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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.

Categories and Subject Descriptors
B.2.5 [Register-Transfer-Level Implementation]: Design Aids—
Automatic synthesis, optimization; B.3.6 [Logic Design]: Design
Aids—Automatic synthesis, optimization

General Terms
Retiming Theory, Low-Power Design

Keywords
Low-power, dual-supply, synthesis, retiming theory

1. INTRODUCTION
The exponential growth in the number of devices per chip com-

bined with another increase in their operating frequencies results
in a dramatic growth of overall power consumption. For example,
extrapolating the trends in power dissipation for the Intel processor
family shows that by the year 2008, a processor would consume
18kW of power [1]. As a result, power management increasingly
becomes the primary design objective for enabling higher chip in-
tegration levels.

The use of multiple supply voltages at the gate level is an ef-
fective technique to limit dynamic power consumption while pre-
serving the required performance [11]. However, thus far only few
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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 (dual-VDD) 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
framework can be used to formulate the synthesis problem for dual-
VDD 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-
ing the supply voltage as follows:

P = α ·Cload · fclk ·V
2
DD (1)

Here,α, Cload, and fclk denote the switching activity, load capac-
itance, and clock frequency, respectively [13]. However, lowering
VDD also increases the individual gate delays by:

td ∼
Cload ·VDD

2
[

1
Kn · (VDD −VTn)

2 +
1

Kp · (VDD −|VTp|)
2 ]

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

The increased delay results in a performance degradation only
if the supply voltage is reduced for gates on the critical path. One
option for compensating for this performance loss is to adjust the
threshold voltageVT of these gates [4]: however, decreasingVT re-
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-VDD approach is presented in [11] whereby gates off the
critical path are allowed to operate at lowVDD (VDDL) and gates on
the critical path operate at highVDD (VDDH ). This methodology al-
lows a significant power reduction without compromising the per-
formance of the circuit. The selective adjustment ofVDD can be
used at different levels of granularity. Applied at the block level,
the supply voltage can only be reduced if the entire block does not
contain any critical paths. In contrast, when applied at the gate
level [12], the power saving potential is significantly larger because
the supply for all non-critical gates can be reduced.

When using dualVDD special attention must be paid at the bound-
aries of gates with different supply voltages.VDDH gates can safely
driveVDDL gates. However,VDDL gates cannot directly feedVDDH
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
input. Therefore, special circuit structures similar to sense ampli-
fiers used in memories, must be inserted at supply boundaries from
VDDL to VDDH . Such level converters consume additional power
and area and add to the overall delay. A realistic model for power
minimization must take this into account.

weakly on

static current flow

VDDL VDDH

VDDL0

Figure 1: Static leakage current for direct connections ofVDDL
to VDDH gates.

Generally, there are two types of level converters [12, 13]. The
asynchronous type simply adjusts the voltage level fromVDDL to
VDDH whereas synchronous converters are also clocked by the sys-
tem clock and thus combine the function of a flip-flop with the
actual level conversion (LCFF). The exclusive application of syn-
chronous level converters is typically referred to as Clustered Volt-
age Scaling (CVS) [11]. Extended Clustered Voltage Scaling (ECVS)
denotes its extension where a limited number of asynchronous con-
verters are added. Asynchronous level converters consume more
area and are inherently less stable than their synchronous counter-
part. Furthermore, they are more sensitive to delay changes due to
voltage variations. As a result circuit designers prefer using CVS.
Our paper takes this into account by focusing on a retiming formu-
lation for CVS, however, an extension to ECVS is possible.

It should be noted that if ECVS is employed, there is more free-
dom in assigningVDDH or VDDL to gates as asynchronous level
converters maybe inserted anywhere in the circuit and are not lim-
ited to synchronous boundaries. This may result in significant over-
head due to possible proliferation of level converters if no limit is
imposed on their number.

