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ABSTRACT

The use of dual-supply voltages at the gate level is an effective
technique to limit dynamic power consumption while preserving
performance. However, its use in commercial circuit designs is
limited primarily due to lack of CAD tool support. Very little work
has been carried out to leverage multiple supply voltages for tim-
ing, area, and power trade-offs during logic synthesis. This paper
describes an extension to the retiming framework which is lever-
aged to synthesize low-power CMOS circuits using dual-supply
voltages. A mathematical formulation of the problem is presented
with the central objective to minimize dynamic power while main-
taining the target clock period.

custom designs employ dual supplies at the gate level. This is pri-
marily due to the lack of CAD tool support. The synthesis problem
for dual-supply (dualpp) designs is to generate a gate level netlist
such that the assignment of high or low voltage to each gate results
in a power-optimal circuit that meets all given timing constraints.

Little work has been carried out to utilize multiple supply volt-
ages for timing, area, and power trade-offs during logic synthe-
sis. As far as the authors are aware, only one paper has been pub-
lished that introduces dual-supply voltages at the gate level during
logic synthesis [9]. A simple heuristic is presented that assigns
supply voltages to gates in combinational circuits. Another pub-
lication [10] describes a methodology based on gate sizing that is
used to exploit dual-supply voltages post logic synthesis.

In this paper we show how an extension to the standard retiming
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1. INTRODUCTION

framework can be used to formulate the synthesis problem for dual-
Vpp circuits as an integer linear program (ILP). The next section
presents an introduction to multiple supply voltages. In Section 3
we briefly review the classical retiming formulation. Section 4
presents a new retiming formulation that minimizes the power con-
sumption of a dual-supply circuit implementation for a given con-
straint for the clock period. In Section 5 an example is provided
and Section 6 discusses conclusions and future work.

2. CIRCUIT DESIGN WITH MULTIPLE
SUPPLY VOLTAGES

Power consumption in CMOS circuits is currently dominated by
dynamic switching power which decreases quadratically by lower-

The exponential growth in the number of devices per chip com- ing the supply voltage as follows:

bined with another increase in their operating frequencies results

P = G'Cload'fclk'vlgD (N

in a dramatic growth of overall power consumption. For example,

extrapolating the trends in power dissipation for the Intel processor Here, a, Cjgaq, and foi denote the switching activity, load capac-
family shows that by the year 2008, a processor would consume jtance, and clock frequency, respectively [13]. However, lowering
18kW of power [1]. As a result, power management increasingly ;5 also increases the individual gate delays by:
becomes the primary design objective for enabling higher chip in-
tegration levels. t~
The use of multiple supply voltages at the gate level is an ef- 2
fective technique to limit dynamic power consumption while pre-
serving the required performance [11]. However, thus far only few

Cload -Vbp 1 + 1 ]
Kn-(Vop —Vr,)2 * Kp- (Vbp — |V, |)?

where all technology and gate topology parameters are lumped into
constantK, and Kp. Further,Vr, andVTp denote the transistor
threshold voltages [7].

The increased delay results in a performance degradation only
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option for compensating for this performance loss is to adjust the
threshold voltag®t of these gates [4]: however, decreasifgre-

sults in increased standby leakage and thus larger static power con-
sumption. Another proposed compensation approach is based on
parallel or pipelined architectures [2] but causes large area penal-
ties.



