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Abstract—To reduce field-programmable gate array power,
Vdd programmability has been recently proposed to select the
Vdd level for interconnects and power-gate unused interconnects.
However, Vdd-level converters used in the existing Vdd-program-
mable method consume a large amount of leakage. This paper
proposes two ways to avoid using level converters in intercon-
nects, namely; 1) tree-based level converter insertion (TLC) and
2) dual-Vdd tree-based level converter insertion (dTLC). TLC
enforces that there is only one Vdd level within each routing tree,
while dTLC can have different Vdd levels within a routing tree,
but no VddL switch drives VddH switches. Dual-Vdd assignment
algorithms were developed considering chip-level time slack al-
location for maximum power reduction. The algorithms include
TLC-S and dTLC-S, two power sensitivity-based algorithms with
implicit time slack allocation, and dTLC-LP, a linear program-
ming (LP)-based algorithm with explicit time slack allocation.
All allocate time slack first to interconnects with higher power
sensitivity and assign low Vdd to them for more power reduc-
tion. Experiments show that dTLC-LP obtains the lowest power
consumption. Compared to dTLC-LP, dTLC-S obtains a slightly
higher power consumption but runs three times faster. Compared
to the existing segment-based level converter insertion for dual
Vdd, dTLC-LP reduces interconnect power by 52.90% without
performance loss for Microelectronics Center of North Carolina
benchmark circuits.

Index Terms—Interconnect, low-power design, optimization,
power minimization.

I. INTRODUCTION

F IELD-PROGRAMMABLE gate array (FPGA) power
modeling and reduction has become an active research

area recently. Poon et al. [1] and Li et al. [2] present power
evaluation frameworks for generic parameterized FPGA archi-
tectures and show that both interconnect and leakage powers
are significant for nanometer FPGAs. Mukherjee and Memik
[3] present a power-driven partition algorithm for mapping
applications to FPGA with different Vdd levels. Lamoureux
and Wilton [4] study the interaction of a suite of power-
aware FPGA CAD algorithms without changing the existing
FPGAs. Anderson et al. [5] propose a configuration inversion
method to reduce the leakage power of multiplexers without
any additional hardware. In addition, low-power FPGA circuits
and architectures have been proposed. Srinivasan et al. [6]
design a new type of routing multiplexer and propose an
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input control method to reduce unused routing multiplexer
leakage. Gayasen et al. [7] develop region-based power gat-
ing for unused FPGA logic blocks to reduce leakage power.
Lodi et al. [8] study low leakage interconnect circuitry, which
combines gate biasing, body biasing, and multithreshold tech-
niques to reduce interconnect leakage. Li et al. [9], [10] are
the first to introduce the dual Vdd and field programmability of
Vdd to FPGA. Lin et al. [11] apply fine-grained power gating
to FPGA interconnects and present a routing algorithm for
predetermined dual-Vdd interconnects. Vdd programmability
has been applied to both FPGA logic blocks [9], [10] and
interconnects [12]–[14].

In this paper, we aim to improve the Vdd-programmable
interconnects proposed in [13], where a Vdd-level converter is
inserted in front of each interconnect switch to avoid excessive
leakage when a low-Vdd (VddL) interconnect switch drives
high-Vdd (VddH) interconnect switches. A level converter is
also inserted at each logic block (CLB) input and output.
This can be referred as segment-based level converter insertion
(SLC). It provides fine-grained Vdd programmability for inter-
connects and may help to maximize dynamic power reduction.
However, SLC also introduces large leakage and area overhead.
As presented in Table I, with power gating of unused intercon-
nect switches [13], [15], the average leakage and area due to
level converters in routing channels contribute 38.73% of the
total power and 33.96% of the total area, respectively, for the
20 largest Microelectronics Center of North Carolina (MCNC)
benchmark circuits [16] at the ITRS 100-nm technology node
[17]. Power gating unused level converters may reduce leakage
but introduce an extra area overhead.1 Therefore, it is less
attractive compared to the methods to be presented in this paper
to minimize the number of level converters.

Two existing approaches avoid directly using level converters
in Vdd-programmable interconnects. Anderson and Najm [14]
use level-restore buffers, where an NMOS power transistor is
used to generate the VddL level by leveraging the threshold
voltage drop of the NMOS transistor when passing “1.” How-
ever, the range of VddL is limited by the threshold voltage
of the NMOS power transistor. The positive-feedback PMOS
transistor in the level-restore buffer is in fact an alternative level
converter, which has less leakage overhead but may cause larger
delay and therefore larger short circuit power compared to the
level converter used in [13]. Gayasen et al. [12] only insert a

1Our experiments show that by using a 1X PMOS transistor as a power
transistor power gating can reduce the leakage power of an unused level
converter by 1000× with 8% level converter delay increase and 3% chip-level
area overhead at the ITRS 100-nm technology node.
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TABLE I
LEAKAGE POWER AND AREA OF Vdd-LEVEL CONVERTERS (LCS) IN VDD-PROGRAMMABLE INTERCONNECTS WITH SLC

USING 100-nm TECHNOLOGY. AREA IS IN NUMBER OF MINIMUM WIDTH TRANSISTORS

level converter at each CLB input or output. All the routing
trees driven by (driving) a CLB have the same Vdd level as
the source (sink) CLB when level converters are inserted at
CLB inputs (outputs). A path-based assignment is performed to
assign a Vdd level for CLBs and interconnects. However, this
path-based assignment lacks flexibility and cannot effectively
leverage the surplus timing slack.

