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Abstract—The rapid development of the Internet-of-Things
requires hardware that is both low-energy and flexible, and a
near/sub-threshold FPGA is a very promising solution. In the
design of near/sub-threshold FPGAs, the biggest challenge is
reducing global interconnect energy, which is the most energyconsuming part in the entire FPGA. Dynamic voltage scaling
is an effective technique in reducing energy, but it is not widely
used in FPGA interconnects because of the high area overhead of
separately provisioning the buffers in the switch boxes to support
different voltages on different paths. A low-swing interconnect,
which removes buffers, allows this technique to be applied to the
FPGA interconnects. In this paper, we propose a novel low-swing
FPGA interconnect architecture that integrates dynamic voltage
scaling and power-gating techniques with custom tool support.
While the power-gating technique is widely used in existing
designs for reducing leakage energy of idle drivers and buffers,
we also apply power-gating to configuration bitcells in switch
boxes, because it is a dominant energy consumer in near/subthreshold. Including the energy overhead of voltage regulators,
our work achieves a 10.1% energy saving in active circuits, 27.0%
- 91.3% in idle circuits, and 19.0% - 53.1% in the entire FPGA
on average, compared to an already optimized base case that
only uses low-swing interconnect but no dynamic voltage scaling
or power-gating. In addition, our dynamic voltage scaling allows
us to adjust the delay of the low-swing FPGA interconnect from
0.14µs to 0.43µs or adjust its energy per operation from 5.5pJ
to 35.7pJ when implementing the MCNC benchmarks at 0.6V.

I. I NTRODUCTION
The rapid development of wearable electronic devices and
Internet-of-Things (IoT) such as wireless health monitors and
pedometers requires future hardware to be low-energy, as well
as maintaining adequate speed. Although near/sub-threshold
(near/sub-VT ) ASICs can already meet these requirements [1],
hardware flexibility is also desired for reducing design time
and cost. In addition, flexible hardware plays an irreplaceable
role in encryption on some of the low-power applications
[2]. This new situation makes near/sub-VT energy-efficient
FPGAs an attractive solution. Since the interconnect fabric
traditionally consumes the majority of the FPGA energy, an
energy-efficient FPGA interconnect is highly desired.
Dynamic voltage scaling (DVS) with power-gating is a
useful technique in reducing circuit energy in general. It
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reduces the leakage energy by disconnecting the idle circuits
from their voltage supplies, and minimizes the active energy
by adjusting the supply voltages of the circuits according
to their dynamic loads. Applying this technique to FPGA
interconnects can reduce the overall FPGA energy, so that the
FPGAs can be used in more low-power applications. However,
no existing works apply DVS to FPGA interconnects. In [5],
a FPGA interconnect architecture that uses dual-VDD along
with power-gating was proposed. The authors reduced the
active energy by applying the nominal supply voltage to the
critical path, and applying a lower supply voltage to all the
non-critical paths. [6] used the similar technique with some
circuit level considerations. In [7], researchers applied DVS
to a commercial FPGA, but it is not an on-chip solution.
Although dual-VDD is an effective method for reducing interconnect energy, the energy is not minimized without adjusting
supply voltages dynamically. In addition, the existing dualVDD technique is not easy to be implemented on physical
FPGA chips because of the high area overhead of adding
headers to the buffers in switch boxes (SBs). Also, the designs
in the existing works mainly focus on the traditional bufferbased interconnects at the nominal voltage, while wireless IoT
applications require FPGAs optimized at near/sub-VT . Recent
works about a novel low-swing interconnect [3,4] provide a
potential opportunity of applying DVS along with dual-VDD
on near/sub-VT interconnects. The low-swing interconnect
is proven to be an energy-efficient design in sub-VT . Also,
since there are no buffers inside the SBs in the low-swing
interconnect, a big portion of the potential area overhead of
implementing dual-VDD no longer exists.
In this work, we propose a novel energy-efficient lowswing FPGA interconnect using dual-VDD with headers to
implement both per path DVS and power-gating techniques
optimized at 0.6V. As the leakage energy in the bitcells
becomes significant in near/sub-VT , our approach reduces
energy more effectively than existing works that are designed
for high speed operations. To implement DVS, we also
designed an on-chip voltage controller. Instead of applying

