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Abstract—This paper presents a technology mapping algorithm for field-programmable gate array architectures with dual
supply voltages (Vdds) for power optimization. This is done with
the guarantee that the mapping depth of the circuit will not
increase compared to the circuit with a single Vdd. This paper
also presents an enhanced clustering algorithm that considers
dual supply voltages, honoring the dual-Vdd mapping solution.
To carry out various comparisons, we first design a single-Vdd
mapping algorithm, named SVmap-2, which achieves a 3.8%
total power reduction (15.6% dynamic power reduction) over a
previously published low-power mapping algorithm, Emap [11].
We then show that our dual-Vdd mapping algorithm, named
DVmap-2, can further improve total power savings by 12.8% over
SVmap-2, with a 52.7% dynamic power reduction. Compared
to the early single-Vdd version SVmap [14], DVmap-2 is 14.3%
better for total power reduction. This is achieved through an ideal
selection of the low-Vdd/high-Vdd ratio and the consideration of
various voltage changing scenarios during the mapping process.
Index Terms—Dual-supply voltages, field-programmable gate
array (FPGA), power optimization, technology mapping.

I. Introduction, Background, and Motivation

P

OWER CONSUMPTION has become a limiting factor
in both high performance and mobile applications. Independent of application, desired performance is achieved
by maximizing operating frequency under power constraints.
These constraints may be dictated by battery life, chip packaging, and/or cooling costs. It is important to minimize power
consumption of field-programmable gate array (FPGA) chips
particularly, because FPGA chips are power inefficient compared to logically equivalent ASIC chips. The main reason
is that FPGAs use a large number of transistors to provide
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field programmability. The large power consumption of FPGAs prevents FPGA designs from entering many low-power
applications. The dynamic power of FPGAs is increasing
significantly along the technology scaling. Therefore, reducing
power consumption for FPGA chips is a critical task.
One of the popular design techniques for power reduction is
to lower supply voltage, which results in a quadratic reduction
of dynamic power dissipation. However, the major drawback
is the negative impact on chip performance. A multiple supply
voltage design in which a reduction in supply voltage is
applied only to non-critical paths can save power without
sacrificing performance. Clustered voltage scaling (CVS) was
first introduced in [1], where clusters of high-Vdd cells and
low-Vdd cells were formed, and the overall performance
was maintained. The work in [2] used a maximum-weighted
independent set formulation combined with CVS and gate
sizing to enhance power savings on the whole circuit. In [3],
a dual supply voltage scaling methodology was designed. The
work in [4] introduced variable supply-voltage combined with
CVS. It also derived a rule for optimal low Vdd given a high
Vdd. It showed that the low Vdd could always be set at a
0.6–0.7 range of the high Vdd to minimize power. The works
in [5] and [6] assigned variable voltages to functional units at
the behavioral synthesis stage. The goal was to minimize the
system’s power and meet the total timing constraint. These
works motivated the multi-Vdd solution for low power and
high performance, but none of them worked on FPGAs.
In this paper, we will study the power minimization problem
at the logic synthesis level for FPGAs. Specifically, we will
work on technology mapping and clustering for FPGA circuits
using dual supply voltages. For lookup table (LUT)-based
FPGAs, technology mapping converts a given Boolean circuit
into a functionally equivalent network comprised only of
LUTs. After technology mapping, clustering will group LUTs
into logic clusters so that these clusters can be placed and
routed on the FPGA chip.
The technology mapping for power minimization has been
shown to be NP-complete to solve [7]. There are previous
works on technology mapping for low-power FPGA designs,
all assuming single Vdd [8]–[12]. Their basic approach was
to hide the nodes of high-switching activity into LUTs so the
overall dynamic power was reduced. Reference [29] presented
a delay-optimal dual-Vdd clustering algorithm. However, due
to aggressive duplication to guarantee delay optimality, the
area overhead is large.
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In this paper, our main focus is to develop a low-power
FPGA mapping algorithm, named DVmap-2, with consideration of delay and power optimization crossing two supply
voltages. The voltages are denoted as VL for low Vdd and
VH for high Vdd. We use the cut-enumeration technique to
produce all the possible ways of mapping a LUT rooted
on a node. We then generate different sets of power and
delay solutions for each possible way based on the various
voltage changing scenarios. After the timing constraint is
determined, the non-critical paths will be relaxed in order to
accommodate VL LUTs to reduce power while maintaining
the timing constraint. To show the efficiency of our algorithm,
we also design a mapping algorithm with a single Vdd, named
SVmap-2, which uses similar cost function as that in DVmap2 and relaxes the non-critical paths based on mapping cost to
achieve better power results.
Specifically, DVmap-2 and SVmap-2 borrowed additional
new techniques from [13] and applied them over the original algorithm DVmap and SVmap [14]. These techniques,
namely, global duplication cost adjustment, input sharing, and
slack distribution, have been helpful for area reduction during
technology mapping in [13], and we use them here for the
purpose of power reduction for both single-Vdd and dual-Vdd
mapping. Then, we present an extended version of T-VPack
[27] to support dual-Vdd clustering. The clustering algorithm
takes the dual-Vdd mapping solution and produces clusters
with different voltage assignments.
Compared to the original T-VPack, the area overhead of our
dual-Vdd clustering is 1.2%. Dual-Vdd mapped and clustered
solution is then passed to a power estimator fpgaEva− LP2
[20], which supports dual-Vdd FPGA architectures. Experimental results show that SVmap-2 is 3.8% better in terms of
power reduction compared to a low-power mapping algorithm
Emap [11]. We then show that DVmap-2 can further improve
SVmap-2 by 12.8%. Compared to SVmap reported in [14],
DVmap-2 is 14.3% better. In addition, we show that DVmap-2
can achieve a significant amount of dynamic power reduction
over SVmap-2.
The rest of this paper is organized as follows. In Section II,
we provide some basic definitions and formulate the dual-Vdd
FPGA mapping and clustering problem. Section III introduces
our FPGA architecture and power model. Section IV provides
the detailed description of our algorithm. Section V presents
experimental results, and Section VI concludes this paper.

a fanin cone of v, denoted as Fv . We use input(Cv ) to denote
the set of distinct nodes outside Cv which supply inputs to the
gates in Cv . A cut is a partitioning (Y, Y’) of a cone Cv such
that Y’ is a cone of v. v is the root node of the cut. The node
cut-set of the cut, denoted V(Y, Y’), consists of the inputs of
cone Y’, or input(Y’). A cut is K-feasible if Y’ is a K-feasible
cone. In other words, the cardinality of the cut-set (or cut
size of the cut) is = K. The level of a node v is the length of
the longest path from any PI node to v. The level of a PI node
is zero. The depth of a network is the largest node level in
the network. A Boolean network is K-bounded if |input(v)|=
K for each node v.
Because the exact layout information is not available during
the technology mapping stage, we model each interconnection
edge in the Boolean network as having a constant delay.
Therefore, we approximate the largest delay of the mapped
circuit with a unit delay model, where each LUT on the
critical path (the path with the longest delay) contributes a
one-unit delay (single-Vdd case). This largest optimal delay
of the mapped circuit is also called the mapping depth of the
circuit.
The dual-Vdd mapping problem for min-power FPGA
(DVMF problem) is to cover a given K-bounded Boolean
network with K-feasible cones or equivalently, K-LUTs, in
such a way that the total power consumption is minimized
under a dual supply voltage FPGA architecture model, while
the optimal mapping depth is maintained.
The dual-Vdd clustering problem is to take the solution
of DVMF and cluster the LUTs into logic blocks where
each logic block will be driven by a single voltage level
while honoring the LUT’s voltage assignment from the DVMF
solution. Meanwhile, total amount of clusters and the critical
path delay need to be reduced.
We assume that the input networks are all 2-bounded and
K is 4 in this paper. Therefore, our final mapping solution is
a DAG in which each node is a 4-feasible cone (4-LUT) and
the edge (Cu , Cv ) exists if u is in input(Cv ). We pick 4-LUT
because it has been used among commercial FPGAs [15], [16]
and is popular in academic studies. Our algorithm will work
for any reasonable K values.
III. Architecture and Power Model
We will first introduce logic element and voltage level
converter design to support dual Vdd in the FPGA. We then
present our power model based on this architecture.