If CAD algorithms can guarantee that no VddL interconnect
switch drives VddH switches, no level converter is needed.
The primary contribution of this paper is to remove level
converters in routing channels by developing novel Vdd-level
assignment algorithms to guarantee that no VddL switch drives
VddH switches. We propose tree-based level converter insertion
(TLC), where there is only one Vdd level within each routing
tree [see Fig. 1(a)]. We also propose dual-Vdd tree-based level
converter insertion (dTLC), where different Vdd levels can exist
within a routing tree, but no VddL switch drives VddH switches
[see Fig. 1(b)]. In both cases, configurable level converters are
inserted at inputs and outputs of logic blocks (CLBs) to allow
the mix of Vdd levels for CLBs and interconnects.

Our second contribution is to propose a few Vdd-level
assignment algorithms considering time slack allocation to
maximize power reduction. For the specified clock cycle time
Tspec, path timing constraints can be translated into delay upper
bounds for nets using delay budgeting. A greedy algorithm [18]
and a convex programming technique [19] have been developed
for delay budgeting in placement. Yeh and Marek-Sadowska
[20], [21] apply delay budgeting to minimize flip-flop number
and improve performance in sequential applications of FPGA.
In this paper, we represent the net delay upper bound by time
slack, i.e., the amount of delay that could be added to routing
trees without increasing Tspec. We then allocate time slack to
each routing tree. The allocated slack allows VddL switches
and reduces interconnect power.

Our Vdd-level assignment algorithms include two power
sensitivity-based algorithms, TLC-S and dTLC-S for TLC and

dTLC problems, respectively, and a linear programming (LP)-
based algorithm, dTLC-LP for the dTLC problem. TLC-S and
dTLC-S implicitly allocate time slack first to interconnects with
larger power sensitivity and then assign VddL to them for
more power reduction. dTLC-LP first explicitly allocates time
slack to each routing tree by formulating the problem as an LP
problem to maximize a lower bound of power reduction, and
then the Vdd-level assignment is solved optimally within each
routing tree given the allocated time slack. Experiments show
that dTLC-LP obtains the lowest power consumption among
all the formulations and algorithms. Compared to dTLC-LP,
dTLC-S obtains a slightly higher power consumption but runs
three times faster. The best algorithm, dTLC-LP, reduces the
total interconnect power by 52.90% compared to the SLC [13]
and by 18.52% compared to the best approach proposed in [12].

The rest this paper is organized as follows. Section II intro-
duces modeling and problem formulation. Section III describes
power sensitivity-based algorithms and the LP-based algorithm.
Section IV presents the experimental results, and Section V
concludes this paper. The preliminary results of TLC were first
presented in [15].2

II. MODELING AND PROBLEM FORMULATION

A. Preliminaries

Interconnects consume most of the area and power of
FPGAs. We assume the traditional island-style routing archi-
tecture [22] as shown in Fig. 1 in our paper. The logic blocks
(CLBs) are surrounded by routing channels consisting of wire
segments. We use CLBs with cluster size N = 10 and LUT size
k = 4. The input and output pins of a CLB can be connected to
the wire segments in the surrounding channels via a connection

2However, the emphasis in [15] is architecture evaluation considering Vdd
programmability.
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Fig. 1. (a) TLC. (b) dTLC.

block. There is a routing switch block at each intersection of
a horizontal channel and a vertical channel. An interconnect
switch is either a routing switch or a connection switch. For the
rest of this paper, we use switch to represent interconnect switch
for simplicity whenever there is no ambiguity. As suggested in
[22], we assume a uniform length of 4, which is the optimal
single wire length, for all wire segments. We plan to extend our
methodology to the mix of different wire segment lengths in the
future.

Vdd programmability can be applied to interconnects to re-
duce FPGA power. We use the Vdd-programmable interconnect
switch with the minimal number of configuration SRAM cells
proposed in [23]. Two PMOS power transistors M3 and M4
are inserted between the tristate buffer and VddH, VddL power
rails, respectively. Turning off one of the power transistors we
can select a Vdd level for the routing switch. By turning off
both power transistors, an unused routing switch can be power
gated. SPICE simulation shows that power gating the routing
switch can reduce the leakage power of an unused routing
switch by a factor of over 300 [23]. There are power and delay
overheads associated with the power transistors insertion. The
dynamic power overhead is almost negligible. This is because
power transistors stay either ON or OFF after configuration,
and there is no charging and discharging at their source/drain
capacitors. The delay overhead associated with the power tran-
sistor insertion can be bounded when the power transistor is
properly sized. Similar to the routing switch, a programmable
Vdd is also applied to the connection switch. As in [13], we
start with the single Vdd placed and routed netlists for MCNC
benchmark circuits and then perform Vdd-level assignment for
interconnects. To make the presentation simple, we summarize
the notations frequently used in this paper in Table II. They will
be explained in detail when first used.

B. Delay Modeling With Dual Vdd

A directed acyclic timing graph G(V, E) [22] is constructed
to model the circuit for timing analysis. Vertices represent

TABLE II
NOTATIONS FREQUENTLY USED IN THIS PAPER

the input and output pins of basic circuit elements such as
registers and LUTs. Edges are added between the inputs of
combinational logic elements (e.g., LUTs) and their outputs,
and between the connected pins specified by the circuit netlist.
Register inputs are not joined to register outputs. Each edge is
annotated with the delay required to pass through the circuit
element or routing. We use PI to represent the set of primary
inputs and register outputs that have no incoming edges, and
PO to represent the set of primary outputs and register inputs
that have no outgoing edges.