DVS by changing the main supply voltage VDD , we change
an additional gate-boosted voltage VDDC that is unique to
the low-swing interconnect [3,4]. As a result, the FPGA
interconnect with the proposed architecture consumes 14.0%
- 36.0% lower energy than the best existing work when scaled
to the same technology node. In addition, our dynamic voltage
scaling allows us to adjust the delay of the low-swing FPGA
interconnect from 0.14µs to 0.43µs or adjust its energy per
operation from 5.5pJ to 35.7pJ when implementing the MCNC
benchmarks at 0.6V.
The rest of this paper is arranged as follows: in Section
II, we will introduce the proposed architecture in detail. Our
design methodology and analysis, including the low-swing
interconnect model, the custom tool flow, the DVS controlling
algorithm, and the overheads will be discussed in Section III.
In Section IV, we will show our results, observations, and
comparisons with previous works. In Section V, the limitations
and future work will be discussed. Finally, the conclusions will
be addressed in Section VI.
II. T HE P ROPOSED A RCHITECTURE

that starts from the driver at the output of a CLB to the
sense amplifier (SA) at the input of the destination CLB.
In each SB, a configuration bitcell is used to control the
switch, and the leakage paths to the ground are included.
Because the traditional interconnect fabric has buffers in each
SB, implementing fine-grained DVS with dual-VDD on the
interconnect requires adding headers and configuration bitcells
to each SB. This will substantially bloat the already large
area of the SBs. However, as the energy budget of today’s
IoT applications becomes lower and lower, the traditional
interconnect that suffers from high energy in the buffers is
no longer the optimal design for ultra-low-energy FPGAs. In
[3] and [4], researches developed a low-swing interconnect to
achieve extremely low energy and adequate speed by removing
buffers. As shown in Fig. 2, the buffers no longer exist in the
low-swing interconnect, and the headers used for the voltage
assignment are not needed anymore. As a result, applying DVS
with dual-VDD to the low-swing interconnect introduces much
smaller area overhead than applying the same technique to the
traditional FPGA interconnects.

A. The concepts of DVS, dual-VDD , and power-gating

Fig. 1. The concept diagram of per path DVS and power-gating techniques
applied to FPGAs

Ultra-Low-Energy FPGAs should be as energy efficient as
possible. Reducing the supply voltage on the non-critical paths
can effectively minimize energy while maintaining the overall
FPGA speed [12]. The dual-VDD scheme is a low-power
technique based on this concept. As shown in Fig. 1, the
circuits in dark-gray represent the critical path that are attached
to VDDH through headers. The circuits in mid-gray represent
non-critical paths that are attached to VDDL . The circuits in
light-gray are in idle mode and are power-gated. The energy
reduction is completed by turning on/off a pair of header
transistors. By using two voltage rails, circuits on the critical
path are attached to a higher supply voltage VDDH , while
the rest of the circuits are attached to a lower voltage VDDL .
When both transistors are turned off, the circuit component is
power-gated in order to reduce leakage [5,6].
B. Dual-VDD on the low-swing interconnect
The per path DVS is already proven to be capable of
minimizing energy in ASICs [13]. However, this technique
was not easy to be applied to FPGA interconnects due to
the large area overhead. Fig. 2 shows an interconnect model

Fig. 2. The comparison of applying dual-VDD technique on the traditional
interconnect and the low-swing interconnect

C. The proposed per path DVS architecture
In [3] and [4], the bitcells in SBs are attached to an
additional boosted voltage rail VDDC . In this work, we adjust
the circuit delay and energy dynamically by sweeping VDDC .
Although changing the main supply voltage VDD can adjust
delay and energy of circuits, our method is much more energyefficient for implementing DVS on FPGA interconnects. Since
the energy of VDDC is purely leakage in the bitcells, which is
much smaller than the energy of the main VDD in the drivers
when power-gating is applied to the unused circuits, the energy
overhead of the voltage regulator for adjusting VDDC is much
smaller than that of VDD . After applying power-gating to the
idle bitcells, the energy of the drivers still dominates the total
energy of the active circuits. Based on this observation, we
propose an architecture that uses dual-VDD to implement per
path DVS in this work. Fig. 3 shows the proposed architecture.
The upper half is our power management unit (PMU), while

the bottom half is the model of a net in the interconnect. In the
PMU, a low-drop voltage regulator (LDO) is used to generate
VDDL . A boost converter is used to generate multiple VDDC
values. A delay chain based logic block is used to adjust the
value of VDDC as needed. As the figure shows, we applied
dual-VDD scheme by attaching VDDH or VDDL to different
nets during the configuration phase, while adjusting VDDC
based on the dynamic speed requirement.