II. Definitions and Problem Formulation
A Boolean network can be represented by a directed acyclic
graph (DAG) where each node represents a logic gate, and a
directed edge (i, j) exists if the output of gate i is an input of
gate j. A PI (primary input) node has no incoming edges and
a PO (primary output) node has no outgoing edges. We use
input(v) to denote the set of nodes which are fanins of gate
v. Given a Boolean network N, we use Cv to denote a cone
of node v in N. Cv is a sub-network of N consisting of v and
some of its predecessors such that for any node w ∈ Cv , there
is a path from w to v that lies entirely in Cv . The maximum
cone of v, consisting of all the PI predecessors of v, is called

A. Logic Element and Level Converter
Fig. 1 shows the simplified model of the basic logic element
(BLE) of a K-LUT-based FPGA. The output of the K-LUT
can be either registered or unregistered. To guide the mapping
process, we obtain the delay and power data of a 4-LUT
for various supply voltages through SPICE simulation under
0.1 µm technology. Table I shows details. The worst-case
delay shows the largest time difference between the point that
a signal arriving at one of the inputs of the LUT and the
point that the LUT generates an output. Energy− per− switch
represents the energy a whole LUT consumes as a unit per
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Basic logic element.
TABLE I
Delay and Power Data for a 4-LUT
Configuration
Vdd
Vdd
Vdd
Vdd

1.3v
1.0v
0.9v
0.8v

Worst-Case
Delay (ns)
0.195
0.240
0.276
0.304

Energy per
Switch (J)
6.36E-14
4.54E-14
3.94E-14
3.70E-14

Static
Power (W)
4.25E-06
4.70E-06
4.50E-06
4.81E-06

switch of the LUT output (the output is properly buffered).
Static power shows the power consumption of the whole LUT
if there is no switching in the cycle. The power profile of LUT
under different voltage levels has been pre-characterized and
stored as a lookup table. These data will be used during the
mapping process.
It has been shown that cluster-based logic blocks can
improve the FPGA performance, area, and power [19], [20]. In
this paper, a configurable logic block (CLB) can be driven by
either a low supply voltage or a high supply voltage. Such Vdd
configurability can be realized through a technique proposed
in [17]. Fig. 2 shows the design. The basic idea is to insert
two PMOS transistors between the high-Vdd (VH ) and lowVdd (VL ) power rails and a CLB. The PMOS transistors are
like sleep transistors, and the control bits C1 and C2 are used
to control them so that an appropriate supply voltage can be
chosen for the CLB. Fig. 3 shows the details of the CLB
containing N BLEs. The inputs and outputs of a CLB can be
programmed to go through level converters or bypass it. This
gives us the capability to insert a level converter (LC) between
a VL CLB and a VH CLB to handle the situation when a
VL CLB (driver CLB) is driving fanout CLBs (end CLB) of
VH voltage settings. A level converter is required when a VL
device output is to be connected to a VH device input. Without
such a converter, excessive leakage power would occur in the
VH device because the Vdd to Gnd path cannot be fully cut
off due to the low input voltage.
With regard to voltage assignment for the routing tracks
connecting the driver CLB and end CLBs, we follow a strategy
proposed in [28]. The work [28] inserts level converters at
CLB inputs and outputs and uses routing tree as the Vdd
assignment unit. For a multi-fanout routing tree, only one
voltage level will be assigned and this assignment is based
on total power-sensitivity of all fanout pins. Power-sensitivity
has been estimated based on switching activity and load
capacitance. Routing tree with large capacitance and high
switching activity will have large power-sensitivity, which will
also have good potential of power saving if VL is assigned.
Routing tree based assignment can guarantee that there is no
VL interconnect switch drives VH interconnect switch in the

Fig. 2.

CLB with Vdd configurability.

Fig. 3.

CLB with inserted level converter.

routing so it does not need to insert level converters within
the routing tracks as proposed in [21], which can incur large
area overhead. When a VL routing tree is driving VH end
CLBs (or when a VL driver CLB is driving a VH routing tree),
the converters at the CLB inputs (outputs) will convert VL to
VH . The routing switches are Vdd configurable through PMOS
transistors. However, these PMOS transistors do not consume
dynamic power after circuit is configured as they do not switch
during normal operation. They do consume leakage power but
high Vth (threshold voltage) and/or high Tox (silicon dioxide
thickness) can be applied to significantly limit leakage power
without affecting circuit speed [28].
A MUX (m shown in Fig. 3) is inserted to bypass level
converter when it is not needed. SPICE simulation shows
that the power consumption of the MUX associated with the
converter is about one fifth of that of a converter. The delay
of the MUX is 0.014 ns, which is almost ignorable.
We use the level converter with single supply voltage as
proposed in [18]. We show the transistor level schematic in
Fig. 4. A VL input signal is converted into a VH output signal
while the level converter only uses a single supply voltage VH
(refer to [18] for details). Table II shows the detailed power and
delay data for the converter. Notice that the delay of 0.9v/1.3v
is smaller than that of 1.0v/1.3v. This is because we size the
transistors in the level converter differently for different VL / VH
combinations to achieve better delay and power. Therefore, the
delay and power trends cannot be simply predicted.
B. Power Model
Both dynamic and static power is considered for LUTs, level
converters, and wires and buffers in the routing tracks. For
each K-feasible cone (a K-cut), the total power of the cone is
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Fig. 4.

Schematic of a level converter with single supply voltage.
TABLE II
Delay and Power Data for the Level Converter
Configuration
1.0v to 1.3v
0.9v to 1.3v
0.8v to 1.3v

Worst-Case
Delay (ns)
0.0814
0.0801
0.0845

Energy per
Switch (J)
7.40E-15
8.05E-15
9.73E-15

Static
Power (W)
1.04E-07
1.39E-07
2.40E-07

Fig. 5.

