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Abstract—We propose new programmable FPGA Look-up
Tables (LUTSs) that can operate in two different modes: high-
performance or low-power. Selection between the two modes is
realized by an extra SRAM cell that can be shared by a number
of LUTs. In high-performance mode, the LUTs provide similar
power and performance to a conventional LUT. In low-power
mode, one LUT reduces leakage by 53%, while another reduces
leakage by 53% and 80% when outputting a logic-0 and logic-1
respectively, which can lead to an average leakage reduction of
up to 76%. In low-power mode, delay is increased by 5% to
20% compared to a conventional LUT. The technique scales well
and reduces further leakage for new FPGA architectures that
use larger size LUTSs.

I. INTRODUCTION

Since the MOS transistor sub-threshold leakage current
increases exponentially with a reduced threshold voltage, and
the MOS transistor gate tunneling leakage current increases
exponentially with a reduced oxide thickness [1], leakage
power dissipation has grown to be a signi£cant fraction of
overall chip power dissipation in modern processes and it is
expected to grow signi£cantly in future processes [2].

Due to the increasing complexity of modern digital designs,
Field-Programmable Gate Arrays (FPGASs) and other recon£g-
urable architectures have become an attractive implementation
option. While FPGAs have continued to improve in perfor-
mance and cost they are less power-efEcient compared to an
Application Specifc Integrated Circuit (ASIC) implementa-
tion [3].

Most of the early work on low-power FPGAs [4][5][6] has
focused on dynamic power consumption, however, leakage
power can now compose over 50% of total FPGA power [7].

FPGAs consist of an array of logic blocks that are connected
through a network of routing switches, all programmed by
SRAM cells. The programmable logic blocks are composed
of Look-up Tables (LUTS) and mip-oops. Recent work has
concentrated on reducing the leakage within the routing
switch which accounts for 60%-70% of total FPGA leak-
age [8][9][10]. Since the SRAM bits are not performance
critical, they can be made low-leakage and the leakage within
aip-aops can also be reduced [11]. The leakage of the LUTs
which currently comprise 20%-30% of total chip power,
however, has not been targeted. Given that recent low-leakage
techniques [8][9] have reduced the leakage in the routing
switches by 36% to 75%, leakage in the logic can compose
anywhere from a third to a half of the total FPGA leakage.
Furthermore, given the trend in some new commercial FPGAs
to use a larger LUT [12] which increases the percentage of
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total leakage attributed to the LUT [7] it becomes important
to reduce the leakage within LUT structures.

We £rst apply a general leakage reduction technique to a
conventional LUT; the new LUT can be programmed into two
modes, high-performance or low-power. In high-performance
mode there is a 1% increase in delay compared to a conven-
tional LUT and little leakage reduction; in low-power mode
leakage is reduced by up to 53%. The selection between low-
power and high-performance modes can be realized through
an additional SRAM cell in each LUTSs or, to reduce the area
overhead, a cluster of LUTS.

We then present a novel FPGA LUT that further reduces
the leakage in low-power mode by another 27% leading to a
total leakage reduction of 80% when the LUT is outputting
a logic-1. When used with a technique [13] that skews the
static probability of signals to be logic-1, the total leakage
can be reduced by up to 76%. This new LUT has, however, a
3% increase in delay in high-performance mode, and thus we
present an alternative design with slightly increased area and
a leakage reduction of 77% when outputting a logic-1 that has
no performance penalty.

The rest of this paper is organized as follows: Section [TI
presents related work and necessary background information.
Section [T presents the proposed LUT design. Results for
the low-power LUT are provided in Section [V, and £nally
Section V concludes.

1. BACKGROUND

A well-known technique to lower the leakage of logic
circuits is the inclusion of sleep transistors [14] within the
N-network (footer) and/or P-network (header) in CMOS gates
as shown in Fig. [1, to create a virtual Vpp node, Vi pp,
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and a virtual Vsg node, Vi sg. When the sleep transistors are
ON, the gate functions as intended, and when the Hi ghPer f
signal goes low, the sleep transistors are turned OFF, inducing
a stack effect and limiting the leakage through the gate. The
gate, however, no longer functions as a proper logic gate.

A variation of this idea is to include diodes in parallel with
the sleep transistors in the header and footer [15] as shown in
Figs. 2 and 3| In high performance mode, the sleep transistors
are oN, allowing for the full supply voltage to be available
to the gate. In low power mode, the sleep transistors are OFF
and Viypp = Vpp — Vin and Vyyss = |Vipl, thus reducing
the voltage across the transistors within the logic block which
leads to reduced gate and subthreshold leakage. While the
gate does not reduce the leakage as much as if the diodes
where not included, the gate is still able to function, albeit
at a reduced performance. This form of supply gating has
been used successfully in the header of the output buffer of
an FPGA routing switch [8].