corresponding VDDC value for the interconnect. The proposed
design uses a group of delay chains connected in serial to
achieve this. Each delay chain is made by a chain of buffers
with a flip-flop (FF) at the output of each buffer. The clock
signal of the controller is connected to both the input of the
left most delay chain and the clock ports of the FFs. When
the falling edge of the clock comes, the clock signal has half
cycle of time to propagate though the delay chain before the
rising edge comes and triggers the FFs. Thus, only a portion
of the FFs close to the input clock have outputs of 0, while
the rest stay at 1. Based on the pattern made of 0s and 1s
of the FF outputs, an OR-gate-based logic tree determines the
VDDC value applied to the FPGA interconnect by turning on
the corresponding power-switch. Each power-switch will be
turned on only when the output pattern of the delay chain
directly controls this power-switch is “00...00” (all 0s) and
the output pattern of the delay chain next to it on the right
is not all 0s. This guarantees selecting the right VDDC value
while avoiding turning on multiple power-switches at the same
time. In addition, since the value of VDDC is typically higher
than the main voltage VDD , we use level converters at the
input of the headers to avoid the short circuit current.

Fig. 3. The concept diagram of the proposed architecture and the power
management unit

D. Voltage controller
Due to the varying speed requirement of applications, we
sometimes need to dynamically adjust the supply voltages
of FPGAs. To achieve this, a proper voltage controller is
needed. In the existing works, people use switch-capacitorbased voltage regulators to control voltages according to the
detected chip delay found by the commercial IBM Critical
Path Monitor [8] and the Intel Droop Detector [9]. However,
those designs are large, complicated, and time-consuming in
the design process. In this work, we propose a simpler voltage
controller based on the idea of the Logic Delay Measurement
Circuit (LDMC) discussed in [7]. As shown in Fig. 3, the
proposed controller takes a clock signal as the only input.
The frequency of this clock dynamically determines the value
of VDDC voltage applied to the FPGA interconnect. In other
word, by changing the frequency of this clock signal, the
interconnect delay can be adjusted during runtime. The higher
the frequency, the higher VDDC value will be used. In this
work, we assume this signal comes from the outside of the
FPGA through a pad. Thus, the delay of the interconnect
cannot be adjusted automatically, but can be controlled from
the outside of the FPGA.
The detailed circuits of the proposed controller is shown
in Fig. 4. The key functionality of this circuit includes
understanding the desired interconnect delay indicated by
the frequency of the input clock signal and assigning the

Fig. 4. The concept diagram of the delay chain circuit and the proposed delay
detector and voltage controller architecture

E. Level conversion
Applying dual-VDD to the traditional buffer based interconnects requires level converters at the input of the CLBs to
minimize the short circuit current of converting VDDL back
to VDDH . In the low-swing interconnect, however, the SAs
naturally perform as the level converters. As discussed in
[3], a SA is a modified Schmitt trigger that has a low 0to-1 transition threshold. So no additional level converters
are needed. However, the dual-VDD scheme still introduce
additional energy in the SAs. According to our simulation
results, this part of energy overhead is about 5% of the voltage
regulator overhead. Since we consider the voltage regulator

energy overhead when estimating the total energy reduction
when using dual-VDD , the overhead from SAs is relatively
small and can be ignored.
F. Power-Gating idle switch boxes

Fig. 5. Energy breakdown of the low-swing FPGA interconnect implementing
MCNC benchmarks at 0.6V