Gate fanout number vs. wire length driven by the gate.

calculated as follows:
Pcone = So · PLUT− dynamic + PLUT− static
+Pinputs + Pnet
= So · (PLUT− dynamic + PLUT− static )
+(1 − So )PLUT− static + Pinputs + Pnet
= So · PLUT + (1 − So )PLUT− static + Pinputs + Pnet (1)
where So is the switching activity of the cone output.
PLUT dynamic is the dynamic power of an LUT when the
switching activity is 1. PLUT static is the static power of an
LUT. PLUT considers both dynamic and static power. PLUT can
be computed as energy per− switch * r (circuit frequency),
where energy− per− switch is reported in Table I. Pinputs is the
power consumed on the cut inputs, which is defined as follows:
Pinputs = 0.5r · Vdd 2

k


Si · Cin

(2)

i

where Si is the switching activity on input i of the cut. Cin is
the input capacitance on an LUT (a constant determined by
the architecture design). Pnet is calculated as follows:
Pnet = 0.5r · Vdd 2 · Cnet · So + Pbuf− static

(3)

where Cnet is the estimated output capacitance of wires and
buffers contained in the net driven by the LUT, and Pbuf− static
is the static power of the buffers contained in the net. Cnet is
different gate by gate. To obtain reasonable wire and buffer
capacitance in the net before placement and routing, we profile
a series of benchmarks using VPR [19] as the placement and
routing tool.
Fig. 5 shows the profiling data with the 20 largest MCNC
benchmarks as used by the VPR package. There is an obvious
correlation between the fanout number of the gates and the
wire length of the net driven by the gates after placement
and routing. The wire length is in the unit of wire segment,
each of which is across one CLB of size 4. There are buffers
between the wire segments. Fig. 6 shows the average wire
length across 20 benchmarks for each fanout number when

Fig. 6. Average gate fanout number vs. wire length for. smaller gate fanout
numbers.

the fanout number is ≤ 20. The correlation can be considered
as linear in Fig. 6. Since most of the gates have relatively
small fanout numbers, we will use the plotted trend line in
Fig. 6 to estimate the net capacitance on the gate output.
Both Si and So are calculated up front before the mapping
starts. We use the switching activity calculator available in SIS
[22], which builds binary decision diagram (BDD) for each
node in the network, counts the probability of going down each
path in the BDD, and sums it up to give the total probability
of function being logic value 1. The switching activity for
the output of the node v is then calculated by a formula as
2 · Pv · (1 − Pv) [23], where Pv is the probability of node
v being 1. Switching activities are inputs to our algorithm.
Therefore, any switching activity estimation method can be
used as long as it is sufficiently accurate.
IV. Algorithm Description
A. Overview
The overall CAD flow of this paper is shown in Fig. 7.
The first stage is dual-Vdd technology mapping and can
be divided into two major sub-steps: cut enumeration and
cut selection. In general, technology mapping can be carried
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portion of Fig. 7 illustrates the relationships among these tasks.
Overall, Sections IV-B–IV-E talk about the matching part, and
Sections IV-F and IV-G talk about the covering part of the
mapping algorithm. We then introduce the dual-Vdd clustering
algorithm in Section IV-H.
B. Cut Enumeration
A cut can be represented using a product term (or a pterm) of the variables associated with the nodes in the node
cut-set of V(Yv , Yv ’). A set of cuts can be represented by a
sum-of-product expression using the corresponding p-terms.
Cut-enumeration is guided by the following theorem [25]:
f (K, v) = ⊗ku∈input(v) [u + f (K, u)]

Fig. 7.

CAD flow.

out through pattern matching and covering, where pattern
matching identifies the logic cones rooted on a node that match
the library cells, and covering will pick the actual library cells
to cover the entire netlist. In FPGA, cut-enumeration is an
effective method to find out all the possible ways of the Kfeasible cones rooted on a node that match the library cell—
the K-LUT. Both [24] and [25] used this method for mapping
to minimize area. The works in [9], [11], and [12] present
low-power mappers based on this technique as well. After
cut enumeration and arrival time and cost propagation, a cut
selection procedure is carried out to cover the entire netlist.
This procedure is guided by the required time, which is the
optimal mapping depth of the network determined during the
cut enumeration process.
The second stage is the dual-Vdd clustering step, which has
been adopted from T-VPack [27]. Dual-Vdd clustering takes
the LUTs from the dual-Vdd mapping solution and clusters
them into dual-Vdd CLBs for placement and routing. In the
last stage of the flow, we use an FPGA evaluation framework
fpgaEva− LP2 [20] to perform placement and routing on the
clustered netlists. Power simulator Psim in fpgaEva− LP2 is
used to measure power consumption.
Next, in Section IV-B, we introduce cut enumeration and
the propagation of arrival time and power cost. Section IV-C
introduces the cost computation for a cut itself, UC . In Section
IV-D, we enhance the power propagation estimation with a
global cost adjustment technique for better duplication control.
Section IV-E then extends the delay and cost computation
into the dual-Vdd domain. Sections IV-F and IV-G present
the cut selection procedure. Specifically, in Section IV-F,
cut selection with local cost adjustment is presented so a
better selection solution can be generated. Section IV-G then
discusses the cut selection procedure with dual Vdd. The top

(4)

where f(K, v) represents all the K-feasible cuts rooted at node
v, operator + is Boolean OR, and ⊗K is Boolean AND. After
(4) is expanded into a sum-of-product format, each resulting
p-term is a possible cut. We will filter out all the resulting
p-terms with more than K variables.
More specifically, every cut rooted on a node can be
generated by combining the cuts on the root node’s direct
fanin nodes. We call the cuts on the fanin nodes subcuts. The
cut enumeration process will combine one subcut from every
fanin node to form a new cut for the root node. If the number
of the inputs of the new cut exceeds K, the cut is discarded. For
single-Vdd mapping, each cut represents one unit delay. The
arrival time for each node is propagated from the PI through
the consecutive cuts in the fanin cone of the node. We obtain
the minimum arrival time for a node v through the arrival times
of the cuts rooted on v
Arrv = MIN

∀Con v

[MAX (Arri ) + 1]
i ∈input(C)

(5)

where C is a cut generated for v through cut-enumeration.
We call the cut, whose arrival time is the smallest among all
the cuts, MCv . Thus, MCv provides the delay of Arrv . Notice
that there can be more than one MCv for node v, and all
the MCv ’s form a set Xv . The minimum arrival time of each
node is iteratively calculated until all the POs are reached.
The longest minimum arrival time of the POs is the minimum
arrival time of the circuit.
Similarly, we can propagate power through the cutenumeration process. We can obtain the power associated with
a cut C as follows:

PC =
[Pi /fi ] +UC
(6)
i=input(c)

where UC is the power contributed by cut C itself (to be
covered next). fi is the fanout number of signal i. Therefore,
the power on i (the propagated power for Fi ) is shared and
distributed into other fanout nodes of i. Once the outputs
reconverge, the total power of the shared fanin cones will
be summed up. This idea tries to estimate the power more
accurately, considering the effects of gate fanout. Otherwise,
the power of Fi may be counted multiple times while processing the different fanouts of node i. This is similar to
the idea present in [25] where area instead of power was
estimated. However, since we do not know whether there will
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be duplications for node i at this point, this model is still a
heuristic.
To guarantee optimal mapping depth, we need to propagate
the estimated power together with the propagation process
of the minimum arrival time. Thus, Pi of (6) in our case will
be the best propagated power in the fanin cone Fi . Then, after
we have calculated the power for each cut rooted on node v,
the best propagated power in the fanin cone Fv is as follows:
Pv = MIN (PC ).
C ∈Xv

(7)

