

Fog (X00xx)+(0xx0x)+(x1100)

Fao® f1=(x00x0)+(111xx) — SoDP
f2=(x00x0)+(0x10x) - SoDP
f3=(01x0x)+(x1x11) - SoDP

Fao (000xxx)+(x1x000)+(10111x)+(11100x)+(1x1011) - J»D
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The estimation of total power consumption is onlihsis of the well-established tagged
probabilistic simulation scheme (Ding et al., 1998ith a static input signal probability of 0.5.
The simulation results obtained for an input fregpeof 100MHz with a supply of 3.3V for a
0.35 micron CMOS process at an ambient temperafi@2&® C, using Mentor Graphics tools on a
Linux platform have been listed in Tables 3 andhdustry standard BSIM3 device models (The
MOSIS Service, 2006) have been used for transiscriptions.

Table 3. Physical power consumption comparisonilpr(ifh n\W)

Stacked CMOS with LCTs Static CMOS with LCTs
Function
ID _ .
NAND NOR Hybrid NAND NOR Hybrid
logic logic logic logic logic logic
F° 6.4634 10.3448| 6.1499 6.7561 9.6436 6.6522
F° 15.7155 13.0980| 11.4689  14.1700  12.3335  10.3942
F 12.0940 8.4327 6.6511 11.159p 7.9283 6.4153
F° 7.1840 5.6122 4.8278 7.1635 5.222D 5.2777
F° 12.0731 6.9808 6.8555 10.9508 6.5543 6.5817
[ 14.9084 15.5296| 10.7309  14.0694  14.56p4  10.4508
F4 12.7472 10.2446|  8.3748 11.729p 9.6240 8.2525
Fed 19.7953 19.7932| 15.0524  17.9344 185987 14.2D14
Fo 12.7449 14.8008| 10.3060 11.6196  13.90p9  9.4979
Fio! 7.5946 8.4655 3.7247 6.8174 7.9228 3.5306
Fi, 2 8.1984 21.3019| 13.6331 16.4564  20.11p8 12.9824
Fp,t? 14.3379 12.9733| 22.6368 30.2476  27.7463  20.5[759
Fig 12.1800 9.8758 9.7410 10.9164 9.2969 8.7872
Fit 15.3210 13.8684| 8.5929 13.8328 13.0164  7.2029
(S 9.3206 8.7253 8.7765 8.5347 8.182p 8.3082
(S 11.7779 19.1791| 17.6794  23.2007 17.9775 16.5664
Fi 13.4886 12.3074|  7.8800 12.157) 11.5318  7.37134
Fig 12.1793 10.2029| 8.0298 10.908p 9.66Q2 7.7581
Fig® 15.4724 23.4498| 14.9533  15.134p0 22.06P8  14.91469
Foot 16.2599 14.7588| 12.8124  14.6725  13.9115 11.7486
For 13.6878 11.7968| 9.7618 12.678%4  11.0600  8.8Q76
F, 13.7087 13.1396| 12.6592 12.8878  12.36p5 12.1185
Fod 15.0867 11.7294| 12.6592  14.5691 11.0342  12.1185
Fos' 13.6878 11.7968| 9.7618 12.6784  11.0600  8.8Q76
Foc' 12.2252 13.3905| 12.5085  11.898P 12.62p8  12.0p11
Fog' 15.6309 17.8180| 12.0297 14.8838  15.9964  10.9179
For 21.4807 20.3456| 20.7647  21.1837 19.10F8  19.5735
Fog® 14.4931 18.3155| 13.0526  14.1968  17.23p5 12.5536
Fos® 8.0960 10.4363| 12.0295 16.595Ff 21.2753 12.3468
Fa® 16.0123 20.5043| 15.3431 15.2718  19.53B3  14.71428

Fig. 3 shows a graphical comparison of EDP prdéilethe reduced functions, based on
the different synthesis procedures and implementsihg static CMOS style with LCTs
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introduced. Fig. 4 depicts a visual comparison BPEnetric for the simplified functions based on
different synthesis methods and implemented usiacgked CMOS style with LCTs introduced.
Although in practice, NOR logic is not preferred eovNAND logic for effecting better
optimization results, the simulation results okediindicate a slight reverse trend. The reason for
this is attributable to the nature of literal dgstion of the BROFs (sub-functions of the given
logic function) and choice of a constrained atomjerator set. From the simulation results
mentioned in Tables 3 and 4, the best minimum vébuethe design metric corresponding to
NAND/NOR logic has been compared with that of theutt obtained by hybrid logic for each
case and then averaged to compute the mean savipge/er and EDP.