An Elmore delay model [24] is used to calculate the routing
delay. We define the fanout cone of an interconnect switch as
the subtree of the routing tree rooted at the switch. Assigning
VddL to a switch affects the delay from the source to all
the sinks in its fanout cone and therefore affects the delay of
the corresponding edges in G. To incorporate dual Vdd into the
timing analysis, we use SPICE to precharacterize the intrinsic
delay and effective driving resistance for a switch under VddH
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TABLE III
CALIBRATED INPUT AND LOAD CAPACITANCE OF 7× BUFFER USING

SPICE UNDER 1.3 V AND 0.8 V, RESPECTIVELY

and VddL, respectively. We use the Berkeley predictive device
model [25] at the ITRS 100-nm technology node in this paper.
SPICE simulation (see Table III) shows that Vdd level has little
impact on the input and load capacitance of a switch, and such
impact is ignored in this paper.

C. Power Modeling With Dual Vdd

There are three power sources in FPGAs, namely, 1) switch-
ing power, 2) short-circuit power, and 3) leakage power. The
first two contribute to the dynamic power and can only occur
when a signal transition happens at the gate output. Although
timing change may affect the transition density, we assume
that the transition density for an interconnect switch will not
change when VddL is used and the switches within one routing
tree have the same transition density. The third type of power,
leakage power, is the power consumed when there is no signal
transition for a circuit element. We assume that the unused
switches are power gated and consume no leakage. Despite
simplification in the modeling, a more accurate power simu-
lation will be performed to verify the experimental results in
Section IV.

Given the Vdd level of interconnect switches and transition
density of routing trees, the interconnect power P using a pro-
grammable dual Vdd can be expressed as the sum of dynamic
power and leakage power as

P = 0.5fclkc

Nr−1∑
i=0

fs(i)
Ns(i)−1∑

j=0

Vdd2
ij

+
Nr−1∑
i=0

Ns(i)−1∑
j=0

Ps(Vddij) (1)

where Nr is the total number of routing trees, fs(i) is the
transition density of the ith routing tree Ri, Ns(i) is the number
of switches in Ri, and Vddij , Ps(Vddij), and c are the Vdd
level, leakage power, and load capacitance of each switch,
respectively. For the rest of this paper, we use Ri to represent
the ith routing tree. Dynamic power quadratically depends
on the Vdd level while leakage power exponentially depends
on the Vdd level. For simplicity, we assume that all the switches
have the same load capacitance. Our algorithms can, however,
be extended to remove the simplification. vij indicates the Vdd
level of the jth switch in Ri as

vij =
{

1, if Vdd level of jth switch in Ri is VddH
0, if Vdd level of jth switch in Ri is VddL

.

Reducing the Vdd level can reduce both dynamic and leakage
power. Interconnect power reduction Pr using a programmable

dual Vdd can be expressed as the sum of dynamic power
reduction and leakage power reduction as

Pr = 0.5fclkc∆Vdd2
Nr−1∑
i=0

fs(i)Nl(i) +
Nr−1∑
i=0

∆PsNl(i)

=
Nr−1∑
i=0

[
0.5fclkc∆Vdd2fs(i) + ∆Ps

]
Nl(i)

∆Vdd2 = VddH2 − VddL2

Nl(i) =
Ns(i)−1∑

j=0

(1 − vij) (2)

where Nl(i) is the number of VddL switches that can be
achieved in Ri and ∆Ps is the leakage power reduction of a
switch by changing its supply voltage from VddH to VddL.
We assume that unused switches have been power gated in
this paper.

D. Problem Formulation

Removing Vdd-level converters requires that no VddL
switch should drive VddH switches. For TLC, we enforce that
there is only one Vdd level within each routing tree. Since two
routing trees will not intersect with each other, we do not need
level converters in routing channels. Fig. 1(a) shows the TLC
and illustrates the situation that a VddH routing tree and VddL
routing tree can share the same routing track without level
converters in routing channels. The Vdd-level constraints for
TLC can be expressed as

vij = vik, 0 ≤ i < Nr ∧ 0 ≤ j, k < Ns(i) (3)

that is, each pair of switches within a routing tree has the same
Vdd level. For dTLC, we can have different Vdd levels within
one routing tree but no VddL switch drives VddH switches
[see Fig. 1(b)]. The Vdd-level constraints for dTLC can be
expressed as

vik ≤ vij , 0 ≤ i < Nr ∧ 0 ≤ j < Ns(i) ∧ k ∈ FOij

(4)

that is, no VddL switch should drive VddH switches. FOij

gives the set of fanout switches of the jth switch in Ri.
The timing constraints require that the maximal arrival time

at PO with respect to PI is at most Tspec, i.e., for all paths
from PI to PO, the sum of edge delays in each path p
must be at most Tspec. As the number of paths from PI to
PO can be exponential, the direct path-based formulation on
timing constraints is impractical for analysis and optimization.
Therefore, we use the net-based formulation that partitions the
constraints on path delay into constraints on delay across circuit
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Fig. 2. Sensitivity-based algorithm (TLC-S) for TLC problem.

elements or routing. Let a(v) be the arrival time for vertex v in
G and the timing constraints become

a(v) ≤Tspec ∀v ∈ PO (5)

a(v) = 0 ∀v ∈ PI (6)

a(u) + d(u, v) ≤ a(v) ∀u ∈ V ∧ v ∈ FOu (7)

where V is the set of vertices in G, d(u, v) is the delay from
vertex u to v, and FOu is the set of fanout vertices of u.

The objective function

Maximize
Nr−1∑
i=0

[
0.5fclkc∆Vdd2fs(i) + ∆Ps

]
Nl(i) (8)

is to maximize the power reduction (2). The TLC problem
consists of objective function (8), Vdd-level constraints (3),
and timing constraints (5)–(7). The dTLC problem is same as
the tree-based problem except that Vdd-level constraints (4)
replace (3).