Pv represents the best achievable mapping power up to node v
under the constraint that it also generates the optimal mapping
delay up to the point of v (all the cuts considered belong to
set Xv ). This Pv is used as the Pi in (6) if v is an input of
next cut. Through (6) and (7), the powers of the cuts and
nodes are iteratively calculated until the enumeration process
reaches all the POs. Later on, during the cut selection stage
when we know that v is not on a critical path, a cut C ∈
/
Xv may be picked as long as it will not violate the timing
constraint and will produce a better power in the same time (a
relaxed arrival time provides more suitable cuts and a better
opportunity for better power mapping). Thus, Pv represents a
power estimation guarded by a timing constraint that usually
is overstressed unless v is on a critical path. Nonetheless, we
have to stick to Pv during cut enumeration because we do not
know whether v is a critical node or not until the entire cutenumeration process is completed. This motivates a better cut
selection algorithm for better power saving.
After cut enumeration, we obtain the optimal mapping depth
of the network. This mapping depth will be set as the required
time for the circuit. The critical path(s) is the path that leads
to such a mapping depth, and the nodes on non-critical paths
will have the luxury of selecting different cuts that offer
smaller costs (including those offered through a low Vdd)
with a relaxed delay value as long as the required time of the
circuit is maintained. More details are introduced in sections F
and G.
C. Calculation of Cut Cost
We are not using the actual power for calculating UC . We
consider other characteristics of the cut to help reduce node
duplications and the total number of edges of the mapped
circuit. As a result, the power of the cut is minimized when UC
is minimized. Although each cut represents one LUT, using a
fixed unit cost for a cut will not accurately reflect the property
of the cut. Two cuts that have the same cut size may have
different characteristics that make the cost of these two cuts
different. The characteristics of the cut we consider include
node coverage, node duplication, cut size, switching activities
and output fanout number. All of these factors influence the
cost of the cut. We will use an example to explain these factors.
1) Node Coverage: In Fig. 8, cuts C1 and C2 all have
three inputs. However, cut C1 covers three nodes, and cut C2
only covers two. Intuitively, C1 is more preferred because it
implements more logic. In other words, the cost of C1 should
be conversely proportional with its node coverage number.

Fig. 8.

Illustration of various cuts.

2) Cut Size: The total number of edges of the mapped circuit plays an important role for the power consumption of the
circuit. The larger the number of edges, the more interconnects
it produces during placement and routing. Since a large portion
of the total circuit power comes from interconnects for FPGAs
[20], reducing the total number of edges is an important task
during mapping. We try to control the total connections in the
cost function. If all the other factors between two cuts are the
same, the cut with the larger cut size will have larger cost.
3) Switching Activity: We accumulate all the switching
activity values on the input nodes of a cut and use this sum
to penalize cuts that incur large switching power. The smaller
this sum is, the larger the chance that the cut will be picked
during the cut selection stage. This naturally selects cuts that
hide highly switching nodes into LUTs to reduce power. This
factor helps to reduce the total connections of the mapping as
well, because total switching activity on the inputs is usually
proportional to cut size.
4) Output Fanout Number: Another factor we consider is
the fanout number of the root node of the target cut. This is
trying to control node duplication because duplication usually
hurts power minimization [9]. In Fig. 8, C1 contains the node
a, which has a fanout that goes outside of C1 . This indicates
that if C1 is picked, node a has to be duplicated in order to
drive node d. On the contrary, if cut C3 is picked, it can drive
both node d and c directly so there is no need to duplicate
node a. The larger the fanout number, the better for picking
this cut, because it potentially saves more duplications. More
papers about duplication modeling will be discussed in Section
IV-C from a different angle.
Based on the factors mentioned above, we design our cost
function as follows:

CSC (1 + α Si )
UC =
.
(8)
(1 + α · COVC + β · FTC )
CSC is the cut size of the cut C. Si is the switching activity
on input i of the cut. COVC is the total number of nodes
covered by the cut, and FTC is the fanout number of the root
node. α and β are constants.
We use this cost function during the cut-enumeration process. After mapping, the actual power of each mapped LUT
is estimated based on the power model presented in Section
III-B. It is intuitive that the quality of the mapping result
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TABLE III
Dual-Vdd Scenarios
Cases
1
2
3
4

Fig. 9.

Power cost adjustment.

is directly related to the accuracy of power estimation. In
the next several sections, we will present some additional
techniques to improve the accuracy of the power model. These
techniques are categorized as global cost adjustment and local
cost adjustment.
D. Global Duplication Cost Adjustment
The power model shown in (6) has the advantage of
considering the branching effect on the fanout. However, it
is not perfect. Using the example shown in Fig. 9, if cut Cs is
used to implement an LUT in the final mapping and there is no
duplication involved, the power rooted on node s, Ps , should
be equally shared by fanouts t and u. Otherwise, Ps will be
falsely double-counted when it is propagated to both t and
u later. However, this estimation has its downside. Suppose
the final mapping result uses Ct and Cu (Fig. 9), then the
estimation is no longer accurate because Cu treats node s as
not duplicated1 but s is actually duplicated in Ct . Thus, the
power model can under-estimate the actual mapping power.
This issue can be dealt with during cut enumeration. We will
adjust the estimated power according to the potential node
duplication scenarios. These can be captured by checking the
subcuts that are with or without multiple fanouts. In Fig. 9,
when subcuts C1 and C2 are combined to form Cs , we observe
that there will not be any node duplications for node q because
it is a single-fanout node. However, there will be a duplicated
node for node r since it has another fanout (dashed line) that
goes out of cut Cs . We change (6) to the following:
PC = [Pi /fi ] +UC + PI1 + PI2

(9)

i=input(C)

where I1 and I2 are the two fanin nodes of the root node v,
and cut C is formed by the two subcuts CI1 and CI2 rooted on
I1 and I2 respectively (e.g., Cs is formed by C1 and C2 in the
example). PI1 and PI2 are the duplication costs of the subcuts,
which are defined respectively as follows:

NCI
CSc if fI > 1
PI =
(10)
0
otherwise
where CI is the subcut on either I1 or I2 , and fI is the fanout
number of corresponding I1 or I2 . NCI is the number of nodes
CI contains, and CSC is the cutsize of C. The intuition is
that the larger NCI is, the larger the possibility that more
1 Ps

is divided by 2 and propagated to Cu.

LUT1 Vdd
VL
VL
VH
VH

LUT2 Vdd
VL
VH
VL
VH

Converter
No
Yes
No
No

nodes in CI will be duplicated, thus the larger duplication cost
it produces. CSC is treated as a normalizing factor because
the larger CSC is, the more likely it is that C will contain
more nodes. This, in a way, alleviates the duplication cost
experienced in the local area of the cut, i.e., in CI . Notice, once
PC is adjusted it stays that way, and the related node cost will
also consequently be adjusted. Meanwhile, the new cost will
propagate to the cuts and nodes on the fanouts. In Fig. 9, once
the costs of Cs and Ps are adjusted, they will start to influence
the costs of Cu and Pu , etc. Thus, this cost adjustment has a
global impact for the power propagation process and makes the
power estimation more closely related to the actual mapping
implementation in a global point of view.
E. Delay and Cost Propagation for Dual Vdd
There are four cases between two connected LUTs under
dual-Vdd settings. Table III shows these cases when LUT1 is
driving LUT2 .
During cut enumeration, beside the delay and cost value
calculated for the single-Vdd situation, each cut will have
additional power and delay values corresponding to the four
cases listed in Table III. We can name the delay and cost
propagation for single Vdd as case0 since it gives a baseline
solution that provides the optimal mapping depth of the circuit.
The dual-Vdd cases will maintain this mapping depth and relax
the non-critical path to accommodate VL LUTs.
For each of the four cases, the delay propagation becomes
Arrv = MIN [MAX (Arri ) + DLUT + {Dconv }]
∀C on v

i ∈input(C)

(11)

where [MAX (Arri ) + DLUT + {Dconv }] is the arrival time for a
cut C rooted on v. Here, v is the root node of LUT2 . Let us
examine case2 as an example. Arri is the arrival time on input
i of cut C. Arri is influenced by LUT1 ’s voltage setting, in this
case, VL . DLUT is 1 in this case because LUT2 is using VH . 2
There will be a converter required between LUT1 and LUT2 ,
which contributes a delay of Dconv . In the formula, Dconv is in
braces {} to indicate that it is required only as needed. Arrival
time of each cut for case2 is calculated first with voltage
setting VH . Then, Arrv for case2 is calculated, and its voltage
setting is VH . We observe that there are two choices for Arri
due to the case1 and case3 scenario in the previous delay
propagation (when v was the root node of LUT1 ). These two
cases provided Arri values with the VL setting in the previous
propagation. We will pick the case that gives smaller MAX
(Arri ) value for the current calculation, and its cost is used for
2D
LUT is larger than 1 for LUTs using VL , proportional to the SPICE data
shown in Section III-A.

