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Abstract—Throughout the last decade, the microprocessor
industry has been struggling to preserve the benefits of Moore’s
Law scaling. The persistent scaling of CMOS technology no
longer yields exponential performance gains due in part to the
growth of dark silicon. With each subsequent technology node
generation, power constraints resulting from factors such as
sub-threshold leakage currents are projected to further limit
the number of transistors that can be simultaneously pow-
ered. To overcome the limits of CMOS devices, researchers
are working to develop “beyond-CMOS” device technologies.
To determine the most promising beyond-CMOS devices, it is
necessary to benchmark them against CMOS. In this paper,
we present the design and validation of an analytical bench-
marking model that evaluates CMOS and beyond-CMOS devices
at the architectural-level. Our model is built from the device
to the architectural/application-level. Our target architecture
is a symmetric multi-core processor executing highly parallel
applications (i.e., PARSEC). As a case study, we select one
class of promising beyond-CMOS devices, tunneling field-effect
transistors, to evaluate against CMOS.

I. INTRODUCTION

From its inception, Moore’s Law has been the fundamental
economic driver of the microprocessor industry [1]. According
to Moore’s Law, the number of (CMOS) transistors on-chip
doubles with each technology generation. Moreover, micro-
processor performance also doubles as a result of transistor
scaling (i.e., from Dennard scaling [2] and Pollack’s rule [3]).
Unfortunately, within the last decade, transistor device limi-
tations have abated the performance scaling trend. Increased
sub-threshold leakage current and decreased supply voltage
scaling have diminished the historically exponential growth in
processor performance [4]. Consequently, microprocessor en-
gineers have adopted multi-core architectures in an attempt to
preserve processor performance scaling by leveraging parallel
processing [3].

While multi-core processors have succeeded in delivering
modest (approximately linear) performance gains, projections
indicate they will encounter a power wall as transistors con-
tinue to scale [5]. Specifically, [5] suggests that as the number
of transistors continues to double, the power density will ap-
proach the physical and economical limits of a chip’s thermal
design power (TDP)—thus necessitating the selective activa-
tion of on-chip devices. This phenomenon is colloquially re-
ferred to as “dark silicon” [5], and it has inspired a wide range
of solutions [6], such as “beyond-CMOS” devices [7], “dim
silicon” cores [8], near-threshold computing [9], reliability-
efficient computing [10], customized accelerators [11], and
even combinations of the above to produce heterogeneous
architectures [12], [13]. While each of these ideas offers a
novel approach to overcoming the “dark silicon” phenomenon,
beyond-CMOS devices are the obvious, yet most unpredictable
choice for overcoming CMOS limitations[6].

Benchmarking beyond-CMOS devices is an important step
for identifying the most promising devices. To ensure accurate
benchmarking, it is necessary for all candidate devices to be

evaluated using a uniform methodology. In fact, this was one
of the goals of the recent Nanoelectronics Research Initiative
(NRI) led benchmarking effort [14], [15]. The NRI benchmark-
ing methodology in [14] provided the foundation for a simple,
uniform, and transparent approach to benchmarking various
beyond-CMOS devices. However, this benchmarking approach
only investigated the devices at the circuit-level (e.g., Inverter
fanout-of-4, 2-input NAND gate, and 32-bit ripple carry adder).
Moreover, this level of benchmarking does not provide direct
insight as to how devices will fare at the architectural-level,
especially when considering multi-core architectures.

In this paper, we present a methodology to benchmark
beyond-CMOS devices at the architectural-level. Our bench-
marking model, which we will refer to as the new Dark
Silicon (nDS) model, is purely analytical and is based on
two existing analytical benchmarking methodologies. The first
is the “Beyond-CMOS Benchmarking” version 3 (BCBv3)
methodology [16], which provides circuit-level benchmarking
of beyond-CMOS devices. The second methodology is an
architectural-level approach (referred to as the “Dark Silicon
model” or DS model) that explores the limits of multi-
core scaling within a fixed TDP and area budget for CMOS
technology [5]. By combining these two methodologies and
introducing three modifications, we are able to benchmark
beyond-CMOS devices at the architectural-level for multi-
core processors executing parallel workloads (i.e., PARSEC
benchmarks [17]).