III. CHIP-LEVEL VDD ASSIGNMENT

A. TLC

In this section, we present a simple yet practical power
sensitivity-based algorithm, namely, TLC-S, for TLC problem.
Starting with a placed and routed single-Vdd circuit netlist,
we calculate power sensitivity ∆P/∆Vdd, which is defined as
the power reduction (∆P ) divided by the Vdd-level difference
(∆Vdd) between VddH and VddL, for each switch with the
wire it drives. Total power P includes both the dynamic power
Pd and the leakage power Ps. We define the power sensitivity
of tree Ri as

∑Ns(i)−1
j=0 ∆Pij/∆Vdd, where ∆Pij/∆Vdd is the

power sensitivity of the jth switch in Ri.
A greedy algorithm similar to that in [26] is performed

to assign a Vdd level for routing trees (see Fig. 2). In the
beginning, VddH is assigned to all the routing trees and the
power sensitivity is calculated for each routing tree. We then
iteratively perform the following steps. VddL is assigned to
the routing tree with the largest power sensitivity. After up-
dating the circuit timing, we accept the assignment if the
critical path delay does not increase. Otherwise, we reject the
assignment and restore the Vdd level of this routing tree to
VddH. In either case, the routing tree will be marked as “tried”
and will not be revisited in subsequent iterations. After the

Fig. 3. Sensitivity-based algorithm (dTLC-S) for dTLC problem.

dual-Vdd assignment, we obtain a dual-Vdd netlist without
performance loss.

B. dTLC

In this section, we present two Vdd-level assignment al-
gorithms for the dTLC problem. The first algorithm is a
sensitivity-based algorithm called dTLC-S, which is similar to
the TLC-S presented above. Both TLC-S and dTLC-S implic-
itly allocate time slack first to routing trees or switches with a
higher power sensitivity to reduce more power. An LP-based
algorithm with explicit time slack allocation, namely, dTLC-
LP is then presented. The details of these two algorithms are
presented.
1) Sensitivity Based Algorithm (dTLC-S): The sensitivity-

based algorithm dTLC-S is quite similar to TLC-S except for
two differences. First, the assignment unit in dTLC-S is an
interconnect switch instead of a routing tree. A switch is defined
as a candidate switch if it follows two categories. In the first
category, a candidate switch is “untried” and does not drive any
switch. In the second category, VddL has been assigned to all
the fanout switches of a candidate switch. In the assignment,
we try to assign VddL to the candidate switch with maximum
power sensitivity in each iteration. Second, when VddL cannot
be assigned to a candidate switch due to timing constraints,
we mark all the upstream switches of that candidate switch in
the same routing tree as “tried” and those upstream switches
stay VddH. As there is no level converter in routing channels,
VddH has to be assigned to all the upstream switches of a VddH
switch within a routing tree. There is no performance loss in
dTLC-S, which is summarized in Fig. 3.
2) LP-Based Algorithm (dTLC-LP): The sensitivity-based

algorithms TLC-S and dTLC-S implicitly allocate time slack
first to routing trees or switches with higher power sensitivity to
reduce more power. We present an LP-based algorithm, called
as dTLC-LP with explicit time slack allocation considering
both global and local optimality. As dTLC, in general, reduces
more power than TLC, we only consider the LP-based algo-
rithm for the dTLC problem. dTLC-LP includes three phases.
We first allocate time slack to each routing tree by formulating
the problem as an LP problem to maximize a lower bound
of power reduction. We then perform a bottom-up assignment
algorithm to achieve the optimal solution within each rout-
ing tree given the allocated time slack. We finally perform a
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Fig. 4. Example for estimating number of VddL switches.

refinement to leverage surplus time slack. The details are dis-
cussed as follows.

1) Chip-level Time Slack Allocation
Estimation for number of low-Vdd switches: The slack

sij of a connection between the source and the jth sink in
Ri is defined as the amount of delay which could be added
to this connection without increasing the cycle time Tspec. We
represent the slack sij as a multiple of ∆d, where ∆d is the
delay increase for an interconnect segment by changing the Vdd
level from VddH to VddL. Fig. 4 presents a two-sink routing
tree as an example. S0 and S1 are the slacks allocated to Sink0
and Sink1, respectively. In Fig. 4(a), VddL can be assigned to
b2 given S0 = 1, and VddL can be assigned to b3 given S1 = 1.
When we increase the slack S1 for Sink1 to 2 in Fig. 4(b), b0
has to stay VddH restricted by S0 = 1. In other words, b0 is
restricted by both S0 and S1, and VddL can only be assigned
to b0 when S0 ≥ 3 ∧ S1 ≥ 2. Fig. 4(c) shows the case in which
VddL is assigned to all the switches given S0 = 3 ∧ S1 = 2.
Therefore, there is an upper bound for slack, which is the delay
increase when VddL is assigned to all the switches in a tree.
Clearly, a slack more than the upper bound cannot lead to more
VddL switches. We define the useful slack of each routing tree
sink as the slack less than this upper bound. For the rest of this
paper, we use slack to represent the useful slack.