1716

IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 29, NO. 11, NOVEMBER 2010

cost propagation. If these two cases provide the same delay,
the case with smaller cost will be picked for cost propagation.3
At the end, each node would contain four additional solution
points corresponding to cases 1 to 4. All of these solution
points will be propagated to the next level as what case 0 does.
That way, the benefit of low Vdd on power can be incorporated
and evaluated. We introduce how the cost computation for the
cut next.
Cost propagation for each case for the cut is as follows:
PC−Vdd = [Pi /fi ] +UC−Vdd + {Uconv } + PI1 + PI2 .

(12)

i=input(C)

Pi is the propagated cost on input i with LUT1 ’s voltage
setting. PI1 and PI2 are the duplication costs of the subcuts
(Section IV-C). UC−Vdd is the cost of C (LUT2 ) itself. It can be
either UC−VL or UC−VH , depending on LUT2 ’s voltage setting.
The value of UC−VL is computed in a similar way as the one
defined for single Vdd, UC . UC−VH is proportionally larger
than UC−VL as follows:
UC−VH = (PowerC−VH /PowerC−VL ) • UC−VL

(13)

where PowerC−VH and PowerC−VL are estimated power consumption values for cut C when assigned with VH and
VL hypothetically. They are calculated through the power
estimation model in Section III-B. This gives an accurate
proportional increase of UC−VH over UC−VL . Uconv is counting
both dynamic and static power of the level converter when it is
needed. When it is not needed, only static power is counted.
The dynamic and static power of the MUX associated with
the converter is always counted. At the end, each cut would
contain four additional solution points corresponding to cases
1 to 4.
In addition, we have a voltage setting for each of the four
cases, VC = VLUT 2 . The delay, cost and voltage calculation
propagates from PIs to POs iteratively. The Arrv and PC−Vdd
will become Arri and Pi for next iteration during the calculation.
F. Cut Selection with Local Cost Adjustment
The difficulty of mapping lies in the method of selecting
cuts to cover the whole circuit to minimize the total power. We
cannot greedily pick the cuts with the smallest costs calculated
through the cut-enumeration process, because that will forfeit
some important optimization factors in terms of reducing node
duplications locally. We introduce the details next.
To map a critical node v, only the cut that provides Pv
(7) is picked to implement the LUT to guarantee the optimal
mapping depth. How to select the cuts for the non-critical
nodes thus becomes the key to reduce power. Local cost
adjustment can increase the chance of duplication reduction
during final mapping. We will not simply pick the cut with the
best cost calculated by the cut-enumeration process with global
duplication cost adjustment. Instead, the cost of the examined
3 Here, we only show case 2 as an example. Other cases are similarly
handled. Each individual case will have its own Arrv , Arri , DLUT , and
PC−Vdd . Notice cost and delay values of Case 0 will join the delay and cost
selection as well. It only provides VH solutions.

cut will be adjusted depending on the characteristics of the
cut itself (thus the term local). After the cost adjustment, it is
possible that another cut with an originally unfavorable cost
becomes the most favorable to map the current node. We will
introduce two techniques below.
1) Input Sharing: During the cut selection procedure, we
try to pick a cut for a node. We will check to see if some of
the cut-set nodes (input nodes) of a cut C are already LUT
roots. If this is the case, C will not generate as many new LUT
roots as other cuts do when those other cuts do not have this
feature.4 In other words, cut C takes advantage of existing
resources and does not require new resources. This reduces
the chances that a newly picked cut will cut into the interior
territories of existing LUTs. As a result, the input nodes are
shared among several mapped LUTs, and node duplications
are reduced. The cost of cut C is recalculated and significantly
reduced according to how many inputs it shares from existing
LUT roots. Thus, the cut selection is largely influenced by the
local settings around the target node and its cuts.
2) Slack Distribution: We define the slack on a node v as
follows:
Slackv = Reqv −Arrv

(14)

where the required time for v, Reqv , is defined as follows:
Req v = MIN (Reqi −1)
v ∈ input(LUTI )

(15)

where Reqi is the required time of LUT i that has v as an
input.
When Slackv is greater than 0, it means v is not on the
critical path so that there is more flexibility to choose a cut
C that is not in Xv , as long as the required time propagated
back to the input nodes of this cut is still larger or equal to
the minimum arrival times on those nodes. It is easy to see
that if C uses up all the slacks available on v, there will exist
at least one path in Fv that will no longer have the flexibility
to pick cuts outside of Xn , where n is on that path and n ⫽
v. So, we want to distribute the slacks along the edges of
the entire paths to encourage more nodes on the paths to
have the flexibility to search their solution space. We design a
simple slack distribution technique, which is applied in terms
of the adjusted cost. We define the slack of a cut C rooted on
v as follows:
SlackC = Reqv − 1 − MAX (Arri ) .
i ∈ input(C)

(16)

If SlackC < 0, C is not a timing− feasible cut. Choosing it
will violate the optimal mapping depth constraint, so such a
cut will be discarded. The larger the SlackC , the better for C
in terms of slack distribution effects. We then adjust the cost
of C accordingly.
All of the local adjustment techniques are implemented in
the subroutine pick− cut. Its high-level description is shown in
Fig. 10. share− no is the number of shared inputs of a cut C
4 Suppose a node w is a cut-set node for both cut C rooted on node a and
a
cut Cb rooted on b. Ca is picked to implement LUTa , and w becomes a future
LUT root. Later on, when we map b, Cb has an advantage because it shares
input w with LUTa .
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Fig. 11. Critical path and level converter delay. Numbers are required times.
(a) Converter on critical path. (b) Converter not on critical path.

Fig. 10.

Algorithm of pick− cut.

with existing LUTs. The new cost is the old cost divided by
share− no. When share− no is 1, we set it as 1.15 (obtained
by empirical study) to count in the sharing effect. The direct
effect of sharing an input with an existing LUT is that the
portion of area from the input can be ignored for the target cut.
Division achieves this purpose by weighing each shared input
with the same amount of cost savings. It is a local operation
concentrating on edge reduction. We use the term ε · SlackC
to count the slack distribution effect. Symbol ε is 0.3 in our
case.
Based on these techniques, we developed a single-Vdd
mapping algorithm, named SVmap-2, which demonstrates better results than a previous low-power mapping algorithm as
shown in the experimental result section. Next, we will extend
SVmap-2 to DVmap-2 to consider dual supply voltages.
G. Dual-Vdd Mapping Generation
To support dual-Vdd, the critical path is always driven
by VH , and only non-critical paths can be driven by VL to
reduce power under the condition that they will not violate the
required time of the network. First, all the primary outputs are
mapped, then the inputs of the generated LUTs are mapped.
Local cost adjustment described in Section IV-F is applied
during the mapping process.
The mapping procedure is more complicated than that for
single Vdd because of the involvement of level converters.
Suppose the relative delay numbers for VH LUT, VL LUT, and
converter are 1, 1.4, and 0.3, respectively, Fig. 11 illustrates a
scenario. In (a), the right fanout of node R has two possible
required times, depending on what kind of LUT node R will
use. If R will use VL , the dashed line is the critical path
because there is a converter on the path, and 1.7 will be the
correct required time for R (1.7 = 3 − 1 − 0.3). If R will use
VH , a required time of 2 will be propagated over from the
right fanout, and the critical path will be on the left side (the
required time for R will be 1.8). Consider another case shown