To illustrate our benchmarking methodology, we first
present, in Sec. II, an overview of the two benchmarking
methodologies that form the foundation of nDS, as well as the
parameters of the beyond-CMOS devices to be benchmarked.
Next, in Sec. III, we discuss how the two models are combined
to form nDS as well as the necessary modifications that
allows us to properly benchmark beyond-CMOS devices at the
architectural-level. In Sec. IV, we validate our modifications
against empirical processor data and show that our approach
results in significant accuracy improvements when compared
to projections based on existing models. In Sec. V, we present
a case study that evaluates one class of promising beyond-
CMOS devices, tunneling field-effect transistors (TFETs). We
conclude and summarize our work in Sec. VI.

II. BENCHMARKING MODELS AND DEVICES OVERVIEW

In this section, we provide an overview of the devices
and the benchmarking models that form the foundation of
nDS. First, we briefly introduce the TFET devices and their
parameters that will be used in our case study. Second, we
summarize the BCBv3 model [16] and provide a sample output
of this approach using our selected TFET devices. Lastly, we
summarize the DS model introduced in [5].

A. Overview of TFET Devices
From the class of beyond-CMOS devices, we have selected

four TFETs to be used in our work. TFETs are a subset of
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Fig. 1. BCBv3 sample output showing dynamic energy vs. delay of an
inverter fanout-of-4 (INVFO4) for different device technologies. Device input
parameters are given in Table I.

beyond-CMOS devices, which simulations suggest are com-
petitive with CMOS—especially for low-power applications
[18]. TFETs are “steep slope” devices that could offer a
sub-threshold slope below the CMOS intrinsic limit of 60
mV/decade. The result is increased on-current and reduced
leakage current at low supply voltage as compared to CMOS.

Device Parameters
Device VDD (V) IOn (μA/μm) CG,avg (fF/μm)

CMOS HP [19] 0.73 1805 0.41
CMOS LV [20] 0.3 53 0.06
HetJTFET [18] 0.4 417 0.21
gnrTFET [21] 0.25 120 0.21

GaNTFET [22] 0.2 47 0.34
Thin-TFET [23] 0.2 263 0.18

Geometric Parameters [16]
Half-pitch (nm) EOT (nm) Gate Len. (nm) Gate Wid. (nm)

15 1.08 12.8 60

TABLE I. Benchmarking parameters for CMOS and TFET devices. Device
parameters are taken from the indicated references in the leftmost column.

The TFET devices we selected represent four of the most
promising devices based on the results of the Nikonov and
Young BCB methodology [16]. Specifically, we have selected
the heterojunction III-V TFET (HetJTFET) [18], graphene
nanoribbon TFET (gnrTFET) [21], gallium nitride TFET
(GaNTFET) [22], and the two-dimensional heterojunction in-
terlayer TFET (Thin-TFET) [23]. To benchmark these devices
at the circuit-level using the BCB methodology (discussed
further in Sec. II-B), only three parameters are necessary
for each device: supply voltage (VDD = |VDS|), on-current
(IOn =IDsat), and average gate capacitance (CG,avg).

In Table I, we summarize the CMOS and TFET device
parameters that are used in the BCB model and ultimately our
model. Note that most of the device parameters are consistent
with the parameters used in the BCB methodology [14], [16]
except for the Thin-TFET, which has been updated to represent
its present parameters [23]. Also, the geometric parameters—
metal half-pitch, equivalent oxide thickness (EOT), gate length,
and gate width—listed in the table are applied to all devices.