A multi-Vpp approach is presented in [11] whereby gates off the | Gate Type S[etslip "[|°$|'(]j (:[lké? D[elsa]y Er[Ifgggy
critical path are allowed to operate at |dyp (VppL) and gates on ==y 1% s 2p1 T 126 £ 1p52 567
the critical path operate at hidfbp (Vopr ). This methodology al- DDH : : : :

o : h L FFVboL 374 | 355 192.7 | 240 7.28

lows a significant power reduction without compromising the per-
o . . LCFF 61.1 | 639 | 2148 | 287 9.13

formance of the circuit. The selective adjustmendph can be

. . ) INV VppH - - - 36.8 0.91
used at different levels of granularity. Applied at the block level, INV Voo, - - - 547 041
the supply voltage can only be reduced if the entire block does not "NAND2 Vopp - - - 510 115
contain any critical paths. In contrast, when applied at the gate NAND2 Vpp, = = = 79.7 0.53
level [12], the power saving potential is significantly larger because [ NOR2VppH - - - 62.8 1.22
the supply for all non-critical gates can be reduced. NOR2VppL - - - 95.1 0.57

When using dud¥pp special attention must be paid at the bound-
aries of gates with different supply voltag&spH gates can safely Table 1: Differences between flip-flop types and combinational
drive Vpp gates. Howevelpp, gates cannot directly feethpn gates at varying voltages in a generic 130nm technology.
gates without using special level converters. As illustrated in Fig-
ure 1 [12], the pull-up device of a high-voltage gate that is driven
by a low-voltage gate will not completely shut off for a logical-1  tion must also take into account the clocking circuitry. In practical
input. Therefore, special circuit structures similar to sense ampli- designs, the clock distribution accounts for a large fraction of the
fiers used in memories, must be inserted at supply boundaries fromoverall power dissipation [13]. Consequently, for manual circuit
VoL 1o Vbph. Such level converters consume additional power Optimization, designers attempt to assign as many flip-flops as pos-
and area and add to the overall delay. A realistic model for power sible (and thus their clocking circuitry) ¥bpi. In rare cases, it

minimization must take this into account. may be necessary to operate flip-flops/gbr where path delays
violate the target clock period when all gates are assiyhed. A
VooL VbDpH corresponding scheme is described in [2] and [13].

Reported benchmark results [12, 2, 14, 13] demonstrate that a
significant reduction in power consumption, ranging from 30 —
45%, can be achieved by dual-supply methods. In these results,
the reported increase of area and average interconnection length is
less than 10%.

weakly on

static current flow

— 3. CLASSICAL RETIMING

Classical retiming is a structural optimization technique that re-
locates the flip-flops in a circuit with the objective of minimizing
their total count, maximizing the circuit performance, or achiev-
ing both goals simultaneously [5, 6, 8]. The original formulation

presented by Leiserson and Saxe is based upon the following as-
Generally, there are two types of level converters [12, 13]. The sumptions:

asynchronous type simply adjusts the voltage level fkiyp. to
VpbpH Whereas synchronous converters are also clocked by the sys- e The gate delays are modeled by non-negative constants and

Figure 1: Static leakage current for direct connections oVpp_
to Vbpn gates.

tem clock and thus combine the function of a flip-flop with the are assumed to be independent of their fanout.
actual level conversion (LCFF). The exclusive application of syn-
chronous level converters is typically referred to as Clustered Volt- e The circuit does not contain combinational loops.

age Scaling (CVS) [11]. Extended Clustered Voltage Scaling (ECVS)
denotes its extension where a limited number of asynchronous con- e A single clocking scheme and edge-triggered flip-flops with

verters are added. Asynchronous level converters consume more identical skews are used. Later publications extend this to
area and are inherently less stable than their synchronous counter- multi-phase clocking and level-sensitive flip-flops.
part. Furthermore, they are more sensitive to delay changes due to
voltage variations. As a result circuit designers prefer using CVS. e Any reset state can be handled safely by the environment.
Our paper takes this into account by focusing on a retiming formu- Later publications provide more general solutions to the reset
lation for CVS, however, an extension to ECVS is possible. problem

It should be noted that if ECVS is employed, there is more free-
dom in assigningy DDH or VDDL to gates as asynchronous level o All flip-flop delays are assumed to be identical and handled
converters maybe inserted anywhere in the circuit and are not lim- by a corresponding adjustment of the target clock period.

ited to synchronous boundaries. This may result in significant over- . .