Table 1 compares the parameters for a selected set of combina-
tional gates, standard flip-flops designed for different supply lev-
els, and flip-flips which are combined with synchronous level con-
verters [3]. The data presented in Table 1 is based on a generic
130nm technology process. As shown, there are significant differ-
ences in the power and delay characteristics between gates at high
and low supply voltage. In addition to modeling the power used by
the flip-flops themselves, a correct formulation for power optimiza-

Gate Type Setup Hold Clk-Q Delay Energy
[ps] [ps] [ps] [ps] [fJ]

FFVDDH 19.6 21.5 126.5 152 15.84
FFVDDL 37.4 35.5 192.7 240 7.28
LCFF 61.1 63.9 214.8 287 9.13
INV VDDH - - - 36.8 0.91
INV VDDL - - - 54.7 0.41
NAND2 VDDH - - - 51.2 1.15
NAND2 VDDL - - - 79.7 0.53
NOR2VDDH - - - 62.8 1.22
NOR2VDDL - - - 95.1 0.57

Table 1: Differences between flip-flop types and combinational
gates at varying voltages in a generic 130nm technology.

tion must also take into account the clocking circuitry. In practical
designs, the clock distribution accounts for a large fraction of the
overall power dissipation [13]. Consequently, for manual circuit
optimization, designers attempt to assign as many flip-flops as pos-
sible (and thus their clocking circuitry) toVDDL. In rare cases, it
may be necessary to operate flip-flops atVDDH where path delays
violate the target clock period when all gates are assignedVDDH . A
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%.

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-
sumptions:

• The gate delays are modeled by non-negative constants and
are assumed to be independent of their fanout.

• The circuit does not contain combinational loops.

• A single clocking scheme and edge-triggered flip-flops with
identical skews are used. Later publications extend this to
multi-phase clocking and level-sensitive flip-flops.

• Any reset state can be handled safely by the environment.
Later publications provide more general solutions to the reset
problem

• All flip-flop delays are assumed to be identical and handled
by a corresponding adjustment of the target clock period.

3.1 Min-area Retiming
Let C = (V,E) denote a circuit graph whereV corresponds to

the set of gates including a single vertex, thehost, representing all
primary inputs and outputs.E ⊆V ×V is a set of edges connecting
the gates and I/Os. Each edge(u,v) ∈ E is associated with a non-
negative weightw(u,v) ∈ � which is equal to the number of flip-
flops along this edge. Furthermore,d(v) represents the delay of
gatev∈V.

A retiming of C is defined as a gate labelingr : V 7→ �, where
r(u) is the lag of gateu denoting the number of flip-flops that are



moved backward through it. The new set of arc weightswr of the
retimed circuitCr is computed as follows:

wr(u,v) = w(u,v)+ r(v)− r(u) (3)

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

∑
v∈G

r(v) · (|FI(v)|− |FO(v)|) → min (4)

with the constraint

∀(u,v) ∈ E : r(v)− r(u) ≥−w(u,v) (5)

whereFI(v) andFO(v) represent the set of fanin and fanout gates
of gatev, respectively, and|S| denotes the cardinality of setS. 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 pathp is defined as a se-

quence of connected vertices, i.e.,p = (v1
e1→ v2

e2→ ·· ·
en−1
→ vn);vi ∈

V,ei = (vi ,vi+1) ∈ E. The weightw(p) and delayd(p) of a pathp
are defined as follows:

w(p) = ∑
ei∈p

w(ei) ,

d(p) = ∑
vi∈p

d(vi)

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

W(u,v) = min
p
{w(p) : u

p
; v} (6)

D(u,v) = max
p

{d(p) : u
p

; v ∧ w(p) = W(u,v)} (7)

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

∀D(u,v) > φ : 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 dual-VDD 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
converters, connections from high-voltage gates to low-voltage gates
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

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 byVDDH gates{v1,v2,v3} forces the non-
critical gatev4 to be assigned toVDDH , 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 toVDDL. Figure 2(b) shows how retiming can alleviate this
limitation by moving flip-flops to the positions where level convert-
ers are required. Flip-flopsf1 and f2 are retimed forward permit-
ting v4 to be assigned toVDDL. In addition, by retiming flip-flop
f3 backward, the timing of the otherwise critical path{v5,v6,v7} is
relaxed. As a result gatev6 can be assigned to low voltage.

critical paths

(a)

(b)
VDDL FF

VDDH FF

LCFFVDDL gate

VDDH gate

v2

v4

v6 v7

v3v1

v1 v3v2

v4

f ′3

f ′1,2

f3

f1

f2

v6 v7

v5

v5

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

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.

• 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.

• 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).