B. BCB Summary
The first beyond-CMOS benchmarking effort by Bernstein

et al. (i.e., BCBv1) attempted to assemble some device re-
searchers to collectively benchmark their devices. However,
due to self-reporting, no unifying assumptions were made.
To overcome this problem, Nikonov and Young developed
an analytical methodology built on BCBv1, i.e., BCBv2,

Fig. 2. Overview of the dark silicon model’s hierarchy from [5].

by which all device parameters would be derived from the
same uniform assumptions. Furthermore, they provided de-
tailed computations used to benchmark each device at the
logic circuit-level. These computations yielded estimates for
performance, area, switching delay, and energy [14]. BCBv3
was recently released to reflect an improved understanding of
the beyond-CMOS devices and their operations. In addition
to updated device parameters, BCBv3 also included new logic
circuit configurations (e.g., sequential logic) and computation
of standby power for each device [16].

The Nikonov and Young BCB methodology uses the basic
device parameters given in Table I to analytically calculate the
delay, energy, and area of a given circuit, such as an inverter
fanout-of-4 (INVFO4), 2-input NAND gate (NAND2), and 32-
bit ripple carry adder (32-bit RCA). Fig. 1 is a sample output
of BCBv3 that shows dynamic switching energy vs. delay of
CMOS and TFET devices for an INVFO4. From the figure, the
high performance CMOS (CMOS HP) has the fastest switching
speed, but also uses the most energy. The Thin-TFET not only
consumes the least amount of energy, but also represent the
best device in terms of energy-delay product (EDP).

C. Dark Silicon Model Summary
In [5], Esmaeilzadeh et al. explored multi-core scaling

limits for five technology node generations from 45 nm to
8 nm in an effort to project how core scaling might impact
performance as technology is scaled. The authors developed
an analytical model to compute potential performance gains on
parallel applications (i.e., PARSEC [17]) for each technology
node generation. Ultimately, their model predicts that future
multi-core processors will be unable to utilize all available
cores due to power constraints. Their model projected that at
22 nm, 21% of the chip will need to be powered off (i.e.,
“dark”), and the percentage of dark silicon will further increase
to 50% at 8 nm.

This Dark Silicon (DS) model is built from the device-level
to the architectural-level in three parts (see Fig. 2). First, in
the device scaling model, the authors consider device scaling
trends such as area, frequency, and power from 45 nm to 8
nm based on optimistic and conservative projection schemes1.
The optimistic projections were based on the updated 2011
ITRS report [19] while the conservative projections were based

145 nm was the current technology node when this work was completed.
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on data from S. Borkar of Intel [24]. For each technology
node, scaling factors for frequency and power are derived
by normalizing their projections against empirical 45 nm
CMOS data. It is important to note here that frequency scaling
factors derived from ITRS projections are based on INVFO4
simulations from the Model for the Assessment of CMOS
Technologies and Roadmaps (MASTAR) for each technology
node [19]. In this sense, the DS model uses INVFO4 delay to
determine the clock frequency of a multi-core processor.

The second part of the DS model is the core scaling model.
This model provides projections for the maximum performance
that a single core can achieve for a given area. Furthermore, it
also projects the core power for the selected core performance.
This model is derived by creating two scatter plots—core
area vs. performance and core power vs. performance—using
empirical 45 nm processor data. For both plots, SPECmark is
the measure of performance based on single-threaded integer
SPEC benchmarks [25]. The authors then use curve fitting
on the two charts to plot the Pareto-optimal frontier for the
45 nm processors. Next, for each technology generation, the
scaling factors derived in the device model are used to scale
the area vs. performance and power vs. performance Pareto
frontiers. The result is a set of processor core projections for
each technology node.

The third and final part of the DS model is the multi-
core scaling model. Here the authors consider two multi-
core configurations—based on CPUs and GPUs—and four
topologies for each configuration: symmetric, asymmetric,
dynamic, and composed multi-core. For a selected multi-core
configuration and topology, the DS model uses the core-scaling
model to analytically compute the best possible speedup,
optimal number of cores, and fraction of dark silicon for each
PARSEC benchmark given a chip area and TDP budget. These
computations consider microarchitectural features and applica-
tion behavior when computing the per benchmark output. The
underlying 45 nm microacrchitecture in the DS model is the
Intel Nehalem (Core i7) processor. The default parameters for
TDP, processor area, cache size, CPI, etc. are derived from this
processor.