Power-Gating is another widely used technique to save
the energy of FPGAs, especially the leakage energy in idle
circuits. Researchers traditionally use this technique to reduce
the leakage energy of the buffers in SBs [5,6]. Because the
low-swing interconnect has no buffers, this part of energy
is naturally zero [3,4]. However, as leakage energy becomes
the dominant part when the supply voltage is scaled down to
near/sub-VT , the leakage in the configuration bitcells becomes
significant [12]. The bitcells are 5T SRAM cells used in
FPGAs to turn on or off the switches in the interconnect or to
store the look-up-table values in the CLBs. The interconnect
energy breakdown of using FPGAs with the proposed interconnect architecture to implement the MCNC benchmarks is
shown in Fig. 5. About 50% of the total FPGA energy at
0.6V is contributed by the leakage energy in idle circuits. In
the idle circuit leakage energy, the major portion is contributed
by the configuration bitcells, although the bitcell leakage is not
directly shown in the figure for making the figure more clear
and readable. Unfortunately, no existing works have looked
into leakage reduction of the bitcells in near/sub-VT . In this
work, we explored both the coarse-grained and the fine-grained
power-gating for the bitcells in the SBs. For the coarse-grained
power-gating, we assign one high-VT header for each SB.
All bitcells in a single SB can only be power-gated or not
at the same time. As a result, the leakage energy of the SBs is
reduced by up to 100X after using power-gating according to
the circuit level simulation results using SPICE. We estimated
the area of the SBs in a custom layout of a low-swing SB with
84 tracks. The area overhead of the header is only less than
5% of the total area of the SB. Compared to the coarse-grained
power-gating, the fine-grained scheme allows us to power-gate
each bitcell separately. However, it introduces about 14.0%
area overhead to the SBs.

III. M ETHODOLOGY
A. Low-swing interconnect modeling and simulation
In this paper, we give the definition of “net” to any signal
paths start from an output of a CLB to an input of another
CLB. Each net includes one or more SBs. Besides, we give the
definition of “path” to any signal paths from a FPGA input
pad to an output pad. Each path involves multiple SBs and
CLBs. All the delay and energy numbers of the benchmarks
are estimated using a self-developed tool with the simulation
results of nets using SPICE. Therefore, the first step is to build
a circuit model for the nets of the interconnect, and simulate
the delay and the energy of each net in SPICE. Our low-swing
interconnect model is shown in Fig. 3. Each interconnect
segment between two CLBs is modeled as a pass-gate chain
with a SA used as both drivers and receivers at the two ends.
Each pass-gate indicates one SB. VDDH & VDDL are used
to implement the dual-VDD scheme, while VDDC is used to
perform dynamic delay and energy adjustment. The length of
the pass-gate chain, the optimal size of the transistors, and the
path distribution are already studied in [4]. In this research,
we borrowed these optimal parameters.

Fig. 6. The ED-Curves of a length 40 low-swing interconnect net at different
supply voltages

In this work, we did all the simulations in 130nm CMOS
technology. In Fig. 6, we show the delay-energy curve of a
length 40 net from running SPICE. By sweeping VDD and
VDDC , we can adjust the delay of this net from 0.11µs to
0.59µs or adjust its energy per operation from 0.25pJ to
0.53pJ. On each curve, the VDDC value is swept from 0.1V
higher than VDD to 0.6V higher than VDD from right to left.
We also did the same simulation for nets with different lengths.
These results indicate potential large room for adjusting the
delay and energy of the FPGA interconnect dynamically when
implementing benchmarks, which will be discussed soon.
B. The custom dual-VDD assignment tool
By assigning the nets on the non-critical paths to VDDL ,
the overall energy of the FPGA can be reduced. There are two
important knobs for dual-VDD assignment: the portions of the

nets assigned to and the values of VDDH and VDDL . We need
to find the best combination of the VDDH and VDDL values
that can minimize the interconnect energy without increase the
critical path delay. In this work, we created a custom timing
analysis tool to automatically do this optimization.

the simulated delay and power of each net from running
SPICE, the activity factor of each net by running ACE 2.0 [11],
and a script (the custom script 3 in Fig. 7) to do dual-VDD
assignment, critical path delay calculation, and energy saving
calculation. In this script, we use a brute-force algorithm to
initially assign all the nets to VDDH and try to reassign VDDL
to each net. If the critical path does not change after the
assignment, we keep that net on VDDL , otherwise assign it
back to VDDH . The script exports the info of the portions of
the nets assigned to VDDH and VDDL , the energy before and
after using the dual-VDD scheme, and the energy distribution
of the FPGA interconnect at every VDDH and VDDL value
combinations. We then estimated the energy overhead of using
the voltage regulator based on the exported info. To use the
routing info from VPR, we also created two additional scripts
to parse the text-based “.net”, “.place”, and “.route” files
generated by VPR. The custom script 1 in Fig. 7 creates a
dictionary to store the detailed info of each net, while the
script 2 creates that of each path. For the activity factors, we
use 0.2 for all FPGA inputs. The activity factors of internal
nets are then automatically generated by running ACE 2.0.