head due to possible proliferation of level converters if no limitis 3-1 Min-area Retiming

imposed on their number. Let C = (V,E) denote a circuit graph whehé corresponds to
Table 1 compares the parameters for a selected set of combinathe set of gates including a single vertex, tuest representing all

tional gates, standard flip-flops designed for different supply lev- primary inputs and output& C V xV is a set of edges connecting

els, and flip-flips which are combined with synchronous level con- the gates and I/Os. Each edgev) € E is associated with a non-

verters [3]. The data presented in Table 1 is based on a genericnegative weightv(u,v) €. which is equal to the number of flip-

130nm technology process. As shown, there are significant differ- flops along this edge. Furthermom@v) represents the delay of

ences in the power and delay characteristics between gates at higlyatev € V.

and low supply voltage. In addition to modeling the power used by A retiming of C is defined as a gate labelimg V — . , where

the flip-flops themselves, a correct formulation for power optimiza- r(u) is thelag of gateu denoting the number of flip-flops that are



moved backward through it. The new set of arc weight®f the
retimed circuitC; is computed as follows:

W (U, V) = wW(u,V) 4 (V) —r(u)

©)

For a retiming to be valid the number of flip-flops at all edges
must be non-negative, i.eyr > 0. The min-area retiming objec-
tive is to minimize the total number of flip-flops, i.6 W — min.
Using (3), this leads to the following optimization problem:

EGr(V)'(\H(V)\—\FO(V)D—>min @)
with the constraint
V(uv)eE: r(v)—r(u) > —w(u,v) (5)

whereFI(v) andFO(v) represent the set of fanin and fanout gates
of gatev, respectively, an¢lS denotes the cardinality of s&t For
simplicity we omit in this and following formulations the special

handling of shared flip-flops at multi-fanout gates. The sharing can
be modeled by a simple extension of the circuit graph as described

in detail in [6].

3.2 Clock-period-constrained Min-area
Retiming

Individual circuit paths need to be analyzed to account for a tar-

get clock period during retiming. A circuit pathis defined as a se-
quence of connected vertices, ip5 (V1 & Vo &,y Vn);Vi €
V,g = (Vi,Vi+1) € E. The weightw(p) and delayd(p) of a pathp
are defined as follows:

w(p) = » w(a),

ecp

d(p) = Z d(vi)
viep

and used in the following definitions of the weight matvikand
delay matrixD:

(6)
@)

W(u,v) = mpin{w( p): u-d v}
D(u,v) = mglx{d(p) uBva w(p) =W(u,v)}

Every path with a delay larger than the target clock pegiatlist
include at least one flip-flop after retiming:

VD(u,v) > @: r(v)—r(u) > -W(u,v)+1 (8)

The clock-period-constrained min-area retiming problem can be
formulated by the ILP composed by the objective function (4) and

the constraints (5) and (8).

4. MIN-POWER RETIMING

This section describes an extension of standard retiming theory
to accommodate dual-supply circuits with the central objective to

minimize dynamic power. We first give a motivation for using a
retiming framework for dua\/pp synthesis which is then followed
by a detailed description of the mathematical formulation.

4.1 Motivation

Recall that CVS is the most popular scheme for designing dual-

supply circuits in which level conversion is only applicable in com-
bination with flip-flops. To avoid the use of asynchronous level

timing critical will frequently be blocked by combinational paths
that start at non-critical gates and lead to a critical sections of the
circuit.