The DS model takes several inputs including the projec-
tion scheme, multi-core organization/topology, TDP budget,
TDP percentage of leakage power (the default is 20%), and
a specified PARSEC benchmark. As the DS model runs
for each technology node, the model discretizes the derived
area/performance Pareto frontier and examines each processor
design point along the curve. For each design point, a multi-
core processor is constructed based on the user-specified
organization and topology. As the model iterates, additional
cores are added and a new speedup, optimal number of cores,
etc. are computed. Power/performance Pareto frontier is used
to determine the per core power for each of the selected design
points. Once the area or TDP budget is encountered, the model
terminates and reports its findings. The results include the
optimal core configuration and speedup, which are likely to
differ from benchmark to benchmark.

III. NDS METHODOLOGY AND MODIFICATIONS

In the DS model, frequency and power scaling factors are
derived from CMOS INVFO4 simulations. As the BCB model
produces INVFO4 energy vs. delay output for beyond-CMOS
devices (see Fig. 1), we can similarly derive frequency and
power scaling factors for beyond-CMOS devices (normalized

Fig. 3. INVFO4 energy vs. delay for various technology nodes and devices.
BCB or MASTAR appears after each device to indicate the computation model
for the data point.

to 45 nm CMOS)2. The derived scaling factors represent how
the beyond-CMOS devices compare to 45 nm CMOS from a
power and performance perspective. In this sense, the scaling
factors represent a technology change from CMOS to the
beyond-CMOS technology. Ultimately, we can perform an
apples-to-apples comparison between the beyond-CMOS and
CMOS devices at the 15 nm technology node.

However, simply combining the BCB model with the DS
model as outlined above can introduce significant inaccuracy
that leads to meaningless results. This is due to the fact that
some of the assumptions made in the DS model are no longer
valid for beyond-CMOS devices. Therefore, it is necessary
to modify each level of the DS model to support beyond-
CMOS devices. In the following subsection, we explain our
modifications and why they are necessary.

A. Modifications to DS Model
To accurately benchmark beyond-CMOS devices at the

architectural-level using the DS model, we introduce three
modifications—one to each scaling model. First, in the device
scaling model, the CMOS frequency scaling factors were
derived by normalizing MASTAR INVFO4 simulations to 45
nm (2010 column of 2010 ITRS [19]) for each technology
node. The 45 nm power input was analytically computed
as Pdynamic = αCV 2f (where α = 1) using the same
ITRS 2010 report data. Since the 45 nm frequency and power
components are based on the MASTAR INVFO4 simulation,
simply normalizing our 15 nm BCB-computed frequency and
power values by the 45 nm MASTAR-computed ones would
introduce inconsistent scaling factors. This problem is illus-
trated vividly in the INVFO4 data in Fig. 3. Here, in Fig. 3,
we show the BCB INFO4 computation and compare it to the
MASTAR computation for 45 nm CMOS. From the figure,
one can see that there is a large discrepancy between the two
computed INVFO4 values (switching energy data points differ
by ∼50×.

To produce consistently normalized values, we applied the
BCBv3 model to compute the 45 nm CMOS parameters. We
utilized the same 45 nm inputs as used in the MASTAR
simulation from the 2010 column of the 2010 ITRS report
[19] while adjusting the BCB model for the 45 nm technology
node (default is 15 nm metal half pitch). With the newly

2The energy component of the INVFO4 plot represents dynamic energy and
that average dynamic power is computed for each device as the ratio of its
energy to delay. Moreover, the frequency is the inverse of the delay.
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Fig. 4. Erroneous compression of the 45 nm area vs. performance Pareto
frontier occurs when a device has a frequency scaling factor of less than one
(assuming beyond-CMOS devices and CMOS are equally sized).

computed BCB INVFO4 45 nm data point, we normalize
the 15 nm beyond-CMOS and CMOS devices to produce
consistent frequency and power scaling factors. These factors
can be seen in the inset of Fig. 4.