Fig. 7. The flow chart of the custom dual-VDD assignment tool flow

C. Delay detector and controller algorithm
Our tool is based on VPR [10], which can do complete
timing analysis for many FPGA architectures. VPR estimates
interconnect timing based on constant delay values of circuit
components (switches, buffers, and wires) described in its
architecture files. However, it assumes the circuit components
of the same type always have same delay. This is not true
for an architecture using DVS. For example, VPR assumes
a switch in net #1 and another switch in net #2 have same
delay. However, when applying VDDH to net #1 and VDDL
to net #2, the delay of the two switches aren’t the same.
In this case, VPR timing analysis no longer accurate. To
solve this problem, we can keep using VPR by creating a
model for each net. This makes the architecture files extremely
complicated. Also, since the nets assigned to VDDH and VDDL
vary among applications, this method requires us to make a
specific architecture file for each benchmark. For this reason,
instead of using the entire VPR flow, we extracted the routing
info (the length of each net, the start point and end point of
each net, and how the nets build up paths) from VPR output
files, then calculated the delay of each path by adding up the
delay of each net on the path. Since our interconnect circuit
and operating voltage are very different from the assumptions
of VPR, we obtained the delay of nets by running SPICE
simulation. Comparing to the timing analysis results of VPR,
our tool found the same critical paths. The only difference
is the absolute delay values. Since our tool allows us to
recalculate the delay of every path in the dual-VDD assignment
process, we can keep trying to assign different voltages to each
net until the FPGA archives the lowest energy point without
changing the critical path. This is what VPR cannot do.
The details of our custom tool flow is shown in Fig. 7. In
order to do dual-VDD assignment as while as timing analysis
for a benchmark, we need the routing info from running VPR,

Fig. 8. Mapping of the desired critical path delay (of MCNC benchmarks)
and the corresponding VDDC values required at 0.6V

The architecture and functionality of the voltage controller
have already been described in Section II. The frequency of
the input clock signal determines which VDDC to be selected.
However, we haven’t discussed what exact value of the clock
frequency is required to turn on each power-switch. In Fig.
8, we provide these details. The leftmost column represents
the expected critical path delay of the FPGA interconnect we
want to adjust to. The column in the middle suggests the input
clock frequency required to achieve the expected critical path
delay. The column on the right indicates the corresponding
VDDC values applied to the interconnect. We selected the
range of the desired critical path delays in the figure based
on the simulated max and min interconnect delay when the
FPGA implements MCNC benchmarks. The area overhead of
the voltage controller is about 55 gates, 20 flip-flops, and 20
SAs, which is less than 1% of the area of the interconnect.
On the other hand, the energy overhead of the controller is
0.15pJ at 0.6V. This energy overhead is less than 1% of the
total FPGA interconnect energy. In addition, the time needed
to switch between different VDDC is less than 1.5 cycles.

IV. R ESULTS & A NALYSIS
A. Energy savings from using dual-VDD

average energy saving drops to 10.1%. In this work, we used
an FPGA architecture with 4-input LUTs, 8-LUT CLBs, and
SBs at each intersection of horizontal and vertical channels.
The benchmark characteristics are shown in Fig. 10.
B. Energy savings from using power-gating

Fig. 9. The energy reductions of the low-swing interconnect implementing
the MCNC benchmarks at 0.6V after using the dual-VDD technique alone

In Fig. 11, we show the overall energy reduction of the
interconnect implementing the five of the largest MCNC
benchmarks after using dual-VDD and power-gating together.
For each benchmark, the left bar shows the energy distribution
of the low-swing interconnect without using dual-VDD and
power-gating (marked as “1” in the figure). The middle bar
shows the energy distribution with dual-VDD and coarsegrained power-gating (marked as “2”), while the right bar
shows the energy distribution with dual-VDD and fine-grained
power-gating (marked as “3”). In the last sub-section, we
discussed the energy reductions of using dual-VDD only.
However, only the active circuits are considered in the last
sub-section. If we consider the entire FPGA including all of
the idle circuits, the overall energy reduction of using dualVDD drops to about 5%. On the other hand, using the coarsegrained power-gating saves the energy of the idle circuits and
the full FPGA by 27.0% and 19.0% on average, respectively.
If using fine-grained power-gating, these energy savings can
be further increased to 91.3% and 53.1%. Since the low-swing
interconnect naturally has no buffers in the SBs, this part of
the energy reduction is an improvement to the existing powergating works. We fabricated an 8x8 FPGA in 130nm CMOS
with the low-swing interconnect and coarse-grained powergating in 130nm technology. The initial measurement results
show that the leakage energy in the SBs can be reduced by
91.1% at 0.6V by applying power-gating.