An FPGA k-LUT is composed of £ input signals selecting
a single output from 2* bits as shown in Fig. [4. The SRAM
con£guration bits in the LUT allow for any logic function of
k-inputs to be provided by the LUT. A transistor-level view
of the switch can be seen in Fig. 5. The buffer at the output
of the LUT is level-restoring as the weak keeper restores the
voltage at the input of the buffer to Vpp when a weak logic-1
is passed through the pass-gate multiplexor.

I1l. Low-PowER LUT DESIGN

In this section we describe how logic headers and footers,
such as in Figs. |2 and 3| can be used within an FPGA LUT
and the limitations of their use, and then describe a novel logic
footer that provides a reduced leakage over the standard logic
footer.

Among the locations within a LUT where supply gating can
be used are the input buffers (inverters | in Fig. 5) and the
output buffer (inverters OL and O2). A header or footer for
use in the output buffer would be of little value, since there
would be increased leakage in any subsequent stages as the
weak logic-1 or logic-0 which is propagated would be unable
to completely turn off downstream transistors?.

We can instead add a header for the input inverters as in
Fig. 6. When using a diode header, the LUT would function

1This is not a problem in a routing switch, since most routing switches
feed other NMOSs pass-gate structures [8].
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as expected in high-performance mode. In low-Power mode,
there would be a reduced supply voltage across the input
inverters, and thus the leakage through the input inverters and
the pass-gate structure would be reduced. Furthermore, since a
Vi, drop is already incurred through the pass-gate multiplexor,
the V;,, drop due to the diode header would only cause a slight
increase in the rise-time.

A diode footer for the input inverters, however, would cause
increased leakage current in the LUT due to the weak logic-0
which would be propagated to the output buffer. There would
also be a large increase in delay in low-power mode since
inverter OL would not have its PMOS conducting completely.
Thus we propose a new footer design to be used in LUTs as
shown in Fig (7] The new footer is a diode footer augmented
by an extra transistor which is controlled by a feedback signal
from the output of the multiplexor as shown in Fig. 8|

The new LUT works as so: in high-performance mode
transistors NHP and PHP are oON, bypassing the effects of
transistors ND, PD, and NFB, thus providing a full Vi across
all the input inverters and allowing the LUT to work as normal.

In low-power mode transistors NHP and PHP are turned
OFF; as described above the virtual supply node would be
at Vpp — V4, allowing for a reduced voltage across the input
inverters thus reducing the leakage in the LUT with no impact
on the functionality of the LUT as the output buffer is level-
restoring.

Now let us assume that, in low-power mode, the output of
the multiplexor is a logic-0, which causes transistor NFB to
be oN due to inverter FN. In this case, Vg5 = Vg allowing
a strong logic-0 to be fed to the output of the multiplexor. In
this confguration, those inverters outputting a logic-0, there is
reduced subthreshold leakage through their pull-up transistor,
and for those inverters outputting a logic-1, there is a reduced
subthreshold leakage through their pull-down transistor, and
reduced subthreshold logic into the multiplexor, and reduced
gate leakage in both of their transistors.

Now consider that, due to the LUT inputs changing, a
logic-1 is fed to the output of the multiplexor. As the output
of the multiplexor starts to rise, inverter FN would switch,
turning transistor NFB off, completing a feedback loop. The
virtual ground rail is now connected to Vsg through the diode
connected transistor PD and is Vi gs = |Vyp|. Instead of full
Vop, Voo — |Vip| — Vi appears across the input inverters,
thus reducing their leakage even further.

For inverters outputting a logic-0, there is a reduced
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subthreshold leakage through its pull-up transistor, reduced
subthreshold leakage from the multiplexor and reduced gate
leakage through both of its transistors. For inverters outputting
a logic-1, there is a reduced subthreshold leakage through
their pull-down transistor and reduced gate leakage through
the PMOS.

To increase the performance of the LUT in low-power mode
inverter FN is heavily skewed. Only inverter FN’s rise time
is important to the performance of the LUT, since it turns
ON transistor NFB when a logic-0 is being propagated to the
multiplexor output, and thus its NMOS is made minimum size,
and its PMOS is made larger than normal.

Thus the addition of transistor NFB to the footer and the
feedback signal allows a the circuit to enter a low power state
when a logic-0 is not needed, but at the same time allowing
a strong logic-0 to appear when needed, and avoiding the
problems of the standard diode footer.

1V. RESULTS

All simulation results reported in this paper are based
on HSPICE, using Berkeley Predictive Technology Models
(BPTM) [16] for a 7Onm technology. The transistor mod-
els were extended to include gate tunneling leakage which
was modeled using a combination of four voltage-controlled
current-sources, as in [17]. All simulations presented were
performed at 110°C.

To study the proposed LUTS, £rst a traditional 4-LUT was
developed, and sized for equal worst-case rise and fall times.
Then two additional LUTs were created: (a) a conventional
LUT with only a diode header for its input inverters (DH), as
in Fig.[6 and, (b) a conventional LUT with a diode header and
a new footer for its input inverters (DHNF), as in Fig. 8.