Table 4. Transistor level EDP metric comparisorfifgr¢in 102’ Js)

Stacked CMOS with LCTg Static CMOS with LCTs
Function
ID NAND NOR | Hybrid | NAND NOR Hybrid

logic logic logic logic logic logic

F° 3.189 1.192 1.008 1.82¢ 0.897 0.688
S 18.161| 7.182 7.076 10.541 5.745 5.289
Fs 6.139 6.035 1.215 3.254 3.247 1.006
F 14.181| 4.465 3.624 7.021 2.828 2.717
S 1.869 1.061 1.021 0.936 0.532 0.545
Fet 22.044| 9.029 5.356 10.649 5.329 3.248
e 10.097| 3.042 2.356 4971 1.758 1.525
Fe 27.797| 22.873 8580 13.418 16.780 8.5P9
Fy 7.954 3.701 2.499 3.141 1.914 0.869
Fio' 7.072 5.032 2.045 3.509 2.838 1.396
Fi? 10.842| 27.927 6.969 11.085 12.872 3.363
Fip? 28.707| 16.565 13.772 36.933 24515 10.815
Fis’ 10.031| 11.626 4.524 6.141 7.868 3.163
Fiit 27.716| 17.865 4.392 13.149 11.25%7 3.4D9
Fie 10.081| 7.305 6.082 4.994 4.361 4.076
Fig™ 27.306| 36.789 18.034 20.938 20.486 11.405
Fi7 26.061| 18.771 11.158 12.187 10.627 6.3[77
Fig 3.344 2.075 0.659 1.671 1.639 1.005
Fig™ 15.164| 43.372 12519 9.44H 22.283 8.074
Foo 5.053 | 8.192| 1.004 2.318 3.408 0.719
For’ 7.854 9.239 1.641 3.947 4.530 0.982
[ 9.788 8.621 7.801 4.874 4.908 4.218
Fod 8.829 7.983 7.801 4.503 4.806 4.218
Fos 8.011 8.523 2.106 4.083 4.817 1.305
Foe' 8.708 7.939 2.533 4.835 4.851 1.672
Fog' 18.776| 28.965 6.721 9.801 14.089 3.704
For 16.446| 26.673 6.628 8.846 13.005 3.4011
Fog” 7.409 9.894 1.811 3.692 5.698 1.245
F295 6.127 | 11.506 4.841 7.119 12.288 2.844
Fao’ 36.510| 50.219 25.929 16.836 28.598 15.338
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9. CONCLUSIONS

Energy Delay Product has emerged as an importahtuaaful performance metric to
determine the quality or goodness of any integrafeclit design (Horowitz et al., 1994 and
Hodges et al., 2003). A way to improve this meisid¢o avoid wasting energy — avoid causing
node transitions that are not needed. This pamtrdiscusses a novel synthesis scheme for lesser-
associated transition count and switching actiyigchnology-independent optimization cycle),
while preserving the desired logic functionality oolean read-once functions. Secondly this
paper presents the validation of the propositiommapping the gate level netlist information onto
standard device models (technology-dependent gmtion phase), based on two design styles,
namely static and stacked CMOS logic. Variable ngedng for minimizing the delay component
has also been taken into consideration.

Leakage control transistors have also been embedd&aeen the appropriate pull-up
and pull-down network nodes to enable optimizaiio@verage power consumption by keeping
the leakage component to a minimum. Since dynaieep accounts for 80% of the total power
consumption in the sub-micron range and leakagespoantributes to only around 10%-15%, the
use of LCTs will have a profound impact on reducihg average power dissipation in the sub-
nanometer domain, where leakage power eclipsesndgnpower. Hence, the proposal would
prove to be beneficial for ultra deep submicromtextogy nodes such as 90nm or below.

From the simulation results, we find that the sgsim EDP and power consumption are
to the tune of 42.36% and 14.35% respectively far proposed implementation using static
CMOS logic with leakage control transistors, in gamson with those of the best results obtained
by conventional methods. For realizations with lstelcCMOS logic along with leakage control
transistors, the corresponding minimization in ggetelay product and power dissipation are
42.19% and 4.49% respectively, based on a similamparison. The delay improvement has been
around 15.57% for static CMOS and 20.72% for stdckd1OS implementation styles, over
traditional approaches.

The proposed synthesis method would be suitablgpfoblems with large number of
variables as well. The essential prime cubes ateirad in the first stage using standard logic
synthesis tools. The irredundant prime implicaritap(icates) then undergo logic-preserving
transformations, as per the proposed algorithntalsia for effecting designs with lower activity
rates. It should be understood in this context diffathe-shelf synthesis tools may at the bestdyiel
a minimized solution, but does not guarantee poefficient solutions. The low power
methodology described in this work would be usédualensuring optimality of a wide variety of
logic functions (expressed in sum-of-disjoint produor product-of-disjoint sums form) and
would carry significance even from a pedagogicahpof view. However, for certain types of
read-once function, namely positive Achilles’ hagiction and pure horn Achilles’ heel function;
the proposed technique might not be suitable féecehg optimization with respect to the
Boolean equations underpinning it. This is owingheir basic definition and inherent property.
Hence this appears to be a problem, for which a fmwer driven strategy could indeed
specifically be formulated at the circuit level.
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