Fig. 4(a) and (b) shows that we may achieve the same number
of VddL switches with different slacks. Given a routing tree
with an arbitrary topology and allocated slack for each sink,
we need to estimate the number of VddL switches that can be
achieved. We use lik to represent the number of switches in the
path from the source to the kth sink in Ri. We define sink list
SLij as the set of sinks in the fanout cone of the jth switch in
Ri. We then estimate the number of VddL switches given the
allocated slack as

Fn(i) =
Ns(i)−1∑

j=0

min
(

sik

lik
: ∀k ∈ SLij

)
. (9)

To estimate the number of VddL switches in tree Ri, we first
deliberately distribute the slack sik evenly to lik switches in
the path from the source to the kth sink in Ri. For a switch
with multiple sinks in its fanout cone, we choose the minimum
sik/lik as the slack distributed to the switch. We then add the
slack distributed to all the switches in Ri and get the estimated
number of VddL switches. The rationale is that we consider the

kth sink with minimum sik/lik in sink list SLij as the most
critical sink to the jth switch in Ri. Fig. 4(d) gives an example,
and the estimated number of VddL switches is calculated as

Fn =
S0
3

+
S0
3

+
S1
2

+ min
(

S0
3

,
S1
2

)
.

Theorem 1: Given a routing tree and allocated slack as a
multiple of ∆d, (9) gives a lower bound of the number of VddL
interconnect switches that can be achieved.

It is easy to see that (9) gives the exact number of VddL
switches for a one-sink tree. For a two-sink tree, we can
verify that (9) gives a lower bound of the number of VddL
switches with different allocated slack for each sink. Suppose
this proposal of lower bound holds for any tree with n − 1
sinks, we can prove that it is true for any n-sink routing tree.
The details of proof are included in the technical report [27].

LP problem formulation: The objective function (8) is
to maximize the power reduction, which is the weighted sum
of the VddL switch number within each routing tree. To in-
corporate (9), which gives a lower bound of VddL switch
number, into mathematical programming, we introduce a vari-
able fn(i, j) for the jth switch in Ri and some additional
constraints. The new objective function after transformation
plus the additional constraints can be expressed as

Maximize
Nr−1∑
i=0

[
0.5fclkc∆Vdd2fs(i) + ∆Ps

]
Fn(i)

(10)

s.t.

Fn(i) =
Ns(i)−1∑

j=0

fn(i, j)0 ≤ i < Nr ∧ 0 ≤ j < Ns(i) (11)

fn(i, j) ≤ �sik�
lik

0 ≤ i < Nr ∧ 0 ≤ j < Ns(i) ∧ ∀k ∈ SLij . (12)

Slack sik is a continuous variable normalized to ∆d in (12)
and also the rest of this paper. The floor function �sik� in (12)
gives a multiple of ∆d and is introduced to make (11) a lower
bound of the number of VddL switches. To avoid the floor
function that is not a linear operation, we replace �sik�/lik with
(sik − 1)/lik in (12) and have

fn(i, j) ≤ sik − 1
lik

0 ≤ i < Nr ∧ ∀k ∈ SLij . (13)

The slack upper bound constraints can be expressed as

0 ≤ sik ≤ lik, 0 ≤ i < Nr ∧ 1 ≤ k ≤ Nk(i) (14)

where Nk(i) is the number of sinks in Ri.
We modify the timing constraints (7) as follows. For the

edges corresponding to routing in G, the constraints considering
slack can be expressed as

a(pi0) + d(pi0, pik) + sik∆d ≤ a(pik)

0 ≤ i < Nr ∧ ∀pik ∈ FOpi0 (15)
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Fig. 5. Net-level bottom-up assignment.

where vertex pi0 is the source of Ri in G, vertex pik is the
kth sink of Ri in G, and d(pi0, pik) is the delay from pi0 to pik

in Ri using VddH. For edges other than routing in G, the con-
straints can be expressed as

a(u) + d(u, v) ≤ a(v) ∀u ∈ V ∧ u �∈ SRC ∧ v ∈ FOu

(16)

where SRC is a subset of V and gives the set of vertices
corresponding to routing tree sources.

We formulate the time slack allocation problem using objec-
tive function (10), additional constraints (11) and (13), slack
upper bound constraints (14), plus timing constraints (5), (6),
(15), and (16). It is easy to verify that (5), (6), (11), and
(13)–(16) are linear, and the objective function (10) is linear
too. Hence, we have the following theorem.
Theorem 2: The time slack allocation problem is an LP

problem.
There are well-developed LP solvers available from both the

commercial world like [28] and the academia like [29]. In this
paper, we use the LP solver from [29]. For the rest of this paper,
we use the LP problem to represent the time slack allocation
problem.

2) Net-Level Assignment

Given the allocated slack after solving the LP problem, we
perform a bottom-up assignment within each tree to leverage
the allocated slack (see Fig. 5). For each tree Ri, VddH is first
assigned to all the switches in Ri. We then iteratively perform
the following steps in a bottom-up fashion. We assign VddL to a
candidate switch and mark the switch as “tried.” After updating
the circuit timing, we reject the assignment and restore the Vdd
level of the switch to VddH if the delay increase at any sink
exceeds the allocated slack. The iteration terminates when there
is no candidate switch in Ri.
Theorem 3: Given a routing tree Ri and allocated slack

for each sink, the bottom-up assignment gives the optimal
assignment solution when Vdd-level converters cannot be used.

Sketch of proof: If the jth switch in Ri is assigned to
VddL in the solution given by the bottom-up assignment and is
assigned to VddH in an optimal solution, we can assign VddL to
the jth switch and all of its downstream switches in the optimal
solution without violating timing constraints and get another
solution better than the optimal solution. Therefore, the bottom-
up assignment algorithm gives the optimal solution when level
converters cannot be used. �

Theorem 4: Given a routing tree Ri in which each switch
has a uniform load capacitance and transition density of the
routing tree,3 and a Vdd-level converter can be used, there
exists a power-optimal Vdd-level assignment for any given
slack without using Vdd-level converters.