The example in Figure 2(a) illustrates this situation. Here the
critical paths formed bWppn gates{vi,vz,v3} forces the non-
critical gatev, to be assigned t¥ppy, otherwise an illegal con-
figuration of a high-voltage gate followed by a low-voltage gate
would occur. This requirement results in a significant limitation of
possible power savings because a gate can only be assigned to low
voltage if all gates of its combinational fanout structure are also as-
signed toVppy. Figure 2(b) shows how retiming can alleviate this
limitation by moving flip-flops to the positions where level convert-
ers are required. Flip-flopg and f, are retimed forward permit-
ting v4 to be assigned t¥ppL. In addition, by retiming flip-flop
f3 backward, the timing of the otherwise critical pgtf, vg,v7} is
relaxed. As a result gatg can be assigned to low voltage.

fi
Vg

(b)
] LCFF

— critical paths

O Voou gate [ |VopL FF
© Voon gate [ Vopn FF

Figure 2: Example for low-power retiming (gate delay = 1 unit):
(a) original circuit using 9 gates atVppn, (b) retimed circuit
using 7 gates aVppy -

4.2 Delay Constraints

The presented min-power retiming formulation for dual-supply
circuits is based on a number of additional assumptions which are
outlined below. These assumptions reflect the typical scenario for
using multiple supply voltages in practical circuit design.

e We focus our effort on clustered voltage scaling (CVS) as the
most common form of applying multiple supply voltages. An
extension of our formulation to ECVS is possible.

e The power consumption and delays of flip-flops at low-supply
voltage are assumed to be identical to the values of flip-flops
with level converters (LCFF). This simplification reflects the
fact that the largest power savings comes from avoiding high-
voltage flip-flops (see Table 1).

converters, connections from high-voltage gates to low-voltage gates e

are inhibited in this scheme. As a result, a simple heuristic that at-
tempts to assign low-voltage gates to the part of a circuit that is not

The gates of the clocking tree for flip-flops at low-supply
voltage and LCFFs are assigned/sp . Similarly, the clock
distribution of the flip-flops at high-supply voltage is driven



by VbpH. The power consumption of the two clocking trees
is assumed to grow linearly with the number of their respec-
tive flip-flops.

e The switching activity of the circuit and the pattern of glitches
causing additional power consumption is not effected by re-
timing or the corresponding changes in power dissipation are
negligible.

For modeling min-power retiming, the supply levels of the gates
are encoded as a gate labeligV — {0,1}, wherex(v) = 0 and
x(v) = 1 denote that gateis assigned t&pp|. andVppH, respec-
tively. Letd_(v) anddy(v) be the delay of th&pp. andVppn
version of gates, respectively angb_ (v) and p4 (v) represent their

respective power dissipation. Then the delay and power consump-

tion of v are:

9)
(10)

€h-1

For the delay of a patp = (v1 At Vo ... Vn) we introduce

an upper and a lower bound as follows:

d(p)= Y di(w)
viep

di(p)= Y du(v)
viep

Recall that in classical retiming the delay matbx(7) is used
to generate flip-flop constraints for paths between gates that would
exceed the target clock period. In dual-supply retiming, we must
distinguish between three cases: (1) The slowest path between th
gatesdoes not violatehe clock periodpif all its gates are assigned
to VppL; (2) The slowest patboes violatep even with all its gates
atVppn; (3) The slowest pativould violatepwith its gates a¥pp
but can sufficiently be powered-up by assigning some of its gates
to VbpH .-

We can apply lower and upper delay bounds to distinguish be-

tween these three cases. Using the classical definition (6) of the

weight matrixW, the upper and lower bounds for the delay be-
tween two gates andv are expressed by the following matrices:

D(uv) = max{di(p) :u~>v A w(p) =W(u.v)}
Dy (u,v) = max{dn (p) : u-B v A wip) =W(u,v)}

The third case of the above mentioned classification occurs when
the target clock periog lies betweerD| (u,v) andDy (u,v). For
computing the set of gates that need to be assign&sa, we
introduce the concept ofoltage slack Let ta(g, p) andtr(g, p)
denote thepath fast arrival timeand path slow required timere-

spectively, of gateg along pathp = u-% g% v:

ta@p) =y du(g)
gep
RGP =0~ 5 di(d)—d(g)
gep:

The path fast arrival time is simply computed by summing up
the delays of th&ppy Vversions of the gates starting fromup to
but not includingg. The path slow required time starts franand
subtracts from the clock period all delays of ¥ versions.
LetTa(g,u,v) andTr(g, u,v) denote the arrival and required time

€

S(g,u,v) <0

Figure 3: Computation of the set of gatesH that must be as-
signed toVppy if no flip-flop is placed betweenu and v.

matrices of gatg with respect to gate paiu,v):
TA(9,UV) = max{ta(g, p) : u-5 v A w(p) =W(u,v)}
TR(G,Uv) = min{ta(g, p) : U5 v A w(p) =W(uv)}

These values can be computed by a simple topological traversal
similar to static timing analysis. Based ®g(g, u,v) andTr(g, u, V)
we can now define the voltage slack matgias follows:

8(97 U,V) = TR(97 U,V) - TA(Q? U,V)

Note that in contrast to the classical slack definition, the value
of the voltage slack generally increases along any path értov.
This is because the fastéppy gate versions are used for the fast
arrival times whereas the slow required times are computed based
on the sloweNMpp| versions. The voltage slack can be used as a
criteria for assigning supply levels to gates:

Theorem: In the absence of a flip-flop on a path between gate
andv of circuit C, if the voltage slackS(g,u,v) of gateg is nega-
tive, theng must be assigned tépy in order forC to meet the

clock periode.

For the generation of the clock-period constraintsHiét, v) de-
note the set of gates on all paths betweeand v with negative
voltage slack values, i.e.:

H(U,V) = {g | S(g,U,V) < O}

Figure 3 illustrates the situation in which the set of gates between
u andv contained inH that must be assigned Wpy in order to
realize the clock period.

In the following we discuss the setup of the clock-period con-
straints for the min-power retiming formulation based on the pre-
viously introduced concepts. As mentioned earlier, we need to dis-
tinguish between three different cases:

1. If the target clock perio@ is equal or greater than the up-
per bound of the delays of all paths betwaeandyv, i.e.
¢ > Dr(u,v), then no additional flip-flops are needed be-
tween the two gates becalgsy gates are sufficient to meet
the timing requirements. Thus no constraint is generated.

. If the target clock period is smaller than the lower delay
bound then at least one flip-flop must be placed on all paths
between the two gates, i.e.:

VDH (u,v) > @: r(v)—r(u) > -W(u,v)+1 (11)

This is independent of théyp assignment for the gates.

. Inthe remaining case the target clock period is equal or greater
than the lower delay bound but less than the upper delay



bound On(u,v) < @ < DL(u,v)). Here, either (1) a flip-
flop must be placed on all paths between the gates or (2) all
gates between andv with negative slack must be assigned
to Vppy. Formally stated:

VDH (U,v) < @< DL (u,v):
(r(v) =r(u) = -W(u,v)+1) vV(vge H(u,v) : x(g) =1)
This condition can be expressed by the following linear con-
straint:
VDH (u,v) < @< D (u,v):

IH(UV)[- (r(v) = r(u) +W(u,v) 1) + x(g) =0
eH(u,v)
i (12)

Note that the expression(v) —r(u) +W(u,v) is equal to

the number of flip-flops on all paths: u-5 v with w(p) =
W(u,v) and thus non-negative due to constraints (5).

The presented formulation does not consider the supply voltage

assignment of the flip-flips at the outgoing edges of gate cases
that are extremely timing critical it may be necessary to assign, in
addition to all gates betweanandyv, these flip-flops also tappn.
For simplicity, we did not include the corresponding components
in our formulation. However, modeling the supply level of the flip-
flops can easily be incorporated by including them into the compu-
tation and analysis of the voltage slack.