A. Performance

By adding the header and/or the footer to the conventional
LUT, the rise and fall times of the new LUTs are no longer
equal in high-performance mode, but they were made equal
(thus minimizing the worst-case delay) by skewing inverter
Ol and keeping the area of the LUT the same. The delay in
high-performance and low-power modes of the new LUTSs in
comparison to a conventional LUT are shown in Fig. 9. In
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% increase

DH 2%
DHNF 10%
ADH 4%
ADHNF 18%

high-performance mode, the designs have a slight increase in
the delay; the DHLUT has a 1% increase in delay, while DHNF
LUT has a 3% increase in delay. In low-power mode the DH
LUT has a 7% increase in delay and the DHNF design has a
24% increase in delay.

To minimize the performance penalty in high-performance
mode, we have resized some of the transistors in the input
inverters and output buffers in the DH and DHNF LUTs to
equalize performance to that of a conventional LUT. The
performance of these alternate designs, designated as ADH and
ADHNF, is also shown in Fig.[9. In high-performance mode
there is no performance penalty and in low-power mode there
is a 4% and 19% for the ADH and ADHNF designs respectively.

B. Area

The inclusion of the headers, footers and the feedback in-
verter increase the area of the LUT. Using the alternate designs
further increase the area of the LUT. The area overhead of the
designs is shown in Table [I.

C. Power

To measure the leakage of the different LUT designs,
random values were placed in the SRAM bits and the leakage
measured. The leakage in the SRAM cells is not included
since the SRAM cells are not performance critical and can
be constructed to have very low leakage. Fig. [10] shows the
average leakage when the multiplexor output is logic-0 and
logic-1 in both high-performance and low-power modes for
the various LUTSs. In high-performance mode there is some
leakage reduction for most of the circuits, ranging from 12%
to 15%, due to the stacking effect. The alternate DHNF design,
however, increases leakage by 5% due to the increase in the
transistor sizing.

In low-power mode the DH design reduces leakage by
approximately 53% when the multiplexor output is either
logic-0 or logic-1. Using the new footer in combination with
the diode header, further decreases the leakage. When the
multiplexor is outputting a logic-1 there is a 53% reduction in
leakage and more importantly when outputting a logic-0 there
is a 80% leakage reduction.
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This large difference in the leakage reduction when out-
putting different logic values can be used to reduce the average
leakage of the LUTSs. Using the no-cost transformation from
[13] we can increase the static probability of signals in the
FPGA to be in the logic-1 state to be much higher than 50%.
In [13], industry designs could be skewed so that the static
probabilities of all signals to be logic-1 was 62% to 84%. With
these static probabilities, the new LUT can save on average
70% to 76% of the LUT leakage.

For the alternate DH and DHNF designs, due to the increased
area of the designs, the leakage has increased slightly com-
pared to the original designs; the ADH design reduces leakage
by 52% regardless of output state and the ADHNF design
reduces leakage by 47% and 77% when outputting a logic-
0 and logic-1 respectively. Combining the ADHNF design with
the technique in [13] reduces total leakage by 65% to 72%.

The use of the new footer incurs, however, a slight increase
in the dynamic energy due to the inclusion of the extra
inverters and the charging and discharging of the transistor in
the footer. The DHNF design incurs a 3% increase the dynamic
power consumption while a diode header by itself incurs a
0.5% increase. The alternate DHNF design has a further 7%
increase in the dynamic power consumption. Since leakage in
FPGAs is now surpassing 50% of total power consumption [9],
the leakage reduction outweighs the increase in dynamic power
consumption.

D. Different LUT-sizes

Due to the trend in some new commercial FPGAs which
use larger LUTs [12] we have also tested the new low-
leakage LUT circuits on a 6-LUT. Fig.[11]shows the leakage
reduction of the various LUTS, in low power mode. Since
the input inverters comprise a larger percentage of the total
leakage, there is more room for leakage reduction in the
footers/headers. The DH and ADH designs reduce leakage by
62% and 61% respectively; the DHNF reduces leakage by
64% and 94% when outputting a logic-0 and logic-1 signal
respectively leading to an total LUT leakage reduction of 83%
to 89%. The ADHNF reduces leakage by 52% and 92% when
outputting a logic-0 and logic-1 signal respectively leading to
an total LUT leakage reduction of 77% to 86%.

V. CONCLUSION

As technology continues to scale, reducing leakage in
FPGAs is becoming increasingly important. Most recent work
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on reducing leakage has concentrated on reducing the leakage
in the interconnect fabric; given this leakage reduction and
the increasing LUT size in commercial FPGAs, reducing the
leakage in the LUT will become more important. In this paper
we present new designs for low-power LUTS; one LUT, which
uses a conventional low-leakage technique, reduces leakage by
53% with an area increase of 2%; a second low-leakage LUT
reduces leakage by 72% with an area increase of 18% and no
increase in delay in high-performance mode.
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