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Abstract—Research efforts to develop a novel memory technology that combines the desired traits of nonvolatility, high endurance, high speed, and low power have resulted in the emergence of spin–torque transfer RAM (STTRAM) as a promising
next-generation universal memory. Although industrial efforts
have been made to design efficient embedded memory arrays
using STTRAM, the prospect of developing a nonvolatile fieldprogrammable gate array (FPGA) framework with STTRAM exploiting its high integration density remains largely unexplored.
In this paper, we propose a novel CMOS–STTRAM hybrid FPGA
framework, identify the key design challenges, and propose optimization techniques at circuit, architecture, and application mapping levels. We show that intrinsic properties of STTRAM that distinguish it from conventional static RAM (SRAM), such as asymmetric readout power, where a cell storing “0” has 5× less read
power than a cell storing “1”, can be leveraged to skew lookup
table contents for FPGA power reduction. We also argue that
the proposed framework should operate on static voltage-sensingbased logic evaluation. We identify static power dissipation during
logic evaluation and read noise margin as key design concerns and
present an optimized resistor–divider design for voltage sensing
to reduce static power and noise margin. Finally, we investigate
the effectiveness of Shannon-decomposition-based supply gating
to reduce static power. Simulation results show improvement of
44.39% in logic area and 22.28% in delay of a configurable logic
block (CLB) and average improvement of 16.1% dynamic power
over a conventional CMOS FPGA design for a set of benchmark
circuits.
Index Terms—Emerging memory technologies, nonvolatile fieldprogrammable gate array (FPGA), Shannon decomposition, spin
torque transfer RAM (STTRAM).

I. INTRODUCTION
ODERN reconfigurable computing platforms offer major advantages such as reduced design cost, rapid prototyping, and a generic hardware for mapping arbitrary applications [1], [10]. Since their introduction, field-programmable
gate arrays (FPGAs) have become the most popular hardware reconfigurable platform. Present FPGA platforms can be broadly
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divided into two classes: 1) SRAM-based FPGAs (such as Xilinx Virtex), which employ SRAM cells to store the configuration and 2) flash and antifuse-based FPGAs (such as Actel and
Quicklogic), which use nonvolatile memory for storing configuration [23]. While the former enjoys the advantage of standard
fabrication flow and the capability for multiple reconfiguration,
the latter offers the advantages of fast start-up and minimal
reconfiguration power [2]. Clearly, the most desirable FPGA
platform is the one that combines the benefit of both worlds.
FPGA frameworks can, therefore, benefit greatly from emerging
memory technologies that combine the best features of current
volatile and nonvolatile memories in a fabrication technology
compatible with CMOS process flows.
On the basis of the salient features of the present and emerging
memory technologies reported in [3], Fig. 1 shows the advantages and disadvantages for each of them. Note that the comparison parameters such as read time, write time, retention time,
write cycles, etc., vary widely from one memory technology to
another [3]. For example, the read time for SRAM is of order
of picoseconds, while the read times for other memory technologies such as dynamic RAM (DRAM) are of the order of
nanoseconds. Thus, for relative comparison purposes, we have
plotted the logarithm values of the corresponding parameters.
The range 0–2.5 in Fig. 1(a) and the range 0–15 in Fig. 1(b) are
determined by the logarithm of the range of read time and write
cycle values for the memory technologies being compared in
Fig. 1. As for the other parameters such as cell area, read voltage, and write voltage, the relative values have been normalized
by a factor so that they can be represented within the range 0–
2.5 and 0–15 in Fig. 1(a) and (b), respectively. Values for these
parameters are, therefore, represented on a linear scale.
As may be observed from Fig. 1(a) and (b), modern flash
memory (NAND or NOR) provides a nonvolatile alternative at
the cost of higher read and write power dissipation. Moreover,
the number of write cycles that the flash memory may reliably
undergo is limited to only 105 . Therefore, in order to find a
viable nonvolatile alternative, several research efforts [4]–[6]
have been undertaken in recent years. These research efforts
have resulted in the development of new nonvolatile memory
technologies such as: 1) one transistor and one capacitor (1T1C)
ferroelectric RAM (FeRAM) [4]; 2) one transistor and one resistor (1T1R) spin torque transfer magnetic RAM (STTRAM) [5];
and 3) 1T1R phase-change RAM (PCRAM) [6], etc. However,
as may be noted from Fig. 1, technologies such as PCRAM
and FeRAM, though promising, have high read latencies and
smaller number of write cycles compared to STTRAM. It is due
to this high speed of operation along with unlimited endurance
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Fig. 1. Comparison between baseline (SRAM, DRAM, and flash) and emerging memory technologies (FeRAM, STTRAM, and PCRAM). (a) Comparison
on the basis of area and performance. (b) Comparison on the basis of energy
and voltage.