Sketch of proof: In an optimal solution using level con-
verters, each VddL switch in Ri can drive at most one VddH
switch; otherwise, we can swap the Vdd level of the VddL
switch and its fanout VddH switches without violating timing
constraints and achieves more VddL switches than the optimal
solution. Given this observation, for each VddL switch driving
one VddH switch in an optimal solution, we can swap the Vdd
level of the VddL switch and its fanout VddH switch without
introducing more level converters. By keeping this process, we
can eventually achieve a solution with the same number of
VddH and VddL switches as the optimal solution, but no level
converter is needed. �

3) Refinement
After net-level assignment, we may further reduce power

by leveraging surplus slack. Fig. 4(b) shows a routing tree
containing surplus slack. b0 has to stay VddH due to the fact
that it is restricted by S0 = 1. Therefore, Sink1 can only
consume one unit slack from S1 and there is a surplus slack
of 1. To leverage surplus slack, we mark all the VddH switches
as “untried” but keep the VddL switches as “tried,” and then
perform the sensitivity-based algorithm dTLC-S (see Fig. 3) to
achieve more VddL switches and further reduce power.

IV. EXPERIMENTAL RESULTS

In this section, we conduct experiments on the MCNC bench-
mark set. We first compare the interconnect power and runtime
between sensitivity-based algorithms (TLC-S and dTLC-S) and
LP-based algorithm (dTLC-LP). We then compare the best one
among TLC-S, dTLC-S, and dTLC-LP, and one previous ap-
proach without using level converters in interconnects (h2lLCi
[12]) to the baseline using Vdd-programmable interconnects
with SLC [3]. We use the same Vdd-programmable logic blocks
and interconnects in [23] with no level converter inserted in
routing channels. The unused interconnect switches are power
gated in all cases. Same as [13], we customize the FPGA
chip size for each benchmark circuit and use the smallest chip
that just fits each benchmark. Considering the VddL/VddH
ratio between 0.6 and 0.7 suggested in [30], we use 1.3v
for VddH and 0.8v for VddL in our experiments at 100-nm
technology node.

We first use VPR [22] for single Vdd placement and rout-
ing. Before applying SLC, TLC-S, dTLC-S, or dTLC-LP to
Vdd-programmable interconnects, a sensitivity-based assign-
ment [10] is first performed to assign a Vdd level for Vdd-
programmable logic blocks without performance loss.4 It is

3For a buffered interconnect tree, all the buffers in the tree have the same
transition density without considering glitches, which might be weakened or
absorbed after propagating through a few buffers. Nevertheless, our problem
formulations and algorithms can be extended if the transition density is known
for each individual buffer.

4All the algorithms SLC, TLC-S, dTLC-S, and dTLC-LP do consider the
fact that VddL logic blocks consume time slack.
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TABLE IV
PERCENTAGE OF VddL SWITCHES AND INTERCONNECT POWER ACHIEVED BY TLC-S, dTLC-S, AND dTLC-LP

easy to see that our algorithms, especially sensitivity-based
algorithms, can be easily extended to consider Vdd assignment
for both logic blocks and interconnects in a uniform fashion.
The cycle-accurate FPGA power simulator fpgaEva-LP2 [15]
is then used to calculate power. It has been shown that fpgaEva-
LP2 achieves high fidelity as well as high accuracy as com-
pared to SPICE simulation with an average of absolute error
8.26% [15]. Because the power computation in fpgaEva-LP2
considers short circuit power and uses input vectors, it is more
accurate than the power model in our problem formulations.
Using fpgaEva-LP2 verifies both our modeling and problem
formulations.

A. Comparison Between TLC-S, dTLC-S, and dTLC-LP

1) Interconnect Power Comparison: We present the number
of VddL switches and interconnect power achieved by TLC-S,
dTLC-S, and dTLC-LP in Table IV. The number of VddL
switches is expressed in percent of used switch number. The
interconnect power achieved by dTLC-S and dTLC-LP is pre-
sented in the power difference normalized to TLC-S in this
section unless specified otherwise. Columns 2–4 in Table IV
present the percentage of VddL switches achieved by the three
algorithms. TLC-S, dTLC-S, and dTLC-LP achieve 56.07%,
77.13%, and 77.70% VddL switches, respectively. dTLC-S and
dTLC-LP achieve almost the same VddL switches. Both of
these two algorithms achieve more VddL switches than TLC-S.
This is because TLC uses a routing tree as the assignment unit
and does not allow the mix of different Vdd levels within a
routing tree.

Columns 5–7 in Table IV present the overall interconnect
power achieved by the three algorithms. Compared to TLC-S,
dTLC-S and dTLC-LP consume 13.45% and 15.44% less
power, respectively. We also present the interconnect dynamic
power and leakage power in columns 8–13. Compared to
TLC-S, dTLC-S and dTLC-LP consume 14.30% and 16.52%
less dynamic power, 6.79% and 6.98% less leakage power,
respectively. Clearly, dTLC-LP achieves the lowest intercon-
nect power consumption. This is because dTLC-LP considers
both global and local optimality. Fig. 6 compares the estimated

Fig. 6. Comparison between VddL switch number achieved by dTLC-LP
before refinement and estimated VddL switch number.

VddL switch number given in (11) and the number of VddL
switches given by dTLC-LP without refinement, i.e., the num-
ber of VddL switches achieved by the bottom-up assignment
given the allocated slack. The comparison shows that (11)
has an average error of 4.68%, and it has both high fidelity
and accuracy.