Fig. 10. Benchmark Characteristics

We swept the VDDH value from 0.45V to 0.6V, and
VDDL from 0.15V lower than VDDH to VDDH to find the
optimal values of the supply voltages that allows the proposed
interconnect architecture to reach the minimum energy point.
We found that the higher VDDH , the more energy savings
we can get from using dual-VDD . Fig. 9 shows the overall
energy reduction of using the proposed FPGA interconnect
implementing three of the largest MCNC benchmarks at
different values of the supply voltages. In the figure, “VRO”
represents the energy overhead of the voltage regulators. The
curves in solid lines do not include the voltage regulator
overhead, while the rest of the curves do. In this research,
we use LDO to estimate the voltage regulator overhead. The
LDO energy overhead approximately equals to the difference
between VDDH value and VDDL value divided by the VDDH
value. As a result, when VDDH equals to 0.6V, the maximum
energy saving is obtained when VDDL equals to 0.5V, which
is 0.1V lower than VDDH . We draw the similar conclusion at
the other VDDH and VDDC values. When not considering the
LDO, we archived an average energy saving of 20.1% for the
MCNC benchmarks. When considering the LDO overhead, the

Fig. 11. The energy distribution and reduction of the low-swing interconnect
implementing the MCNC benchmarks at 0.6V after using both dual-VDD and
power-gating techniques

C. Speed and energy adjustment by using DVS
Finally, we simulated the maximum and minimum delay
and energy of the interconnect we can achieve by using DVS.
To do so, we swept VDDC from 0.2V higher than VDDH
to 0.7V higher than VDDH when the FPGA interconnect is
implementing the five of the largest MCNC benchmarks. In
Fig. 12, we show an example of the apex2 benchmark. When
implementing this benchmark, our DVS architecture allows us
to adjust the delay of the low-swing FPGA interconnect from
0.22µs to 0.43µs or adjust its energy per operation from 21.9pJ
to 35.7pJ at 0.6V. When implementing the five of the largest
MCNC benchmarks, we can adjust the delay from 0.14µs to
0.43µs or adjust the energy per operation from 5.5pJ to 35.7pJ.
When VDDC is less than 0.2V higher than VDDH , the swing of
the signals in the interconnect will reduce to a level that cannot
be detected by the SAs. This leads to potential functionality
failures of the FPGAs. This situation can be avoided by
inserting repeaters that are abbreviated as “R” in the Fig.
12. The repeaters are level converters in the interconnect
for regenerating full swing signals. However, when reducing
VDDC from 0.2V higher than VDDH to VDDH , both the delay
and energy of the interconnect increase. The long tail shown
in the figure where VDDC = VDD or VDD + 0.1V indicates
that. Thus, although the repeaters guarantee functionality in
some cases [4], inserting repeaters for increasing the adjustable
ranges of the delay and energy is unnecessary. This conclusion
also valid when the interconnect is implementing the other
MCNC benchmarks.

between the adjacent wires to consider worst case cross-talk.
In Fig. 13, we show the comparisons of critical path delay
and energy reduction of our design (implementing alu4) with
considering cross-talk and without. Besides, the impacts of
VDD and VDDC noise are also shown as percentage of change
in delay and energy per 10mV of voltage noise. The positive
signs in the figure are used when the delay decreases and the
energy increases as the supply voltages increase.