in (b). Here, even when R uses VL , the required time is 1.6
(1.6 = 3 − 1.4) and the critical path does not go through a
converter. This shows that we need two special considerations
to make the mapping procedure work correctly. First, we can
use two types of required times for each node. One is for
the case when R is using VH , denoted as req− time(R), and
the other for VL , denoted as lvdd− req− time(R). Second, to
accurately calculate lvdd− req− time(R), we need to determine
where the critical path is located. If the critical path goes
through a converter, lvdd− req− time(R) deducts the converter
delay from req− time(R). Otherwise, it is equal to req− time(R).
Meanwhile, the req− time of fanins of R (x and y in the
example) reflects the corresponding changes as well.
If R is using VL
req− time(x or y) = lvdd− req− time(R) − DLUT− VL ;
= 1.7 − 1.4 = 0.3 for case (a)
= 1.6 − 1.4 = 0.2 for case (b).

(17)

If R is using VH
req− time(x or y) = req− time(R) − DLUT− VH .

(18)

To map a node v, we go through the delay of every solution
point of every cut rooted on v so that the delay of the solution
point fulfills the following delay requirement:
Dsol ≤ req− time(v)

if Vsol is VH

Dsol ≤ lvdd− req− time(v)

ifVsol isVL .

(19)
(20)

We then go through a cut selection procedure similar to
Fig. 9. The cut selected would use the corresponding voltage
Vsol . The procedure continues until all the PIs are reached.
The worst case complexity of our DVmap-2 is O(nK ) where
K is the LUT input size and n is the total number of nodes in
the network. However, similar to DAOmap in [13], when LUT
input K is small, the number of cuts generated for each node v
is a small constant because all the cuts are usually generated
within a small cone. In average the complexity of the cutenumeration algorithm is practically linear to n for small K
(K < 7) [13]. Table VI lists the run time for both SVmap-2
and DVmap-2.

1718

IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 29, NO. 11, NOVEMBER 2010

TABLE IV
Comparison Details of SVmap-2 and Emap

Benchmarks
alu4
apex2
apex4
bigkey
clma
des
diffeq
dsip
elliptic
ex1010
ex5p
frisc
misex3
pdc
s298
s38417
s38584
seq
spla
tseng
Average
Diff. %

LUT No.
1400
1779
1294
1818
7185
1391
1070
1374
2319
4405
1058
2563
1324
4500
1738
5624
4944
1605
3727
813
2596.6

Emap
Connect No.
4556
5641
4136
6206
23 191
4717
3562
5232
7685
14 202
3357
8429
4137
13 997
6128
17 167
15 618
5043
12 138
2534
8383.8

Power (W)
0.2076
0.2253
0.1612
0.6960
0.6884
0.8438
0.1053
0.6807
0.2463
0.4211
0.1248
0.2261
0.1930
0.3805
0.1650
0.5555
0.5342
0.2246
0.3399
0.1031
0.3561

H. Dual-Vdd Clustering
T-VPack [27] is an efficient tool to pack LUTs and registers
into the logic clusters, but it only supports single Vdd. The
original T-VPack minimizes the cluster number by packing as
many BLEs as possible into a CLB. In the meantime, it also
minimizes the number of external connections (connections
between clusters) on the critical path and then reduces the
critical path delay. However, to generate the dual-Vdd clustering solution, we need to add a new constraint. We first review
the key ideas of T-VPack. Then we introduce our new changes.
1) Overview of T-VPack: T-VPack has three optimization
goals. The first is to pack each logic block to its capacity in
order to minimize the number of blocks needed (each block is
a CLB). The second goal is to minimize the number of inputs
to each block in order to reduce the number of connections
required between blocks. The last is to minimize the number
of external connections (connections between blocks) on the
critical path. The first two goals can be achieved through the
following attraction function:
Attraction(B) = Nets(B) ∩ Nets(C)

(21)

where BLE B is packed into block C based on the Attraction
value, which is determined by the number of inputs and
outputs that B and C have in common.
To achieve the last goal, T-VPack extends the above attraction function to include timing information. The first BLE
that is placed into a cluster (i.e., block) is the unclustered
BLE that is on the critical path. Then, T-VPack adds the most
attractive BLEs to the cluster based on the new attraction
function to be presented below. It repeats these processes
until either no more BLEs will fit into the cluster, or all of
the cluster inputs are used. Once a cluster is full, it starts a

LUT No.
1295
1627
1167
1707
6858
1286
1082
1370
2216
4137
969
2363
1202
4099
1702
4931
4539
1449
3453
811
2413.2
−7.1%

SVmap-2
Connect No.
4559
5631
3977
6117
23 827
4703
3650
5449
7697
14 104
3318
8450
4137
14 054
6176
16 702
15 528
5014
12 230
2727
8402.5
0.2%

Power (W)
0.2061
0.2410
0.1504
0.6614
0.6652
0.8027
0.0999
0.6405
0.2216
0.4148
0.1268
0.2074
0.1898
0.3858
0.1534
0.5464
0.5068
0.2246
0.3095
0.1007
0.3427
−3.8%

new cluster with a new seed, and repeats the process until
there are no unclustered BLEs left in the circuit. The extended attraction function considers Base− BLE− Criticality and
Total− Paths− Affected. Base− BLE− Criticality(B) is defined to
be the maximum Connection− Criticality value of all connections joining B (the unclustered BLE) to BLEs within the
cluster currently being packed. Total− Paths− Affected includes
Input− Paths− Affected and Output− Paths− Affected. And the
new attraction function is defined as [27]
Attraction(B) = α · (Base− BLE− Criticality(B)
+ε · total− paths− affected(B))
+(1−α) · Nets(B)∩Nets(C)
G

(22)

where ε is a very small value that ensures that the
Total− Paths− Affected value acts only as a tie-breaking mechanism. G is a normalization factor which is set to the maximum
number of nets to which any BLE can connect. α is a tradeoff variable determining how the attraction to be affected by
criticality vs. input pin sharing.
2) New Constraint for Dual Vdd: The goal of dual-Vdd
clustering is to pack the BLEs with the same voltage level
into the same cluster, while at the same time still keeping all
optimization goals of T-VPack. This can be done by adding
a new constraint into the packing procedure. When we try to
pack the most attractive BLE into a cluster, it checks whether
the voltage level of this BLE is the same as the voltage level
of the cluster. The voltage level of the cluster is determined by
the voltage level of the seed or the first BLE in this cluster.
If the seed is a latch or flip-flop, we can check the voltage
level of the second or other nodes until we run into a BLE.
Then, the voltage of the cluster is determined by the voltage
of this BLE. This also means that if the node which T-VPack
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TABLE V
Power Comparisons of DVmap-2Against SVmapand SVmap-2
Benchmark