For dTLC-LP, we also present the contribution of refinement
step in columns 4, 7, 10, and 13 in Table IV. The refinement
step achieves 3.75% VddL switches. Compared to TLC-S, the
refinement step obtains 2.24% interconnect power reduction,
2.63% interconnect dynamic power reduction, and 1.19% inter-
connect leakage power reduction. It is clear that the refinement
step is effective to redistribute surplus time slack and to further
reduce interconnect power after chip-level time slack allocation
and net-level bottom-up assignment. This existing surplus time
slack is mainly due to two reasons. The first source is the
difference between the continuous LP formulation (i.e., the
allocated slack could be continuous) and the fact that Vdd-
level assignment is discrete (i.e., the slack consumed by VddL
switches must be a multiple of ∆d). Second, the objective of the
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TABLE V
RUNTIME COMPARISON BETWEEN TLC-S, dTLC-S, AND dTLC-LP

LP formulation is to maximize a low bound of power reduction
instead of the exact power reduction.
2) Runtime Comparison: Table V compares the runtime5

between the three algorithms. TLC-S is the fastest among the
three algorithms. dTLC-S and dTLC-LP take 1.64× and 5.10×
runtime compared to the fastest one. Solving the LP problem
contributes the largest part of the overall runtime of dTLC-
LP. The refinement step in dTLC-LP takes less than 5% of
the overall runtime. Note that MCNC benchmark circuits have
already been partitioned into combinational circuit blocks. In
general, large circuits might be partitioned and the LP problem
might then be solved for each partition to reduce runtime.
Compared to dTLC-LP, dTLC-S has a slightly larger power
consumption, but runs three times faster and is effective for
large circuits. dTLC-LP is worthwhile for small circuits and can
achieve the best power reduction.

B. Justification of Vdd-Level Assignment Approach

In this paper, we first perform a sensitivity-based Vdd-
level assignment for Vdd-programmable logic blocks before
assigning a Vdd level for interconnects. Alternatively, we may
allocate time slack first to interconnects and then to logic blocks
(dTLC-S-I) or to logic blocks and interconnects in a uniform
fashion (dTLC-S-U). Table VI compares the three algorithms,
namely: 1) dTLC-S, 2) dTLC-S-I, and 3) dTLC-S-U, all imple-
mented based on power sensitivity. Columns 2–7 in Table IV
show that dTLC-S, dTLC-S-I, and dTLC-S-U achieve 74.17%,
24.20%, and 71.03% VddL CLBs, respectively. They achieve
77.13%, 85.75%, and 77.75% VddL switches, respectively.
dTLC-S and dTLC-S-I achieve the highest percentage of VddL
CLBs and interconnect switches, respectively. dTLC-S and
dTLC-S-U achieve similar percentages of VddL CLBs and
switches. Columns 8–10 in Table VI present the total power

5The runtime includes single-Vdd placement and routing by VPR and
generating the interface files between VPR and fpgaEva-LP2.

achieved by the three approaches. Compared to dTLC-S,
dTLC-S-I and dTLC-S-U consume 13.20% and 0.39% more
total power, respectively. It shows that allocating time slack first
to CLBs is better than allocating slack first to interconnects. In
addition, allocating slack first to CLBs is slightly better than (or
as good as) allocating slack in a uniform fashion for CLBs and
interconnects. It is because that CLBs tend to have larger power
sensitivities than interconnect switches.

C. Comparison Between SLC, h2lLCi, and dTLC-LP With
Relaxed Timing Specification

In this section, we compare dTLC-LP, which obtains the
lowest interconnect power consumption among TLC-S, dTLC-
S, and dTLC-LP, to two previous approaches SLC [13] and
h2lLCi [12]. SLC inserts a level converter in front of each
interconnect switch as well as each CLB input and output. A
greedy sensitivity-based assignment is performed for the Vdd-
programmable interconnects. Gayasen et al. [12] insert a level
converter either at each CLB input or output. A path-based
assignment is performed for Vdd-programmable interconnects.
It has been shown that h2lLCi, which inserts a level converter
at each CLB input and initializes all the circuit elements with
VddH, achieves the lowest power consumption among all the
proposed approaches in [12].
1) Interconnect Power Comparison With Relaxed Timing

Specification: Timing specification may be relaxed for certain
applications that are not timing critical. In this case, more VddL
switches can be achieved and therefore more power can be
reduced with relaxed timing specification. Fig. 7 compares the
percentage of VddL switches and relaxed critical path delay
tradeoff curves achieved by SLC, h2lLCi, and dTLC-LP. The
VddL switch percentage and the critical path delay are the
arithmetic and geometric means over the 20 largest MCNC
benchmark circuits, respectively. When the timing specification
is not relaxed, SLC, h2lLCi, and dTLC-LP achieve 74.79%,
41.98%, and 77.70%, respectively. Both SLC and dTLC-LP
achieve more VddL switches than h2lLCi. It is because that all
the trees driven by one CLB have the same Vdd level as the
source CLB, and the VddH circuit element is not allowed to
drive the VddL circuit element without the presence of a level
converter in h2lLCi. dTLC-LP consistently achieves the highest
percentage of VddL switches compared to previous approach
SLC 6 and h2lLCi at different relaxed delays.