Our second modification is implemented within the core
scaling model. As previously discussed in Sec. II-C, the core
scaling model projects the Pareto optimal core area vs. perfor-
mance and core power vs. performance for each technology
node beyond 45 nm. This is achieved by scaling the respective
empirical 45 nm Pareto frontiers using the derived scaling fac-
tors for each technology node. Note that the area scaling factor
is computed from Moore’s law using Areascaling = 2N where
N is the number of technology node generations from 45 nm.
The performance is scaled by the computed frequency scaling
factor in both plots, which is justified in [5] through Pollack’s
rule (i.e., speedup from microarchitectural improvements using
the additional transistors for each subsequent technology node
generation).

When normalized to 45 nm, the frequency scaling factor
of some beyond-CMOS devices is less than one—that is the
device is slower than 45 nm CMOS. Scaling the 45 nm
area/performance Pareto frontier by these factors leads to
erroneous results. For example, if we assume that CMOS and
beyond-CMOS devices are similarly sized and scale equally,
then the area component of the area/performance Pareto fron-
tier does not differ between CMOS and beyond-CMOS devices
at 15 nm. However, when performance is scaled by a frequency
scaling factor of less than one, the area/performance Pareto
frontier becomes more compressed compared to the 45 nm
curve (e.g., see the GaNTFET data in Fig. 4). The result of
this compression violates the premise of the area/performance
Pareto frontier since performance is not increasing from 45 nm
to 15 nm (i.e., Pollack’s Rule). In fact, Pollack’s rule cannot be
correctly applied in this sense when an underlying technology
change is made.

To address the area scaling problem, we start by assum-
ing that the area/performance Pareto frontiers of all 15 nm
beyond-CMOS devices are identical to the projected 15 nm
CMOS area/performance Pareto frontier. This initial assump-
tion guarantees that Pollack’s rule for the model is preserved.
More specifically, the area/performance Pareto frontier cap-
tures the microarchitectural performance improvements (e.g.,
CPI) gained from additional devices added on-chip—as per-
formance increases, core area (i.e., complexity) increases too.
Therefore, performance improvements from microarchitectural
changes are agnostic to their underlying technology. Lastly,
to address the difference in size between beyond-CMOS and
CMOS devices, we add a new area scaling factor that accounts

Fig. 5. Comparison of core power vs. performance projections for 22 nm
technology for different projection methodologies. Results show our approach
(green curve) is closer to the empirical data (red curve) than the projection
schemes used in [5].

for the relative size difference between the beyond-CMOS and
CMOS devices. For example, TFETs are approximately 1.25×
the size of CMOS [14]. Therefore, the total CMOS chip area
budget is reduced by a factor of 1.25.

Our third and final modification is implemented within
the multi-core scaling model. When run out-of-the-box, the
DS model removes 20% of the total TDP to account for
leakage power across all CMOS technology node generations.
To account for differences in leakage power for different
technologies, we modified the multi-core scaling model to
consider per device leakage power. To compute the percent
leakage power of each device, we leverage the BCB model,
which also computes the dynamic and static power of a 32-
bit RCA for each beyond-CMOS device. The percentage of
leakage power is simply the ratio of static power to total power.
Our justification for using the 32-bit RCA is twofold. First, in
the DS model, the cores that compose a multi-core architecture
are primarily pipelined logic3. Second, we use the 32-bit RCA
to compute the leakage power not only for the 15 nm beyond-
CMOS devices, but also 15 nm CMOS to ensure consistency.

IV. VALIDATION OF NDS
Our nDS model addresses the shortcomings of the original

DS model when applied to beyond-CMOS devices. To ensure
nDS still works well for advanced CMOS technology nodes,
we validated the model using empirical 22 nm processor data
from Intel’s Ivy Bridge and Haswell processors. Specifically,
SPECmark scores were collected from the available SPEC
CPU2006 data along with each processor’s thermal TDP from
data sheets to create an empirical power vs. performance plot
at the 22 nm technology node. Following the approach by
Esmaeilzadeh et al. [5] for 45 nm processor data, we used
power regression to fit a curve to the 22 nm data in a Pareto-
optimal sense. In Fig. 5, the two dotted-line curves represent
empirical power/performance Pareto frontiers. The black dot-
ted line with diamond markers represents the original 45 nm
empirical Pareto frontier from [5] while the red dotted line
with triangle markers represents our newly derived empirical
22 nm Pareto frontier.