SVmap
SVmap-2
v1.3
v1.3
Power (W)
Power (W)
alu4
0.2021
0.2061
apex2
0.2202
0.2410
apex4
0.1620
0.1504
bigkey
0.6917
0.6614
clma
0.6739
0.6652
des
0.8377
0.8027
diffeq
0.1019
0.0999
dsip
0.6677
0.6405
elliptic
0.2382
0.2216
ex1010
0.4204
0.4148
ex5p
0.1196
0.1268
frisc
0.2403
0.2074
misex3
0.1857
0.1898
pdc
0.3735
0.3858
s298
0.1572
0.1534
s38417
0.5198
0.5464
s38584
0.5413
0.5068
seq
0.2167
0.2246
spla
0.3484
0.3095
tseng
0.1013
0.1007
Ave.
0.3510
0.3427
DVmap-2 vs. SVmap

DVmap-2
v1.3-v0.8
Power (W)
Vs. Svmap2
0.1669
−19.03%
0.1958
−18.76%
0.1293
−14.04%
0.5194
−21.47%
0.5928
−10.89%
0.6699
−16.55%
0.0845
−15.46%
0.5005
−21.87%
0.2030
−8.37%
0.3816
−7.98%
0.1155
−8.94%
0.2014
−2.90%
0.1550
−18.29%
0.3601
−6.66%
0.1478
−3.64%
0.4825
−11.69%
0.4197
−17.18%
0.1877
−16.42%
0.2905
−6.14%
0.0917
−8.89%
0.2948
−12.8%
−14.3%

tries to pack is a latch or flip-flop, we would directly pack it
into the cluster. Therefore, latches or flip-flops will be set to
either high or low Vdd determined by the voltage level of the
cluster itself.
Finally, the modified T-VPack outputs the voltage level of
each cluster and the clustered netlist for fpgaEva− LP2 to carry
out placement and routing and power evaluation. The runtime
and complexity of dual-Vdd packing is similar to those of the
original T-VPack.
V. Experimental Results
As mentioned before, we name our single-Vdd mapping algorithm SVmap-2 and dual-Vdd mapping algorithm DVmap-2.
SVmap-2 follows the delay and power propagation procedure
as shown in Section IV-B, uses the cost function in Sections
IV-C–IV-D, and relaxes non-critical paths to pick cuts with
smaller cost augmented with the local cost adjustment. All
the LUTs have the same delay under a 1.3v single Vdd. On
the other hand, dual-Vdd settings for DVmap-2 use VH as
1.3v and VL as 0.8v, 0.9v or 1.0v. We carry out various
types of comparison studies. The first is to evaluate the
quality of SVmap-2 compared to a previously published singleVdd mapping algorithm, Emap [11]. The second is between
DVmap-2 and SVmap/SVmap-2 to show how dual Vdd would
help to reduce power consumption. Next, we evaluate our dualVdd clustering algorithm. Then, we carry out dynamic power
comparisons. Finally, to evaluate how much improvement this
paper has obtained over the conference versions [14], we
compare DVmap-2 to DVmap.
To obtain post placement and routing power consumption
values for both the single-Vdd and the dual-Vdd cases, an

DVmap-2
v1.3-v0.9
Power (W)
Vs. Svmap2
0.1685
−18.22%
0.1984
−17.67%
0.1299
−13.68%
0.5288
−20.05%
0.5919
−11.02%
0.6774
−15.61%
0.0845
−15.37%
0.5119
−20.08%
0.2038
−7.99%
0.3817
−7.98%
0.1152
−9.19%
0.2005
−3.33%
0.1567
−17.44%
0.3589
−6.97%
0.1451
−5.40%
0.4855
−11.14%
0.4273
−15.69%
0.1889
−15.91%
0.2899
−6.32%
0.0928
−7.86%
0.2969
−12.4%
−13.9%

DVmap-2
v1.3-v1.0
Power (W)
Vs. Svmap2
0.1736
−15.75%
0.2036
−15.52%
0.1330
−11.57%
0.5451
−17.59%
0.6032
−9.31%
0.6892
−14.15%
0.0858
−14.12%
0.5266
−17.79%
0.2085
−5.90%
0.3884
−6.34%
0.1167
−7.96%
0.2039
−1.69%
0.1603
−15.53%
0.3654
−5.28%
0.1486
−3.10%
0.4906
−10.22%
0.4433
−12.53%
0.1913
−14.85%
0.2955
−4.53%
0.0942
−6.38%
0.3033
−10.5%
−12.1%

TABLE VI
LUT Percentage in DVmap-2vs. the Critical LUT Percentage in
SVmap-2 and the Run Time (in Second) of DVmap-2 and SVmap-2
Benchmarks
alu4
apex2
apex4
bigkey
clma
des
diffeq
dsip
elliptic
ex1010
ex5p
frisc
misex3
pdc
s298
s38417
s38584
seq
spla
tseng

VL /Total
(DVmap-2)
15.3%
9.1%
2.9%
0.2%
33.9%
30.3%
61.9%
0.2%
77.3%
12.3%
12.4%
58.9%
18.5%
10.9%
58.8%
46.5%
85.5%
19.1%
12.1%
79.4%

Crit./Total
(SVmap-2)
65.8%
79.7%
91.9%
99.2%
48.9%
58.9%
19.8%
99.1%
9.3%
70.8%
73.6%
6.9%
54.9%
48.1%
40.4%
29.1%
6.2%
48.5%
62.8%
9.4%

Run time
(DVmap-2)
0.52
0.42
0.36
0.5
4.81
0.44
0.39
0.51
1.76
1.66
0.31
1.28
0.37
2.2
1.8
3.56
13.79
0.45
1.67
0.36

Run time
(SVmap-2)
0.17
0.17
0.15
0.24
1.62
0.21
0.19
0.24
0.62
0.74
0.14
0.56
0.16
0.9
0.58
1.5
4.02
0.2
0.71
0.14

FPGA evaluation platform fpgaEva− LP2 [20] has been used in
this paper to implement placement, routing, capacitance/delay
extraction and power estimation. 2000 random input vectors
have been generated in fpgaEva− LP2 for individual benchmark to carry out gate-level power simulation. A 5% delay
overhead of CLB due to Vdd programmability (PMOS tran-
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TABLE VII
Comparison Details of Original and Modified T-VPack

Fig. 12.

VL /Total-LUT for different dual-Vdd combinations.

sistors in Fig. 2) has been set in the dual-Vdd mode. Due to
the area increment, a 6% interconnect delay overhead has been
considered as well. Both numbers have been suggested by [20],
[28] for 0.1um technology using CLB-based Vdd assignment.
An FPGA architecture with a channel width of 100 has been
selected.
A. Comparison Between SVmap-2 and Emap
Emap [11] is a low-power single-Vdd mapper that uses cut
enumeration-based technique as well. Its mapping procedure
is similar to what is presented in Section IV-B although it
uses a different cost function. The cost function tries to reduce
node duplication, switching activity and LUT connections. It
reported 7.6% better power than an area optimization-oriented
mapping algorithm using 4-LUT (K = 4).
Table IV shows that SVmap-2 offers advantages over Emap
in terms of area and total power. Its area is 7.1% smaller on
average compared to Emap. The power values are obtained
through the power estimator fpgaEva− LP2 for the single-Vdd
case. SVmap-2 on average consumes 3.8% less total power
compared to Emap after placement and routing. In terms of
dynamic power, SVmap-2 achieves a 15.6% dynamic power
reduction (Table VIII).
B. Comparison between DVmap-2 and Single-Vdd Solutions
Table V lists all the post placement and routing power
comparisons of the mapping results under dual-Vdd against
SVmap (the mapper in the conference version [14]) and
SVmap-2. The combination of VH as 1.3v and VL as 0.8v
offers the best power savings of an average of 14.3% and
12.8% over SVmap and SVmap-2, respectively.
Fig. 12 shows the ratio of number of VL LUTs over total
LUTs in our mapping results. For 1.3v–0.8v, the ratio is the
smallest because the larger delay penalty of the 0.8v LUTs
prevents more nodes on the non-critical paths from using
VL LUTs. The ratio for 1.3v–1.0v is the largest because of
the small delay penalty of 1.0v LUTs. However each 1.0v
LUT does not save as much power as a 0.8v LUT does.
This intuitively explains why 1.3v–0.8v gives the best results
among the three in Table V. In Table VI, column 2 shows the
percentage of the VL LUTs out of the total LUTs for each
benchmark for the 1.3v–0.8v setting. We can observe that for
some cases the percentages of the VL -LUT usage are very