In addition to constraint (5), which forces non-negative edge

weights and the previously described delay equations, the retim-

ing solutions must also be restricted to CVS configurations, i.e., no
VppH gate must follow &pp. gate without a flip-flop in-between:

(X(u) =0AX(V) =1) = (r(v) —r(u)+w(u,v) > 0)
converted into a linear constraint:

V(u,v) € E:r(v) —r(u) +w(u,v) +x(u) —x(v) > 0 (13)

4.3 Power Consumption
The power dissipation of a circuit includes mainly static power

where,Pconstand ps ¢ denote the static power dissipation of the cir-
cuit and the power consumption of a siniftsp, flip-flop, respec-
tively. For a generalized retiming formulation that also considers

VppH flip-flops, this equation can easily be extended by adding a

term for them.

4.4 Complete Retiming Formulation

Summarizing the constraints and objective function described in
the previous sections, the formulation for min-power dual-supply
retiming is composed of four components:

1. The constraint from (5) ensures that there is a positive num-
ber of flip-flops on each edge:

V(u,v) €E: r(v)—r(u) > —w(u,v)

2. Clock period constraints derived from (11) and (12):

VDH (u,v) > @:

r(v)—r(u) > -W(u,v)+1
VDH (u,v) < @< D (u,v) :

IH(u,v)[- (r(v) =r(u)+W(u,v) -1) + x(g) >0

geH(uv)

The first states that at least one flip-flop is present along
all paths whose lower delay bound is greater than the target
clock period. The second constraint relates to all paths whose
lower delay bound is less than or equal to the clock period but
whose upper delay bound exceeds the target clock period. At
least one register must be present along these paths or a spe-

cific set of combinational gates on the path must be assigned
to VppH.-

3. Limitation to CVS configurations stated in (13):
V(u,v) € Exr(v) —r(u) +w(u,v) +x(u) —x(v) >0
4. Objective to minimize power given in (14):

%p(Vprf- Ze (V) - (IF1(V)] = [FO(V)[) — min

r
ve

caused by leakage and other parasitic effects and the power dy-

namically consumed by the gates, flip-flips, and interconnections.
Equation (10) gives the dynamic powpfv) of gatev for a given
assignment ok(v). This equation is based on the constamtév)
andpy (v) that give the power dissipation of a gate foits and
VppH Vversion, respectively. Based on our original modeling as-

These equations present an Integer Linear Program with the in-
teger variables andx encoding the actual shifting of flip-flops and
gate assignments to supply voltages, respectively. Unfortunately,
in contrast to the original retiming formulation, this ILP cannot be
directly translated into a network-flow problem for which efficient

sumptions (Section 3 and Section 4.2) we do not take into aCCount_algorithms are available. Our current effort focuses on develop-

any changes to the interconnection structure caused by retiming
Therefore, we can simply include the power consumption of the
interconnection into the constaryis and py.

{ing an efficient solver for the given problem by exploiting practical

artifacts for further reducing the problem size.

Even though our approach does not directly address power due5. EXAMPLE
to glitching, reducing supply voltage for as many gates as possible  1pjg section presents a simple example based on a circuit that

(weighted by the load) will reduce power due to glitching.

For the flip-flops we made the assumption that the size of the
clocking tree and thus its power dissipation grows linearly with the
number of flip-flops. We further assumed that\&p_ flip-flops

and LCFFs consume an identical amount of power. Therefore, the

power consumption of all flips-flops can be modeled by a simple
weighted summation.

In summary, for a given retimingand supply level assignment
x the total power consumption of a circdtis computed as:

P = Peonst+ ZG P(V) + ptf - 2 Wi (U, V)
ve (

u,v)eE

(14)

implements the following arithmetic equations:

z(n) =v(n)+t(n—1)
t(n)=a-z(n—1)+b-z(n—-2)

Figure 4 (a) shows the corresponding circuit structure, which
uses four registers, two adders (gates 1 and 2) and two multipli-
ers (gates 3 and 4). Part (b) of that figure displays the retiming
graphC that includes four regular vertices and the host vertex 0 for
the gates and input/outputs respectively. Note that a register must
be inserted between node 0 and node 1 as a loop between nodes
0 and 1 form a cycle. According to classical retiming, a cycle in



the retimng graph must contain at least one register. This register
cannot be moved however: therefo(@) = 0