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



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

• 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 labelingx : V 7→ {0,1}, wherex(v) = 0 and
x(v) = 1 denote that gatev is assigned toVDDL andVDDH , respec-
tively. Let dL(v) anddH(v) be the delay of theVDDL andVDDH
version of gatev, respectively andpL(v) andpH(v) represent their
respective power dissipation. Then the delay and power consump-
tion of v are:

d(v) = x(v) ·dH(v)+(1−x(v)) ·dL(v) (9)

p(v) = x(v) · pH(v)+(1−x(v)) · pL(v) (10)

For the delay of a pathp = (v1
e1→ v2

e2→ ·· ·
en−1
→ vn) we introduce

an upper and a lower bound as follows:

dL(p) = ∑
vi∈p

dL(vi)

dH(p) = ∑
vi∈p

dH(vi)

Recall that in classical retiming the delay matrixD (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 the
gatesdoes not violatethe clock periodφ if all its gates are assigned
to VDDL; (2) The slowest pathdoes violateφ even with all its gates
atVDDH ; (3) The slowest pathwould violateφ with its gates atVDDL
but can sufficiently be powered-up by assigning some of its gates
to VDDH .

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 gatesu andv are expressed by the following matrices:

DL(u,v) = max
p

{dL(p) : u
p

; v ∧ w(p) = W(u,v)}

DH(u,v) = max
p

{dH(p) : u
p

; v ∧ w(p) = W(u,v)}

The third case of the above mentioned classification occurs when
the target clock periodφ lies betweenDL(u,v) andDH(u,v). For
computing the set of gates that need to be assigned toVDDH , we
introduce the concept ofvoltage slack. Let tA(g, p) and tR(g, p)
denote thepath fast arrival timeandpath slow required time, re-

spectively, of gateg along pathp = u
p1
; g

p2
; v:

tA(g, p) = ∑
g′∈p1

dH(g′)

tR(g, p) = φ− ∑
g′∈p2

dL(g′)−dL(g)

The path fast arrival time is simply computed by summing up
the delays of theVDDH versions of the gates starting fromu up to
but not includingg. The path slow required time starts fromv and
subtracts from the clock period all delays of theVDDL versions.

Let TA(g,u,v) andTR(g,u,v) denote the arrival and required time

H
u v

S(g,u,v) ≥ 0S(g,u,v) < 0

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

matrices of gateg with respect to gate pair(u,v):

TA(g,u,v) = max
p

{tA(g, p) : u
p

; v ∧ w(p) = W(u,v)}

TR(g,u,v) = min
p
{tR(g, p) : u

p
; v ∧ w(p) = W(u,v)}

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

S(g,u,v) = TR(g,u,v)−TA(g,u,v)

Note that in contrast to the classical slack definition, the value
of the voltage slack generally increases along any path fromu to v.
This is because the fasterVDDH gate versions are used for the fast
arrival times whereas the slow required times are computed based
on the slowerVDDL 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 gateu
andv of circuit C, if the voltage slackS(g,u,v) of gateg is nega-
tive, theng must be assigned toVDDH in order forC to meet the
clock periodφ.

For the generation of the clock-period constraints, letH(u,v) de-
note the set of gates on all paths betweenu and v with negative
voltage slack values, i.e.:

H(u,v) = {g | S(g,u,v) < 0}

Figure 3 illustrates the situation in which the set of gates between
u andv contained inH that must be assigned toVDDH 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 periodφ is equal or greater than the up-
per bound of the delays of all paths betweenu and v, i.e.
φ ≥ DL(u,v), then no additional flip-flops are needed be-
tween the two gates becauseVDDL gates are sufficient to meet
the timing requirements. Thus no constraint is generated.

2. 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.:

∀DH(u,v) > φ : r(v)− r(u) ≥−W(u,v)+1 (11)

This is independent of theVDD assignment for the gates.