Using the 22 nm empirical Pareto frontier, we first wanted
to assess the accuracy of the two projection schemes—ITRS
and conservative—from [5]. As predicted in [5], the optimistic
ITRS projection overestimates the 22 nm technology node as

3Shared caches are removed from the input area and power budgets.
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Fig. 6. nDS benchmarking results for CMOS and TFET devices for the high
(125 W) TDP case. Results show (a) speedup relative to 45 nm vs. PARSEC
benchmark suite. Note these results represent the best possible speedup for
each benchmark and (b) number of active cores vs. the PARSEC benchmark
suite. Note these results represent the maximum number of active cores to
achieve the speedups shown in (a).

shown by the brown curve with square markers. Conversely,
the conservative projections from S. Borkar underestimate the
22 nm technology node as shown by the light blue curve
with triangle markers. Interestingly, the 22 nm empirical curve
appears nearly in the middle of the two projection schemes.

To assess the accuracy of our approach, we first used the
BCB model to plot 22 nm CMOS energy vs. delay for an
INVFO4 (see Fig. 1). Next, as discussed in Sec. III-A, we
computed the frequency and power scaling factors relative
to 45 nm by normalizing the BCB-computed 22 nm CMOS
against the BCB-computed 45 nm CMOS. Using the BCB-
computed 22 nm CMOS scaling factors, we scaled the 45 nm
power/performance Pareto frontier, which is shown in Fig. 5 as
the green curve with square markers. As one can see, the BCB-
based projection produces a nearly identical Pareto frontier
compared to the empirical 22 nm. This result is evidence of the
accuracy of BCB compared to the MASTAR circuit simulator
used by ITRS. For example, at a core power of 15 W, the
empirical 22 nm data has a SPECmark of 69. However, the
22 nm MASTAR simulation yields a SPECmark of 90 versus
our projection of 63.

V. BENCHMARKING RESULTS AND DISCUSSION

Given the validated nDS model, we now present a case
study involving the benchmarking of the TFET devices intro-
duced in Sec. II-A. We first discuss the nDS benchmarking
results for the high TDP (125 W) case. Fig. 6(a) represents a
typical output of nDS that shows the optimal speedup over 45
nm CMOS per each PARSEC benchmark for each device tech-
nology. As indicated in the figure, the four leftmost PARSEC
benchmarks are highly parallel (> 98% parallelizable). These
benchmarks benefit the most from more cores placed on-chip
to exploit their parallelism. This can be seen by examining
the total number of active cores per each benchmark as shown

in Fig. 6(b). As expected for highly parallel applications, low
power devices achieve higher speedups compared to CMOS
HP by utilizing many low power cores.

However, the number of active cores (Fig. 6(b)) is not a
reliable indicator of the devices with the best speedups—other
factors, such as application behavior, must also be considered.
For example, consider CMOS HP versus the GaNTFET and
CMOS LV for the x264 benchmark in Figs. 6(a) and 6(b).
The CMOS HP has slightly better speedup than the GaNTFET
and CMOS LV despite using only 11 cores compared to the
67 cores and 94 cores used by the GaNTFET and CMOS
LV, respectively. While x264 is highly parallel, it also has a
relatively high L1 and L2 cache miss rate for Intel Nehalem-
sized caches (i.e., L1 is 64 KB and L2 is 2 MB) [17], [26].
Consequently, having more cores increases the shared L2 cache
miss rate, which reduces the fraction of time that all cores can
be doing work (i.e., core utilization is low). To summarize,
having more cores enables greater performance gains through
exploiting parallelism; however, for applications with higher
cache miss rates—especially in the L2—the ultimate speedups
are reduced due to low core utilization.