and high integration density that STTRAM is being considered as the next-generation universal memory [7]. Although
recent advances [8] in fabrication and novel memory architectures [9] have been reported for STTRAM arrays, due to the
high-write-current requirement, implementation of STTRAMbased normal embedded memory has proved to be a challenging
task. A high-write-current requirement is, however, of less concern when the memory is reconfigured only infrequently. This
makes STTRAM particularly suitable as a storage media in
FPGA frameworks, which are configured only once in a while.
Due to the volatile nature of the SRAM, configuration in
FPGA is lost when the power is turned down. The configuration
can be stored in an external programmable ROM (PROM) and
again downloaded into the FPGA at start-up. Since the configuration memory is distributed throughout the device and the data
are serially loaded as a shift register, configuration time might be
high for larger designs (∼100 ms). An existing solution is to use
flash memory as a nonvolatile storage to hold the configuration
even when the power is turned down [11]. Actel ProASIC [12]
and Xilinx Spartan-3AN [13] FPGAs employing such a solu-
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tion are, therefore, ready to run at power-up. STTRAM is a
fast-emerging nonvolatile alternative that outperforms existing
flash technologies due to its higher endurance and low access
latencies.
The nonvolatile resistance of an STTRAM device is either in
high- or low-resistance state [14] and can be used to represent
a binary value. The STTRAM device can, therefore, serve as
a configuration bit for an FPGA [15]. The key challenge in an
STTRAM-based reconfigurable framework is how to sense the
resistance state for each configuration bit during normal functioning of the FPGA. Sense-amplifier-based data read-out mechanisms, commonly employed in embedded STTRAM memories, will incur large overhead when used in an FPGA framework. Previous works have, therefore, explored the possibility of
a dynamic sensing approach [15], which incurs minimal design
overhead for sensing the stored configuration. However, a spatial
computing framework such as FPGA does not lend itself easily
to the use of dynamic sensing approach at each configurable
logic block (CLB) of the framework. It is, therefore, necessary
to come up with an efficient circuit and architecture codesign
approach that would: 1) preserve the normal functionality of
the conventional FPGA framework; 2) exploit the advantages
of STTRAM storage such as nonvolatility and high integration
density; and 3) incur minimum design overhead. In context of
the aforementioned challenges, we have explored circuit- and
architecture-level optimization techniques and developed appropriate design mapping techniques for a CMOS–STTRAM
hybrid FPGA. In particular, the paper makes the following
contributions.
1) It investigates a CMOS–STTRAM hybrid nonvolatile
FPGA platform that leverages on the high integration
density of the STTRAM process. It identifies dynamic
and static current dissipation and read noise margin as the
key design challenges for the proposed CMOS–STTRAM
hybrid platform. These challenges are addressed using efficient circuit and architecture codesign approaches and
application mapping techniques.
2) It proposes the use of an STTRAM device in a resistor–
divider configuration for static sensing of the logic value
stored in the STTRAM device.
3) Since the STTRAM cell in a resistor–divider configuration
has asymmetric power dissipation depending on the logic
value stored, the paper proposes a preferential mapping
approach in order to skew the lookup table (LUT) contents.
4) It investigates a Shannon-decomposition-based hardware/software codesign approach for static power
reduction.
The rest of the paper is organized as follows. Section II explores the existing nonvolatile FPGA architectures and discusses
the motivation for a novel CMOS–STTRAM hybrid FPGA
framework. Section III explores the circuit and architectural
aspects of the proposed STTRAM FPGA design. Section IV
suggests appropriate changes to the application mapping flow
in order to reduce the static and dynamic current consumption
of the proposed CMOS–STTRAM hybrid FPGA. Section V
discusses the results obtained from our simulation. Finally, a
conclusion is presented in Section VI.
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Fig. 2. Change in magnetization states for an MTJ on application of current.
Callout shows a representative R–V curve along with the dependence of the
TMR ratio on the bias voltage [7].