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



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

∀DH(u,v) ≤ φ < DL(u,v) :

(r(v)− r(u) ≥−W(u,v)+1) ∨ (∀g∈ H(u,v) : x(g) = 1)

This condition can be expressed by the following linear con-
straint:

∀DH(u,v) ≤ φ < DL(u,v) :

|H(u,v)| · (r(v)− r(u)+W(u,v)−1) + ∑
g∈H(u,v)

x(g) ≥ 0

(12)

Note that the expressionr(v)− r(u) +W(u,v) is equal to

the number of flip-flops on all pathsp : u
p

; 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 gateu. In cases
that are extremely timing critical it may be necessary to assign, in
addition to all gates betweenu andv, these flip-flops also toVDDH .
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
VDDH gate must follow aVDDL gate without a flip-flop in-between:

(x(u) = 0∧x(v) = 1) ⇒ (r(v)− r(u)+w(u,v) > 0)

converted into a linear constraint:

∀(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

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 powerp(v) of gatev for a given
assignment ofx(v). This equation is based on the constantspL(v)
andpH(v) that give the power dissipation of a gate for itsVDDL and
VDDH version, respectively. Based on our original modeling as-
sumptions (Section 3 and Section 4.2) we do not take into account
any changes to the interconnection structure caused by retiming.
Therefore, we can simply include the power consumption of the
interconnection into the constantspL andpH .

Even though our approach does not directly address power due
to glitching, reducing supply voltage for as many gates as possible
(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 allVDDL 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 retimingr and supply level assignment
x the total power consumption of a circuitC is computed as:

P = Pconst+ ∑
v∈G

p(v)+ pf f · ∑
(u,v)∈E

wr(u,v) (14)

where,Pconst andpf f denote the static power dissipation of the cir-
cuit and the power consumption of a singleVDDL flip-flop, respec-
tively. For a generalized retiming formulation that also considers
VDDH 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:

∀(u,v) ∈ E : r(v)− r(u) ≥−w(u,v)

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

∀DH(u,v) > φ :

r(v)− r(u) ≥−W(u,v)+1

∀DH(u,v) ≤ φ < DL(u,v) :

|H(u,v)| · (r(v)− r(u)+W(u,v)−1) + ∑
g∈H(u,v)

x(g) ≥ 0

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 VDDH .

3. Limitation to CVS configurations stated in (13):

∀(u,v) ∈ E : r(v)− r(u)+w(u,v)+x(u)−x(v) ≥ 0

4. Objective to minimize power given in (14):

∑
v∈G

p(v)+ pf f · ∑
v∈G

r(v) · (|FI(v)|− |FO(v)|) → min

These equations present an Integer Linear Program with the in-
teger variablesr 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
algorithms are available. Our current effort focuses on develop-
ing an efficient solver for the given problem by exploiting practical
artifacts for further reducing the problem size.

5. EXAMPLE
This section presents a simple example based on a circuit that

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: thereforer(0) = 0.

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

Gate Type Delay Energy
AdderVDDL 2 1
AdderVDDH 1 3
Multiplier VDDL 4 2
Multiplier VDDH 2 5
RegisterVDDL 1

Table 2: Delay and power values of the gates in Figure 4.
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Figure 4: Example: (a) original circuit φ = 3 (b) retiming graph
(c) solution for target φ = 3 (d) solution for target φ = 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
φ = 3.

1. Legal retiming constraints:

r(0)− r(1) ≤ 0 r(1)− r(0) ≤ 1 r(2)− r(1) ≤ 1

r(0)− r(3) ≤ 0 r(1)− r(3) ≤ 1 r(3)− r(2) ≤ 0

r(0)− r(4) ≤ 0 r(1)− r(4) ≤ 2 r(4)− r(2) ≤ 0

2. Clock period constraints:

The weight matrixW is given as:











0 0 0 0 0
1 0 1 1 1
2 1 0 2 2
2 1 0 0 2
2 1 0 2 0











The delay matricesDL andDH are:














0 2 6 4 4
2 2 8 6 6
4 4 2 8 8
8 8 6 4 12
8 8 6 12 4





























0 1 3 2 2
1 1 4 3 3
2 2 1 4 4
4 4 3 2 6
4 4 3 6 2















For an assumed target clock period ofφ = 3 all values of
theDL matrix are highlighted that generate constraints from
condition (12). Similarly, those values in theDH 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(1)− r(2) ≤ 0 r(2)− r(3) ≤ 1 r(2)− r(4) ≤ 1

r(3)− r(0) ≤ 1 r(3)− r(1) ≤ 0 r(3)− r(4) ≤ 1

r(4)− r(0) ≤ 1 r(4)− r(1) ≤ 0 r(4)− r(3) ≤ 1

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

TA(0,u,v) andTR(0,u,v):











0 0 0 0 0
1 1
2 2
4 4
4 4





















3 1 −3 −1 −1
3 −1
3 −1
3 −1
3 −1











TA(1,u,v) andTR(1,u,v):