Fig. 13. The impacts of cross-talk at VDDH = 0.6V, VDDL = 0.5V, VDDC
= 0.9V (alu4)

E. Overall energy saving comparing to previous work

Fig. 14. The comparisons of the key specifications of this work and the
existing works

Fig. 12. The ED-Curves of the low-swing interconnect implementing the
apex2 benchmark at 0.6V when using per path DVS

D. The impacts of noise and cross-talk
Since we minimized the switch box area in physical layout,
the space between two interconnect wires is close to the
minimum space defined in the design rule. The large parasitic
caps (about 21fF between wires and 5fF between wires and
the substrate) then make our circuit suffering from crosstalk problem. In the interconnect model we used to do all
the simulations in this work, we included the parasitic caps

Compared to the existing works on the energy reduction
of the FPGA interconnects, there are three main unique
contributions of this work. Firstly, this is the first work of
applying on-chip per path DVS to the FPGA interconnects in
near/sub-VT . We take advantage of a low-swing design that has
no the area overhead of the headers in the SBs of the traditional
interconnects, and use a novel method to adjust the delay and
energy of the interconnect dynamically. Secondly, besides the
power-gating technique is widely used in the existing designs
for reducing the leakage energy of the idle drivers and buffers,
we also apply power-gating to the configuration bitcells in
the SBs, because it is a dominant energy consumer at low
voltages. Finally, this work is the first one to combine dualVDD , DVS, and power-gating techniques all together with

considering voltage regulator overhead in depth on circuit
level.
The detailed comparisons of this work and the existing
works are shown in Fig. 14. In the row of “relative interconnect
energy at the same VDD and technology node”, we set the
energy of the interconnect using the design in [6] to 1 as
a base line, and normalized the energy of the interconnects
using the designs in [7], [5], and this work. For a fair
comparison, we also scaled the existing works to the same
supply voltage and technology node used in this work. The
results show that the energy of the FPGA interconnect using
the proposed architecture consumes 14.0% lower energy per
operation than the best design in the existing works. In this
comparison, we assume that the existing works considered the
voltage regulator overhead when estimating the overall energy
reduction. Otherwise, our work saves 36.0% more energy per
operation than the existing works. Furthermore, we can also
adjust the delay and energy of the interconnects dynamically,
something that existing works are unable to do.
V. L IMITATIONS & F UTURE W ORK
In this work, we developed a custom tool flow to assign
dual-VDD to every nets. However, the algorithm we used is
brute-force, which is slow when the benchmark is complicated.
We will explore existing mapping algorithms we could adopt
to improve the speed of our tool. Furthermore, we haven’t
developed a tool flow for generating the configuration bitstream for the fine-grained power gates. In addition, although
we already optimized the layout of a low-swing SB with
coarse-grained power-gating, we haven’t optimized the more
complicated layout of SBs with fine-grained power-gating and
find the accurate area overhead of implementing fine-grained
power-gating. Moreover, the voltage controller is designed
based MCNC benchmarks. If using other benchmarks, the
length of the delay chain in Fig. 4 need to be adjusted. Finally,
we plan to complete the measurement of our 8x8 FPGA
in 130nm CMOS implementing benchmarks when our tool
support is ready.
VI. C ONCLUSION
In this paper, we proposed a novel near/sub-VT low-swing
FPGA interconnect architecture that uses dual-VDD to implement per path DVS. While DVS with dual-VDD is not widely
applied to the traditional FPGA interconnects because of the
potential high area overhead of adding headers to the buffers in
the SBs, we applied this technique to a low-swing interconnect
that naturally removes all buffers. Besides the power-gating
technique is widely used in the existing designs for reducing
the leakage energy of the idle drivers and buffers, we also
apply power-gating to the configuration bitcells in the switch
boxes, because it is a dominant energy consumer in near/subVT . This effort leads to more leakage energy reduction in the
SBs. Including the energy overhead of voltage regulators, our
work archives an 10.1% energy saving in the active circuits,
27.0% - 91.3% in the idle circuits, and 19.0% - 53.1% in the
entire FPGA on average. Benefits from using DVS, we can

adjust the delay of the low-swing FPGA interconnect from
0.14µs to 0.43µs or adjust its energy per operation from 5.5pJ
to 35.7pJ when implementing the MCNC benchmarks at 0.6V.
Compared to the existing works scaled to the same supply
voltage and technology node, our design saves 14.0% - 36.0%
more energy. Our measurement results of an 8x8 FPGA in
130nm CMOS indicate a 91.1% leakage energy reduction at
0.6V by applying coarse-grained power-gating on the SBs.
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