II. BACKGROUND
A. STTRAM Device Operation
The basic building block of an STTRAM cell is the magnetic tunneling junction (MTJ) (see Fig. 2). Each MTJ consists
of two ferromagnetic layers (typically, CoFe) separated by a
very thin tunneling dielectric film (typically, crystallized MgO).
Magnetization in one of the layers (referred to as pinned layer)
is fixed in one direction by coupling to an antiferromagnetic
layer (such as PtMn) [7]. The other ferromagnetic layer (referred to as a free layer) is used for information storage. The
direction of magnetization of free layer can be controlled by the
injection of spin-polarized electrons. Hence, the MTJ can be
switched between two stable magnetic states with high (RA P or
RH ) or low (RP or RL ) resistances. One of the quality metrics
for an MTJ device is the tunneling magnetoresistance (TMR)
ratio [14], defined as (RH − RL )/RL . An MTJ cell with a high
TMR ratio is desirable in order to easily distinguish between
the two states (ΔR = RH − RL ). It may be noted that recent
advances in STTRAM technology has been able to achieve a
TMR ratio as high as 470% [9]. As observed from Fig. 2, the
write current for an MTJ cell is required to be larger than the
switching threshold current (IH L or IL H ) in order to switch
the magnetization of the free layer from antiparallel to parallel
spin, or vice versa. Ongoing research efforts in companies such
as Sony [7], Hitachi [8], and Samsung [17] have been successful
in reducing this write current below 100 μA. Parallel research
efforts in academia [18]–[20] have attempted to address the reliability challenges associated with unwanted writes during an
STTRAM read operation.
B. Existing Architectures for a Nonvolatile FPGA
A typical STTRAM memory cell consists of a transistor connected in series with an MTJ. When a particular cell is selected, a high or low current flows through the cell, depending
on whether it is in a low- or high-resistance state. The scheme,
though suitable for large embedded arrays, incurs significant
overhead for the case of small 1-D LUTs present in the CLB
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of FPGAs. A smarter scheme for sensing the resistance of the
MTJs in case of FPGAs has been proposed in [15] and [16]. The
principle idea is to use two MTJ elements for storing one-bit
information, and then, employing a sense amp for reading out
the stored configuration. This dynamic sensing scheme requires
the latch of the sense amp to be precharged before evaluation.
However, in a spatial computing framework such as an FPGA,
the time for evaluation of a particular CLB is not fixed and depends on the path delay. Moreover, it is possible that a CLB
is evaluated more than once in each clock cycle, thereby questioning the viability of the dynamic sensing scheme. Another
interesting solution to realize the nonvolatile FPGA has been
presented in [21], where each CLB is realized using macrocells employing two-level threshold logic. The principle idea
is to incorporate a magnetoelectronic device [referred to as a
hybrid hall element (HHE)] in each macrocell and configure
each macrocell such that it produces a high voltage only when
sufficient number of signals are active at its input . In order
to reduce the power consumption, the authors have proposed
a dynamic sensing scheme where a read signal is used to gate
off the bias current required to generate the output voltage. A
clock-based evaluation approach is proposed in [21] for each
macrocell, which, we feel, will unduely complicate the FPGA
design.
Instead of a dynamic sensing approach, a static sensing
approach, as presented in [22], would be beneficial for the
STTRAM-based LUT implementation. The scheme, as proposed in [22], relies on the fact that a STTRAM technology
with a high TMR ratio allows information to be stored in the
form of a resistor–divider configuration. Depending on whether
the low or the high resistance is in contact with Vdd , the output
logic level would be either high or low, respectively. However,
even for a TMR of 200%, the maximum and minimum voltage
levels attained at the output of the resistor–divider for a supply of 0.8 V are 0.525 and 0.175 V, respectively. The design
as presented in [22] increases the noise margin of the resistor–
divider configuration by series insertion of p and n transistors,
biased with 0 and Vdd , respectively. Using the aforementioned
resistor–divider configuration as a nonvolatile storage, one can
use the STTRAM as a backup storage device for each CMOS
SRAM configuration bit [see Fig. 3(b)]. An FPGA framework
employing such a nonvolatile solution undergoes a “reconfiguration on power-up” during which the configuration stored in the
nonvolatile STTRAM is written into the SRAM back-to-back
inverter configuration by the application of suitable bias voltages to the series p and n transistors [see Fig. 3(b)]. HSPICE
simulations for our hybrid CMOS–STTRAM model suggest
that the scheme achieves very fast reconfiguration (<0.1 ns) at
the expense of 47.4 μA of current per configuration bit. After
the configuration bit is assigned a value, the MTJ leg is cut off
by removing the bias voltages, and therefore, does not consume
any static “ON.” However, this scheme fails to exploit the high
integration density of the STTRAM process. Due to the smaller
footprint of the MTJ device (25F 2 ) compared to the SRAM
(140F 2 , with F being the minimum feature size), an architecture that reduces the contribution of the CMOS will be able to
save the valuable die area.
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Fig. 4. (a) Cross-sectional SEM images showing integration of STTRAM
in CMOS processes [7]. (b) 3-D layout for STTRAM as a resistor–divider
configuration.