Table 2 gives the delay and power consumption values for the
circuit elements which results in a minimum circuit clock period of
¢@= 3 when all components are operating at high supply voltage.

| Gate Type || Delay [ Energy |
AdderVppL 2 1
AdderVppH 1 3
Multiplier VppL 4 2
Multiplier VpbpH 2 5
RegisteMppL 1

Table 2: Delay and power values of the gates in Figure 4.

Figure 4: Example: (a) original circuit ¢= 3 (b) retiming graph
(c) solution for target @ = 3 (d) solution for target = 4.

The extension to classical retiming theory for dual-supply CMOS
circuits is illustrated below for the example circuit shown in Fig-
ure 4(a) where power is minimized given a target clock period
0=3.

1. Legal retiming constraints:

r0—r(1)<0 r(1)-r(0<1 r(2)-r(1)<1
r0—r(3)<0 r(1)-r(3) <1 r(3)-r(2)<0
r0)—r(4 <0 r(1)—-r(4<2 r@4-r(2)<0
2. Clock period constraints:

0 00 O0O

10111

The weight matriXV is given as: 210 2 2

2 100 2

21020

The delay matriceB| andDy are:

02@ 1
2 2 1
z :

8 8 .12
8 8 [6 12 [4]

w W k[s]w
@NH(}ON

For an assumed target clock period@f 3 all values of
the D matrix are highlighted that generate constraints from
condition (12). Similarly, those values in tiig; matrix are
marked that produce constraints from condition (11).

For all paths where the lower delay bound is greater than the

target clock period, the following constraints are generated

according to (11):
r)—r(2)<0 r(2)—r(3)
r3)—r(0)<1 r(3)—r(1)

_‘
—
N
=
|
=
—~
N
=

INIAIA
o ok
©
|
=
VANVANVAN
R R

r(4

=
I
-
—
w
N2

The path fast arrival and path slow required time matrices for
each gate are given as follows fpe= 3.

Ta(0,u,v) andTr(0,u,V):

T0 0 0 0 07 r3 1 -3 -1 -17
1 1 3 -1
2 2 3 -1
4 4 3 -1
4 4 ] . 3 -1 J
Ta(1,u,v) andTr(1,u,V):
-0 - - 1 -
0 00O0O 11 -5 -3 -3
11 11 11 -3 -3
33 3 11 -3
L3 3 3 ] L1 1 -3 i
Ta(2,u,v) andTr(2,u,V):
i 2 1 1
3 1
0 00 0O -1 -1 1 -5 -5
2 2 2 2 -1 -1 1 -5
L2 2 2 2 | -1 -1 1 -5
Ta(3,u,v) andTr(3,u,V):
0 0 -3 -1
11 -3 -1
2 -1
0 00O0O -5 -5 -3 -1 -9
4 -1
Ta(4,u,v) andTr(4,u,V):
1 0 -3 -1
1 1 -3 -1
2 -1
4 -1
0 00 00O -5 -5 -3 -9 -1

Based on the two delay matrices and the slack matrix calcu-
lated from the above path fast arrival and path slow required
time matrices, the resulting matrix is:

{0,2,3,4} {0,3} {0,4}
{1,3} {1,4}

{23 {3}
{24} {4}

H=| {2} {2}



The resulting constraints are: The use of dual-supply voltages at the gate level impacts physical
design for a CMOS circuit. For this we investigate alternative phys-

4r(2)=r(0) = 1) +x(0) +x(2) +x(3) +x(4) = 0 ical design methodologies and power network distribution schemes
2(r(3)—r(0)—1)+x(0)+x(3) >0 for dual-supply circuits.
2(r(4) —r(0)—1) +x(0)+x(4) >0
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