Fig. 8 compares the interconnect power and critical path
delay tradeoff curves achieved by SLC, h2lLCi, and dTLC-LP.
Both the interconnect power and the critical path delay are the
geometric mean over the 20 largest MCNC benchmark circuits.
Compared to SLC, h2lLCi and dTLC-LP reduce the inter-
connect power by 41.44% and 52.90% without relaxing tim-
ing specification, respectively. Compared to h2lLCi, dTLC-LP
reduces interconnect power by 18.52% at the highest clock fre-
quency. dTLC-LP consistently achieves the lowest power com-
pared to SLC and h2lLCi at different relaxed delays. Compared

6Without considering the delay overhead of level converters, SLC [13] may
achieve more VddL switches as Vdd-programmable interconnects with level
converters are more flexible in Vdd-level assignment.
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TABLE VI
PERCENTAGE OF VddL CLBs AND INTERCONNECT SWITCHES, AND TOTAL POWER ACHIEVED BY THREE APPROACHES OF dTLC-S

Fig. 7. Percentage of VddL interconnect switches versus critical path delay
curves for SLC, h2lLCi, and dTLC-LP.

to SLC at the same relaxed delay, dTLC-LP achieves 89.31%
VddL switches and reduces interconnect power by 58.18%
when we relax the critical path delay by 10%. The power gap
between dTLC-LP and h2lLCi decreases at a larger relaxed
delay. This is because that VddL eventually can be assigned to
all switches (see Fig. 7) and interconnect power reduction will
saturate if we allow sufficient critical path increase.
2) Area Comparison: Table VII presents the FPGA total

area given by a single Vdd, SLC, h2lLCi, and dTLC-LP,
respectively. We use the same area model from [22], in which
area is counted in number of minimum width transistor areas
considering the parallel diffusions technique for large transis-
tors. Given a transistor with channel width W , the transistor
area measured by the minimum width transistor with channel
width Wmin is

Area(W ) = 0.5 +
W

2Wmin
. (17)

Fig. 8. Interconnect power and critical path delay tradeoff for SLC, h2lLCi,
and dTLC-LP.

As presented in the table, the area overheads given by SLC,
h2lLCi, and dTLC-LP are 151%, 65%, and 66% compared
to the single-Vdd FPGA. h2lLCi and dTLC-LP have almost
the same area, and TLC-S, dTLC-S, and dTLC-LP have the
same area as all of them use the same Vdd-programmable
interconnects with level converters inserted at CLB inputs and
outputs.

V. CONCLUSION

To remove Vdd-level converters in routing channels that
introduce large leakage and area overheads, we have proposed
TLC, where there is only one Vdd level within each routing
tree, and dTLC, where different Vdd levels can exist within a
routing tree, but no VddL switch drives VddH switches. In both
cases, configurable level converters are inserted at the inputs
and outputs of logic blocks (CLBs) to allow the mix of Vdd
levels for CLBs and interconnects.
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TABLE VII
FPGA AREA COMPARISON BETWEEN A SINGLE Vdd, SLC, h2lLCi, AND dTLC-LP. AREA IS IN NUMBER OF MINIMUM WIDTH TRANSISTORS.

WE USE 210× AND 4× PMOS POWER TRANSISTORS FOR CLBs AND 7× SWITCHES, RESPECTIVELY

We have developed a few Vdd-level assignment algorithms
considering time slack allocation to maximize power reduc-
tion. Our Vdd-level assignment algorithms include two power
sensitivity-based algorithms (TLC-S and dTLC-S) for the TLC
and dTLC problems, respectively, and an LP-based algorithm
(dTLC-LP) for the dTLC problem. TLC-S and dTLC-S im-
plicitly allocate time slack first to interconnects with a higher
power sensitivity and assign VddL to them for more power
reduction. dTLC-LP first explicitly allocates time slack to each
routing tree using LP, and then assigns a Vdd level within each
routing tree for the allocated time slack. Experiments show
that dTLC-LP obtains the lowest power consumption among
all the formulations and algorithms. Compared to dTLC-LP,
dTLC-S obtains a slightly higher power consumption but runs
three times faster. Therefore, it is also an attractive algorithm
with a desired tradeoff between runtime and quality. Without
loss of performance, the best algorithm (dTLC-LP) reduces
the total interconnect power by 52.90% compared to the SLC
proposed in [13], and by 18.52% compared to the best approach
h2lLCi proposed in [12], where all routing trees driven by one
CLB have the same Vdd level as the source CLB.

State-of-the-art commercial FPGAs have used wire segments
of different lengths and applied unidirectional level-restore
routing switch in the routing architecture [31]–[33] to improve
performance. The methodology proposed in this paper can be
extended to interconnects with these novel features. We believe
that dTLC formulation can still outperform TLC and h2lLCi as
dTLC allows the mix of different Vdd levels within a routing
tree and is more effective to leverage the time slack. The
positive-feedback PMOS transistor in the level-restore buffer
can be used as an alternative for a level converter [14]. This
allows a VddL switch to drive VddH switches for potentially
more dynamic power reduction, but introduces extra leakage,
short-circuit power, and extra delay. Using level-restore buffers
in the context of time slack allocation is planned as a future

study. In addition, we plan to extend dTLC to consider wire
segments of different lengths.

The algorithms proposed in this paper allocate time slack
first to CLBs and then to interconnects. Using sensitivity-based
algorithms, we have shown that this is better than allocating
time slack first to interconnects and then to CLBs and is slightly
better than (or as good as) allocating time slack in a uniform
fashion to both interconnects and CLBs. In the future, such a
comparison may be reconducted using an LP-based algorithm
for the three ways of allocating time slack. In our paper, we
perform Vdd-level assignment based on single-Vdd routing
results, which may be suboptimal for Vdd-programmable inter-
connects. In the future, we will also study power-driven routing
algorithms, which simultaneously perform routing and Vdd-
level assignment for Vdd-programmable interconnects.
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