We next examine the results for each device across the
entire PARSEC benchmark suite. For each device, the left
bars in each plot of Fig. 7 respectively represent the geometric
means across PARSEC for (a) speedup relative to 45 nm, (b)
number of active cores, and (c) percent of total chip area that
is dark silicon for the high TDP case. As one may expect
from examining Fig. 1, the Thin-TFET indeed achieves the
highest average speedup with the lowest average percentage
of dark silicon. However, within this optimistic scenario of
selecting the best multi-core configuration for each benchmark,
the Thin-TFET falls well short of Moore’s Law performance
scaling trends. In fact, the Thin-TFET is less than 2× better
than both CMOS HP and LV. This result is not readily evident
from the circuit-level benchmarking results as shown in Fig. 1.
Furthermore, this suggests that moving from CMOS to present
TFET device technologies may not be very beneficial—at
least for high TDP processors. However, compared to CMOS
HP, the Thin-TFET is capable of powering 99% of its cores
whereas over one-third of the CMOS HP chip must be powered
off.

Steep slope devices, such as TFETs, are likely to deliver
more benefits in power constrained environments. We now re-
examine the previously presented results, but for multi-core
processors with low TDP (5 W). For each device, the right bars
in each plot of Fig. 7 represent the low TDP geometric mean
results when the optimal core configuration is selected for each
benchmark. We first note that speedup of 15 nm CMOS HP
is actually worse than 45 nm CMOS in this case. Leakage
power is a concern for CMOS and its effects are especially
noticeable when TDP is constrained. On average CMOS HP
can only utilize approximately 6 cores while the remaining
93% of the chip is dark silicon. Moreover, CMOS LV is not
much better than CMOS HP with 1.5× average speedup and
60% dark silicon.

In this power-constrained scenario, the Thin-TFET again
achieves the best overall average speedup. Compared to CMOS
HP, the Thin-TFET is more than 5× faster on average with
only 30% dark silicon. Compared to CMOS LV, the Thin-
TFET is approximately 2.5× faster on average while utilizing
30% more of its cores. Collectively, no TFET is significantly
faster than CMOS, but the amount of dark silicon in both the
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Fig. 7. For each device, the three sub-figures show the geometric means of (a) speedup over 45 nm CMOS, (b) number of active cores, and (c) percentage of
dark silicon across all PARSEC benchmarks for a high (125 W) and low (5 W) TDPs.

high and low TDP cases indicates that the majority of the
processor’s cores can be powered on.

VI. CONCLUSION

We presented nDS: an analytical architectural-level bench-
marking model for beyond-CMOS devices. nDS achieves
this level of benchmarking by leveraging and modifying two
existing benchmarking models—BCB and the DS model. We
validated the accuracy of nDS by demonstrating close corre-
lation between its 22 nm CMOS processor projections and
empirical 22 nm CMOS processor data.

To demonstrate the capabilities of nDS, we benchmarked
one class of promising beyond-CMOS devices: TFETs. We
sought to determine if these devices could sustain Moore’s
law and/or yield a significant advantage over CMOS. Our
results demonstrate that for both high (125 W) and low (5 W)
TDP processors, none of the examined beyond-CMOS device
technologies currently can sustain the performance scaling
trend of Moore’s Law. Furthermore, for high TDP processors,
the best speedup over CMOS is achieved by the Thin-TFET,
but is less than 2×. For low TDP processors, the Thin-TFET
achieves an average speedup of over 5X compared to CMOS
HP, but only 2.5× compared to CMOS LV. Nevertheless, for
both high and low TDPs, the TFET devices have less dark
silicon compared to CMOS. For the high TDP case, the Thin-
TFET has less than 1% dark silicon compared to over 36%
and 17% for the CMOS HP and LV, respectively. For the
low TDP case, the GaNTFET achieves the lowest dark silicon
with approximately 11% compared to the 93% and 60% of the
CMOS HP and LV, respectively.

For future work, we plan to utilize nDS to investigate
the use of beyond-CMOS devices in emerging architectural
innovations such as accelerators. Additionally, we plan to
investigate low-power applications to quantify the difference
between steep slope and CMOS devices in this space.
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