Fig. 3. Proposed scheme for integration of STTRAM in the CLB and programmable interconnects of a CMOS–STTRAM hybrid FPGA architecture.

C. Models for a CMOS–STTRAM Hybrid Framework
The viability of integrating STTRAM with the CMOS process
flow has already been demonstrated for a number of technology
nodes [5], [9], [14], [24]. Fig. 4(a) shows an example of such
integration. We have considered the integration of STTRAM device with 130-nm-technology CMOS process. Fig. 4(b) shows
a possible 3-D layout of the STTRAM resistor–divider configuration used in the proposed architecture. Following are the
primary motivations behind the choice of 130 nm process node.
1) Simulations have already demonstrated the feasibility of
integrating STTRAM in a 130 nm CMOS FPGA framework [16].
2) Coavailability of the TSMC models for 130 nm bulk
CMOS [25] and 130 nm Stratix FPGA models [26] used
for our simulations.
Although more elaborate dynamic models are presented in
[19] and [27], these models account only for the change in re-

sistance during a write to the MTJ cell. Since a simple resistance
model suffices to determine the circuit behavior while reading at
low bias voltages [15], [22], we have used a static two-resistance
model for our analysis. For the MTJ, the resistance states (3 kΩ–
1 MΩ [28]), and therefore, the TMR ratio may vary widely from
40% to 220% [29], depending on the thickness of the oxide layer
(1–2 nm). However, as demonstrated in [22] and [30], the highand low-resistance states may be assumed to have values in the
range of 5–6 and 2–3 kΩ, respectively. This corresponds to an
achievable TMR ratio of 67%–200%. As in [9], in our model,
the read-operating voltage (VddM TJ ) for the STTRAM is limited
to 0.8 V to prevent any undesired writes during read operation.
The operating voltage for the CMOS devices are, however, fixed
at 1 V. As demonstrated in [7] and [9] [see Fig. 4(a)], all the
MTJs are processed on top of the CMOS process. Dimensions
for these MTJs are typically of the order of 100 nm × 50 nm.
The lower metal layers are used for routing the CMOS logic,
while the upper metal layers are used for connecting to the MTJ.
For estimating the performance of the CMOS–STTRAM hybrid
framework, it is, therefore, necessary to consider the resistance
of the intermediate vias [see Fig. 4(b)]. Representative numbers
for a four-layer metal process at 130 nm node were obtained
from [31]. The resistance models used hereafter include the
MTJ as well as the via resistances. With this model, we now
seek to find an effective architecture for a CMOS–STTRAM
hybrid FPGA.
III. CIRCUIT/ARCHITECTURAL OPTIMIZATIONS FOR A
CMOS–STTRAM HYBRID FPGA
A. Circuit Optimizations for a Static Voltage-Sensing-Based
Logic Evaluation Architecture
1) Read Operation: The proposed architecture is illustrated
in Fig. 3(c). The multiplexor inside the CLB of a conventional
design [see Fig. 3(a)] is replaced with a 4 to 16 decoder producing one-hot output. Each of the 16 outputs from the decoder drive the p-type metal–oxide–semiconductor (PMOS) and
n-type metal–oxide–semiconductor (NMOS) transistors present
in the 16 resistor–divider structures of the LUT. The output of
the leg that is turned ON, therefore, determines the final latch
output. As shown in Fig. 3(c), hereafter, we will denote the two
resistor–divider configurations as H–L and L–H, depending on
whether the higher or the lower MTJ resistance is connected to
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TABLE I
DESIGN OVERHEAD FOR A CLB

TABLE II
SAVINGS IN STATIC CURRENT IN A CLB FOR CONVENTIONAL AND THE
PROPOSED APPROACH

Fig. 5. Voltage and current levels for (a) H–L configuration and (b) L–H
configuration during a read operation in the proposed architecture.