Orig.
Dual-Vdd T-VPack
VL /Total
Area
Benchmarks T-VPack
(DVmap-2) Area Overhead
Total
Total
VL
VL /Total
Cluster Cluster Cluster
alu4
133
135
17
12.6%
15.3%
1.5%
apex2
167
170
16
9.4%
9.1%
1.8%
apex4
124
126
5
4.0%
2.9%
1.6%
bigkey
171
172
1
0.6%
0.2%
0.6%
clma
708
716
211
29.5%
33.9%
1.1%
des
132
132
27
20.5%
30.3%
0.0%
diffeq
107
107
78
72.9%
61.9%
0.0%
dsip
131
139
1
0.7%
0.2%
6.1%
elliptic
225
227
187
82.4%
77.3%
0.9%
ex1010
442
445
57
12.8%
12.3%
0.7%
ex5p
108
110
11
10.0%
12.4%
1.9%
frisc
249
249
224
90.0%
58.9%
0.0%
misex3
126
128
20
15.6%
18.5%
1.6%
pdc
422
428
67
15.7%
10.9%
1.4%
s298
166
167
96
57.5%
58.8%
0.6%
s38417
551
553
248
44.8%
46.5%
0.4%
s38584
480
484
400
82.6%
85.5%
0.8%
seq
152
154
26
16.9%
19.1%
1.3%
spla
355
360
61
16.9%
12.1%
1.4%
tseng
81
82
66
80.5%
79.4%
1.2%
Average
251.5
254.2
91
33.8%
32.3%
1.2%

small, and low Vdd does not provide much advantage for low
power in these cases. To better understand this scenario, we
collect some details of the 0-network using SVmap-2. The 0network consists of all the nodes that are on critical paths
(slack 0) after mapping. We call these nodes critical LUTs.
Column 3 of Table VI shows the percentage of the critical
LUTs out of the total LUTs for each benchmark reported
from SVmap-2. We observe that the larger the percentage of
critical LUTs for a circuit, the smaller the percentage of VL
LUTs that can be accommodated for the circuit. This is easy
to understand because our dual-Vdd mapping still guarantees
the minimum mapping delay, and only non-critical nodes can
use VL cells.
C. Comparison of original and modified T-VPack
Table VII shows that we have a similar ratio of low Vdd
clusters over total clusters (Column 5) to the ratio of lowVdd LUTs to total LUTs (Column 6) in DVmap-2. Also, we
only have a 1.2% area overhead compared to the original TVPack in terms of total number of CLBs (Column 7). The
area overhead is reasonable since we added one additional
constraint for dual-Vdd packing, which reduces the flexibility
of packing for CLB number reduction.
D. Dynamic power comparisons
Table VIII lists the dynamic power reduction of DVmap2 under different voltage settings over Emap and SVmap2. We can observe that dual Vdd is an effective technique
for dynamic power reduction. DVmap-2 offers up to 52.7%
dynamic power reduction over SVmap-2 on average. The
savings are much more significant compared to the total
power reduction because leakage power is dominating in
the architecture model of fpgaEva− LP2. Modern commercial
FPGAs adopted advanced process technologies (e.g., tripleoxide, dual Vth transistors, etc.) to reduce leakage power [30].
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TABLE VIII
Comparison of Dynamic Power Consumption Across Different
Mapping Algorithm

alu4
apex2
apex4
bigkey
clma
des
diffeq
dsip
elliptic
ex1010
ex5p
frisc
misex3
pdc
s298
s38417
s38584.1
seq
spla
tseng
Avg
vs. Emap
vs. SVmap2

Emap

SVmap2

0.105
0.103
0.060
0.259
0.164
0.252
0.019
0.250
0.061
0.079
0.040
0.039
0.092
0.065
0.040
0.145
0.182
0.105
0.077
0.022
0.108
0.0%

0.101
0.101
0.049
0.225
0.126
0.211
0.011
0.208
0.035
0.070
0.041
0.018
0.087
0.064
0.028
0.130
0.151
0.103
0.043
0.018
0.091
−15.6%
0.0%

DVmap2
v1.3-0.8
0.060
0.054
0.027
0.104
0.042
0.098
0.006
0.080
0.014
0.030
0.029
0.009
0.051
0.032
0.020
0.059
0.056
0.065
0.017
0.009
0.043
−60.1%
−52.7%

DVmap2
v1.3-0.9
0.063
0.058
0.028
0.105
0.046
0.106
0.007
0.093
0.016
0.034
0.031
0.010
0.053
0.034
0.022
0.066
0.068
0.067
0.020
0.011
0.047
−56.6%
−48.4%

DVmap2
V1.3-1.0
0.067
0.061
0.030
0.120
0.072
0.117
0.008
0.106
0.019
0.037
0.034
0.011
0.056
0.037
0.023
0.067
0.081
0.068
0.022
0.012
0.052
−51.5%
−42.9%

Thus, dynamic power is still the dominating portion in the total
power. For such devices, dual-Vdd mapping and clustering will
produce more significant total power reduction.
E. Improvement of DVmap-2/SVmap-2 over [14]
We also performed a comparison between DVmap-2 and
the original DVmap [14] for the v1.3-v0.8 case. Details are
omitted due to the page limit. DVmap-2 is 0.6% better on LUT
number. However, DVmap-2 increases the number of low-Vdd
LUTs by 4.3% (level converters increase accordingly). Overall,
DVmap-2 is, on average, 2.2% better than DVmap in terms of
power consumption. This shows that the new techniques added
(Sections IV.D and IV.F) help to improve the mapping results
in general. SVmap-2 on average is 2.1% better than SVmap in
terms of power consumption (Table V).

VI. Conclusion
We presented a cut enumeration-based algorithm targeting
low-power technology mapping for FPGA architectures with
dual supply voltages. We first designed an effective cost
function for single-Vdd mapping, and then we extended it to
consider dual-Vdd cases. We used a detailed delay and power
model for LUTs and level converters of different voltages.
The power model considered both dynamic power and static
power of LUTs, converters, MUXes, and buffers. Detailed net
wire capacitance was modeled as well. The algorithm built
all the cases of LUT connections under dual-Vdd scenarios
and generated one set of power and delay results for each
case to enlarge the low-power solution search space. We
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also presented a dual-Vdd clustering algorithm adopted from
the algorithm T-VPack. Experimental results showed that we
were able to save up to 12.8% of total power compared to
the new single-Vdd algorithm SVmap-2 and 14.3% of total
power compared to the original algorithm SVmap. In terms of
dynamic power, we were able to achieve a 52.7% reduction
over SVmap-2. We also found that the 1.3v–0.8v dual-Vdd
combination offered better power savings compared to the
other voltage configurations.
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