0
0 0 0 0 0
1 1 1 1
3 3 3
3 3 3





















1
1 1 −5 −3 −3
1 1 −3 −3
1 1 −3
1 1 −3











TA(2,u,v) andTR(2,u,v):











2
3

0 0 0 0 0
2 2 2 2
2 2 2 2





















1
1

−1 −1 1 −5 −5
−1 −1 1 −5
−1 −1 1 −5











TA(3,u,v) andTR(3,u,v):











0 0
1 1

2
0 0 0 0 0

4





















−3 −1
−3 −1

−1
−5 −5 −3 −1 −9

−1











TA(4,u,v) andTR(4,u,v):











1 0
1 1

2
4

0 0 0 0 0





















−3 −1
−3 −1

−1
−1

−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 resultingH matrix is:

H =











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

{2} {2}
{2,3} {3}
{2,4} {4}













The resulting constraints are:

4(r(2)− r(0)−1)+x(0)+x(2)+x(3)+x(4) ≥ 0

2(r(3)− r(0)−1)+x(0)+x(3) ≥ 0

2(r(4)− r(0)−1)+x(0)+x(4) ≥ 0

2(r(3)− r(1))+x(1)+x(3) ≥ 0

2(r(4)− r(1))+x(1)+x(4) ≥ 0

(r(0)− r(2)+1)+x(2) ≥ 0

(r(1)− r(2))+x(2) ≥ 0

2(r(2)− r(3)−1)+x(2)+x(3) ≥ 0

−1+x(3) ≥ 0

2(r(2)− r(4)−1)+x(2)+x(4) ≥ 0

−1+x(4) ≥ 0

3. Limitation to CVS configurations:

r(0)− r(1)−x(0)+x(1) ≤ 0 r(1)− r(0)−x(1)+x(0) ≤ 1

r(0)− r(3)−x(0)+x(3) ≤ 0 r(1)− r(3)−x(1)+x(3) ≤ 1

r(0)− r(4)−x(0)+x(4) ≤ 0 r(1)− r(4)−x(1)+x(4) ≤ 2

r(2)− r(1)−x(2)+x(1) ≤ 1 r(3)− r(2)−x(3)+x(2) ≤ 0

r(4)− r(2)−x(4)+x(2) ≤ 0

4. Objective to minimize power:

2x(1)+2x(2)+3x(3)+3x(4)+6+

1· [−2r(0)− r(1)+ r(2)+ r(3)+ r(4)] → min

The corresponding solution to the minimum-power retiming prob-
lem results in a circuit structure given in Figure 4(c). As shown, the
two multipliers and one of the adders are assigned toVDDH whereas
the other adder can be set toVDDL. This results in a reduced power
consumption by two units assuming each register consumes one
unit of power (i.e.pf f = 1).

If the target clock period is relaxed by one unit toφ = 4, all
four gates in the retimed circuit shown in Figure 4(d) can operate
at VDDL given that the register between nodes 1 and 2 is retimed
backwards through node 2. Here the additional power savings is 7
units.

6. CONCLUSIONS AND FUTURE WORK
In this paper we have presented early work that describes a math-

ematical framework for dual-VDD synthesis. For this we have ex-
tended the standard Leiserson and Saxe retiming formulation to op-
timize for minimal dynamic power by utilizing any available timing
slack. The core of the extension includes the use of two delay ma-
trices instead of one. These matrices are applied to differentiate
between three cases for placing flip-flops between pairs of gates in
order to meet the clock-period constraint, namely: (1) no flip-flop
is needed, (2) a flip-flop must always be inserted, and (3) either a
flop-flop is inserted or a specific set of combinational gates is as-
signed toVDDH for fast performance.

Unfortunately, the new formulation cannot be solved directly by
a standard network-flow approach as done for classical retiming.
This has a significant impact on the practical runtime complex-
ity. Our current research focuses on an efficient implementation
of a corresponding ILP solver that makes this approach applicable
for practical-sized designs. We further investigate generalizations
of this work to also consider other power optimization techniques
such as multiple threshold values and gate resizing.

The use of dual-supply voltages at the gate level impacts physical
design for a CMOS circuit. For this we investigate alternative phys-
ical design methodologies and power network distribution schemes
for dual-supply circuits.
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