VddM TJ . The H–L configuration leads to an acceptable logic
zero at the output of the selected MTJ leg (0.014 V), and hence,
at the input of the final latch [see Fig. 5(a)]. The configuration
produces only a small static current through the MTJ leg that
is required to be ON over the entire clock period. Note that this
static current (∼8.7 μA) is much less compared to the minimum
MTJ write current (∼100 μA) reported to date [9]. The resistor–
divider, however, does not provide a rail to rail switching, and
for an L–H configuration, the high-output logic level is at a voltage of 0.7 V. This is primarily due to the moderate TMR ratio
(200%) used in our models. A higher TMR ratio (403%) similar
to that proposed in [9] leads to an improved logic one level.
It is due to this degraded high logic level that a static ON current flows through the CMOS latch over the entire clock period.
Note that this static ON current (∼43 μA) is considerably higher
than the static current in the H–L configuration or the current
that flows through the MTJ leg during this period (∼3.5 μA).
The proposed architecture, therefore, provides an “instant ON”
nonvolatile FPGA framework with a higher integration density
at the cost of increased power overhead. The power overhead
for a single interconnect switch for an H–L or L–H configuration is same as that for a single configuration bit of a CLB.
However, after application mapping, most of the interconnect
switches inside an FPGA are OFF, which allows the use of the
low-power H–L state being used for holding the configuration.
Table I provides a comparison of the design overheads for the
CLBs in the present and the proposed architecture.
For comparison purpose, we have chosen Altera Stratix FPGA
at 130 nm [26] as our baseline configuration. The Stratix FPGA

consists of four-input LUTs with 16 configuration bits per CLB.
The decoder and the multiplexors used in our estimation of design overhead were optimized for area using a Synopsys Design
Compiler for a 130-nm library. The power was estimated for a
12.5% input activity for a cycle time of 4 ns. As we note from
Fig. 3(a), each LUT in a conventional FPGA framework stores
16 configuration bits using 16 back-to-back inverter configurations. The configuration bits are followed by a multiplexor
tree that selects 1 of the 16 configuration bit locations. Area
calculation for the proposed framework considers the area for
the decoder, CMOS area for the resistor–divider, and a single
latch at the final stage of the LUT. Note that our area calculation also includes the decoder logic required to generate the
opposite p- and n-bias values for the MTJ legs. From Table I,
we note that the proposed architecture improves the area and
delay requirements for a single CLB by 48.38% and 22.28%,
respectively. The savings in area primarily occurs due to the fact
that instead of a latch, only a resistor–divider is present at each
configuration bit location. We have considered only the CMOS
area in our calculations, since the total number of STTRAM
devices required in a CLB design is much less than the number of CMOS devices. Moreover, as illustrated in Fig. 4, for
CMOS–STTRAM integration, STTRAM devices are typically
on a process layer different from the CMOS layer. Hence, the
total CMOS area provides a close estimate of the total CLB area.
As we may note from Table I, the dynamic power requirement
for the H–L and L–H configurations of the proposed framework
are lesser and greater than the conventional design by 28.48%
and 33.33%, respectively. The CMOS-based logic does not consume any static power during a normal operation. Here, by static
current we refer to a steady dc current flowing from supply to
ground. Therefore, the static power reported for a CMOS CLB
in Table II corresponds to the leakage current at 130 nm. However, in the proposed framework, a static current flows through
the MTJ leg that is turned on in the following latch. Following
circuit optimization techniques were employed to improve the
logic “1” at the output.
1) Upsize the PMOS transistor at the output.
2) Since the series NMOS cannot be downsized due to the
constraints for delivering the write current, the output logic
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Fig. 7. Hardware architecture for Shannon-decomposition-based dynamic
supply gating in a CMOS–STTRAM hybrid FPGA.

Fig. 6. Circuit scheme for writing to the MTJ cells in the resistor–divider configuration. (a) H–L configuration to L–H configuration. (b) L–H configuration
to H–L configuration.

level was further skewed toward “1” using a low-Vt PMOS
device and a high-Vt NMOS device.
These optimizations in the resistor–divider circuit improves
the logic “1” output level from 0.68 to 0.75 V, thereby minimizing the static current in the final latch stage.
2) Write Operation: As we may note from Fig. 2, a current
with value higher than the thresholds IH L or IL H is required for
changing the MTJ cells from high- to low- and from low- to highresistance states, respectively. Using a value of IH L = IL H =
90 μA, we have attempted to derive the circuit scheme required
for writing the MTJ cells in the resistor–divider configuration.
Fig. 6 shows the modified circuit with additional transistors for
performing the write operation. Note that transistors M1 and
M2 need to be incorporated in every configuration bit location,
while Ms is shared for all the configuration bits in a single CLB.
Although M1 and M2 are introduced for performing the write
operation, they do not incur additional area overhead compared
to the configuration bits in conventional CMOS FPGA circuits.
The reason is that in CMOS FPGA circuits, these additional
transistors are already present and serve as access transistors for
writing into the configuration bits. When write enable (Wen ) is
0, the additional transistors are OFF and a normal read operation
is performed. At this point, “VD D M TJ ” and “0” are the voltages
applied at the two ends of the resistor–divider circuit, as shown
in Fig. 6. During the write operation, Wen = 1; M1, M2, and Ms
are ON; and input data are written into the MTJ cells. Depending
on whether “data = 1” or ‘’data = 0,” either an H–L or an
L–H state is written into the resistor–divider configuration. In
our simulations, with static resistance values of 6000 and 2000
for the antiparallel and parallel MTJ states, the current noted
through the top and bottom MTJ cells are 91.35 and 126.32 μA
for the “data = 0” case and 98.94 and 100.22 μA for the “data =
1,” respectively. The transistors M1, M2, and Ms were sized to
be 2X, 2X, and 4X, respectively, where X denotes the minimum
transistor width at 130 nm technology node.

B. Architecture for Shannon-Decomposition-Based Dynamic
Supply Gating
Supply gating has emerged as an extremely effective technique for reduction of dynamic and active leakage power in
standard cell designs [33]. The savings in dynamic and leakage power becomes more substantial when the supply gating
is dynamically applied to finer granularity of logic. To achieve
this objective, a hypergraph partitioning of the original circuit
followed by Shannon-decomposition-based synthesis of the partitioned netlists has been proposed in [32]. The primary concept
is illustrated in [32]. The Boolean expression f corresponding
to the original netlist can be factored into two cofactors: f(0)
and f(1). These correspond to the condition when the control
variable x is 0 or 1. In general, any Boolean expression g can be
decomposed into two cofactors and a logic h independent of the
control variable x. Thus, if x is used as the control variable for
the gating transistors, the synthesized design achieves dynamic
supply gating. For a standard cell design, such an approach has
proven to be extremely effective for dynamic and leakage power
reduction. However, the same has not been extensively explored
in the realm of designs mapped to FPGA. The primary reason
is that if the supply is gated off, the configuration stored in the
SRAM present in the LUTs is lost. Due to its nonvolatile nature,
the CMOS–STTRAM hybrid FPGA presents an opportunity to
extend the same concept for power reduction in FPGA circuits.
1) Hardware Support for Shannon Decomposition: The
nonvolatile nature of the proposed hybrid CMOS–STTRAM
FPGA framework allows a dynamic supply gating of the decoder, the MTJ legs, and the output latch without destroying
the configuration inside the CLB. Fig. 7 shows the hardware
support for the proposed supply gating scheme. Separate supply
gating transistors have been used for gating the CMOS logic
and the MTJ. We have used 2X and 1X minimum-sized transistors for gating the CMOS and the MTJ legs, respectively.
Since the MTJ leg consumes a static current over the entire
clock period, a fine-grained dynamic supply gating brings significant improvement to the power requirements for the mapped
design. Table II compares the static power requirements for a
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TABLE III
SAVINGS IN STATIC POWER RESULTING FROM A
SHANNON-DECOMPOSITION-BASED DYNAMIC SUPPLY GATING APPROACH

single CLB in a normal design, a design with high-Vt latches
and the proposed design with supply gating. As before, note
that the CMOS-based FPGA framework does not consume any
static current. Hence, the reported numbers stand for the leakage current at 130 nm node. For normal standard-cell-based
design, placement of muxes and routing of control signal for
fine-grained supply gating leads to increased complexity in the
design process. However, the close organization of the CLBs
in logic array blocks (LABs) for modern FPGA lends itself to
the effective implementation of dynamic supply gating. Logic
corresponding to the cofactors can be clustered effectively into
each LAB, which may then be gated using the control variable
and its complement. The scheme is illustrated in Fig. 7.
2) Improvement in Power Consumption With Dynamic Supply Gating: The steps for mapping a design to a framework with
support for dynamic supply gating were adopted from [32]. The
original circuit was first partitioned using a hypergraph partitioning approach described in [32]. Each partition was then
decomposed into four cofactors using two-level Shannon decomposition. By two-level Shannon decomposition we mean
that for two control variables x and y, the cofactors correspond
to the four combinations x · y  , x · y, x · y  , and x · y. For a
given input combination to a partition, only one of the cofactors
will be active, while the other three cofactors will be supplygated. Such a partitioning of the original circuit followed by
Shannon decomposition resulted in a substantial (68.4%) power
improvement for the benchmarks (see Table III). Although the
Shannon decomposition resulted in significant savings of static
power for all the benchmarks, it led to an increase in the total
number of resources required for mapping all the cofactors. This
increase is due to: 1) duplication of logic between the two cofactors and 2) insertion of the supply gating transistor. An estimate
of this increase for standard benchmark circuits is provided in
Section V.

Fig. 8. Flowchart depicting the basic steps for a preferential-storage-based
application mapping.

preferential storage. The idea is to map the logic inside each
LUT in such a manner that the truth table stored has more
logic zeros than logic ones, or vice versa. The concept of preferential storage has been explored for diverse reasons in the
context of FPGAs. Srinivasan et al. [34] attempted to improve
the soft-error tolerance of FPGA configuration bits by storing
more logic zeros in the LUTs. Anderson and Najm [35] have
proposed to reduce the leakage power consumption in FPGA by
correct selection of polarity for the configuration bits. We have
developed a simple software routine that optimizes the circuit
after it has been technology-mapped using standard algorithms
such as Flowmap or Cutmap [36].
Fig. 8 shows the basic steps of our routine. The input to the
routine is a “blif” file containing the optimized programmable
logic array (PLA) representations for each LUT obtained from
the Flowmap algorithm. The routine then evaluates the “zero”
and “one” content of the truth table given by its PLA representation. It retains or replaces the original function by its complement depending on the direction in which the number of
“zeros” increase in the truth table. The prior step is repeated for
every level of the mapped circuit until the last level is reached.
The routine was run on several ISCAS’85 and 89 benchmarks
[37]. Table IV summarizes the savings in average dynamic and
static power compared to the unoptimized design. As seen in
Table IV, the proposed routine achieves, on average, a 9.78%
improvement in average dynamic power per CLB and a 21.95%
improvement in average static power per CLB for a 103.23%
increase in the number of CLB outputs with “0” polarity.
V. SIMULATION RESULTS

IV. APPLICATION MAPPING USING PREFERENTIAL STORAGE
The observation that the power requirement for the CLB operation in the original design is intermediate to that required
for the H–L and the L–H configuration leads to the concept of

The optimized CMOS–STTRAM hybrid FPGA framework
has been validated by comparing it with an Altera-Stratix at 130
nm FPGA model. The comparison has been performed by mapping a set of ISCAS’85 and 89 benchmark circuits to both the
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TABLE IV
SAVINGS IN DYNAMIC AND STATIC POWER ACHIEVED THOUGH PREFERENTIAL STORAGE IN CMOS–STTRAM HYBRID LUTS

TABLE V
MAPPING STATISTICS OF ISCAS’85 AND 89 BENCHMARKS TO THE
ALTERA–STRATIX FPGA PLATFORM

frameworks. The number of CLBs required to map a given application has been obtained by mapping these benchmark circuits
on a Stratix FPGA using Altera-Quartus v7.0 software. Results
for the logic delay, power, and resource utilization for the CMOS
FPGA framework were obtained by mapping the benchmark circuits to the Altera-Stratix at 130 nm FPGA platform. Table V
presents the results for the CMOS FPGA platform. From the
mapping statistics presented in Table V and the area, delay, and
power estimates for a single CLB following the optimizations
in Sections III and IV, we have calculated the design overhead
for the proposed CMOS–STTRAM hybrid FPGA framework.
Fig. 9(a)–(c) shows the design overhead estimates for the benchmark circuits when mapped to both the CMOS FPGA and the
proposed CMOS–STTRAM hybrid FPGA frameworks.
A. Improvement in Area
The proposed architecture minimizes the number of CMOS
back-to-back inverters per CLB. This leads to a substantial improvement in the area dedicated to the CMOS logic inside the
CLB (see Table I). Fig. 9(a) shows the total logic area required
for mapping the benchmarks in the following two cases: 1)
CMOS FPGA and 2) CMOS–STTRAM hybrid FPGA. The estimates for the total logic area in the CMOS FPGA and the
CMOS–STTRAM hybrid FPGA was obtained by multiplying

Fig. 9. Comparison of design overheads between the CMOS FPGA and the
CMOS–STTRAM hybrid FPGA using the proposed optimization approaches.
(a) Area. (b) Delay. (c) Power.
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the total number of CLBs required to map a given design with
the corresponding area estimates presented in Table I. From
these results, we note that the proposed scheme leads to an average 48.39% savings in logic area compared to the conventional
platform. The results are presented in Fig. 9(a), from where
we note that the Shannon-decomposition-based supply gating
incurs an average overhead of 4% for the benchmark circuits.
Thus, the actual improvement in logic area over a conventional
CMOS FPGA design is ∼44%. Since programmable interconnects occupy a significant portion (∼75%) [38], [39] of the
FPGA die-area, the overall area improvement in the proposed
nonvolatile FPGA framework is expected to be ∼11%.
B. Improvement in Delay
Fig. 9(b) shows the logic delay of the chosen benchmark set
for four different scenarios:
1) normal CMOS FPGA;
2) low-power CMOS FPGA employing high-Vt transistors
for the configuration bits;
3) proposed CMOS–STTRAM hybrid FPGA;
4) proposed FPGA design with supply gating transistors.
Delay for the CMOS–STTRAM hybrid framework was calculated as
Path Delay = Interconnect Delay + (# of Logic Stages)
× (Delay through each stage).
In this expression, each stage refers to a single CLB. In
Table I, we have already estimated the delay through a CMOS–
STTRAM hybrid CLB structure. From this estimate and the
mapping statistics presented in Table V, we have calculated
the delay for the benchmark circuits mapped to the proposed
FPGA platform. As seen from Fig. 9(b), compared to the conventional CMOS FPGA design, the proposed architecture achieves
an average logic delay improvement of 22.28%. For a framework employing low-power techniques, the average improvement over a complete CMOS-based design is 19.77%. Since the
programmable interconnects contribute to more than 50% of the
path delay (refer to the logic delay contribution in Table V), the
average improvement in the overall path delay is 11.08%.
C. Improvement in Power
The resistor–divider circuit optimization, preferential storage, and the dynamic supply gating scheme developed in earlier sections significantly reduce the dynamic and static current
contributions from the CLB in the proposed nonvolatile FPGA
framework. Fig. 9(c) compares the power requirement of the
optimized and the unoptimized designs with the conventional
CMOS-based FPGA framework. From Fig. 9(c), we note that
both preferential storage and Shannon-decomposition-based dynamic supply gating helps in achieving a significant reduction
in the total power requirement for the CMOS–STTRAM hybrid
FPGA framework. On average, the optimized STTRAM hybrid
framework consumes 16.1% less power than the CMOS design.
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VI. CONCLUSION
In this paper, we have presented a novel nonvolatile CMOS–
STTRAM hybrid FPGA platform, identified key design challenges, and proposed optimization techniques at multiple levels
of design abstraction. The proposed architecture leverages on the
high integration density of emerging STTRAM devices and minimizes the total logic area by reducing the contribution of CMOS
cross-coupled inverters serving as configuration bits. An efficient resistor–divider design, an application-mapping methodology based on preferential storage, and Shannon-decompositionbased power gating significantly reduced the power dissipation
in the proposed framework. Simulation results for a set of combinational and sequential benchmark circuits show that the proposed nonvolatile FPGA provides a promising reconfigurable
computing platform in future technology generations. Future research involves development of novel CLB and programmable
interconnect architecture, which will exploit the high integration
density of 2-D STTRAM arrays.
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