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Abstract—Negative  Capacitance Field-Effect Transistor
(NCFET) is an emerging technology that incorporates a
ferroelectric layer within the transistor gate stack to overcome
the fundamental limit of sub-threshold swing in transistors.
Even though physics-based NCFET models have been recently
proposed, system-level NCFET models do not exist and research
is still in its infancy. In this work, we are the first to investigate
the impact of NCFET on performance, energy and cooling costs
in many-core processors. OQur proposed methodology starts
from physics, where the effects of ferroelectricity do occur, all
the way up to the system level, where the performance and
power of a many-core is ultimately affected. Our methodology
allows for the first time the exploration of the new trade-offs
between performance gains and power losses that NCFET
brings to system-level designers. It demonstrates that an optimal
ferroelectric thickness does exist. In addition, it reveals that
current power management techniques fail when NCFET (with
a thick ferroelectric layer) comes into play.

Index Terms—Negative Capacitance, NCFET, FinFET, Many-
Cores, Processor Performance, Emerging Technology

I. INTRODUCTION

NCFET incorporates a ferroelectric material within the gate
stack of the transistor that manifests itself as a negative capac-
itance (NC) in which a voltage amplification for the internal
gate of transistor is provided. NC bypasses the fundamental
thermionic limit of the sub-threshold swing of a transistor
(60mV/decade at room temperature), which is imposed by
the so-called “Boltzman tyranny” [1], [2]. Hence, pMOS and
nMOS transistors achieve the same ON currents but at a
lower operating voltage (V;4). Even though the concept of
NC in ferroelectric materials was postulated since decades, it
was until 2008 when the first direct measurement of NC was
demonstrated [2]. After which, many experimental works [3]
have proved the great potential that NCFET has akin to its
outstanding electrical characteristics compared to conventional
FETs. Importantly, GlobalFoundries has recently demonstrated
the compatibility of NCFET with the existing standard CMOS
fabrication process, which is essential for any emerging tech-
nology to be used in commercial applications. They fabricated
the first NCFET-based circuit using industrial 14nm FinFET
technology [3]. Such a compatibility would not be possible
without the discovery of ferroelectricity in HfO» material [4],
which is the standard high-k material for transistor’s dielectric.

NCFET technology impacts the efficiency of circuits in two
primary ways: 1) It allows circuits to be clocked at higher
frequencies compared to conventional FET, while V44 remains
the same. 2) It allows circuits to operate at a lower Vgq4, while
still achieving the same frequency as conventional FET. While
there is a limited amount of work that has explored the impact
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(a) 3-D Structure of the NC-FinFET device

Fig. 1. (a) shows the structure of an NC-FinFET device with
metal-ferroelectric-metal-insulator-semiconductor (MEMIS) configuration. (b)
presents the equivalent capacitance divider consisting of the baseline FinFET
and the negative capacitance (NC) introduced by the ferroelectric layer.

of NCFET on the speed and energy of circuits [5], [6], this

work is the first to investigate the NCFET technology in the

context of many-core processors.

In this work, we are the first to:

« Propose a methodology to model NCFET at the system level
and therefore bridge the gap between existing physics-based
models and the system level.

o Investigate the impact of NCFET on the performance,
power, energy and cooling trade-offs of a many-core.

o Demonstrate that existing power management techniques
fail in NCFETs with thick ferroelectric layers.

At the system level, we answer the following key questions:

(1) How far does NCFET increase the thermally-sustainable

utilization (number of active cores) at the peak V/F-levels?

(2) How far does NCFET increase the thermally-sustainable

CPU frequencies of a many-core under full utilization? How

does this impact the performance and energy consumption?

(3) How far does NCFET lead to savings in cooling costs,

while still fulfilling the required thermal constraint?

II. NEGATIVE CAPACITANCE FETS

The principle idea of NCFET is to incorporate a thin layer of
a ferroelectric material within the gate stack of a transistor. The
presence of NC under some conditions due the ferroelectricity
provides a voltage amplification that pushes the sub-threshold
swing of a transistor to go beyond its fundamental limit. In
Fig. 1, we demonstrate our used configuration in FinFET along
with the equivalent capacitance divider circuit. The voltage
amplification (A) provided by NC depends on the applied
voltage on the transistor gate (Vy), the ferroelectric capacitance
(Ct) and the internal baseline FET capacitance (Cjyt). The



internal voltage V;,,;, which the transistor perceives at the end
under the effects of NC, can be expressed as follows:
. _ |Cfe‘ . .
sznt = AVg ) A |Cfe‘ — Cint ; |Cfe‘ > Clnt = A>1 (l)
The thicker the ferroelectric layer, the higher is A, resulting
in larger ON currents in NCFETSs. The maximum frequency of
a circuit (f) is determined by the maximum delay of all paths
of a circuit. The latter depends on the delay of the pMOS
and nMOS transistors that form the critical path (C'P). The
delay of a transistor is reversely proportional to its ON current.
Hence, increases in the ON current directly result in a boost
in the circuit’s frequency, without the need to increase Vg .

1 N 1
To ensure a hysteresis-free operation, which is a prerequisite
for CMOS logic, the condition |Cf| > Ciyt must be met.
However, Ct exhibits a negative value due to the ferroelec-
tricity effect. Hence, the total gate capacitance Cr of NCFET
is always larger than the gate capacitance of the baseline FET
(Cint), as Eq. 3 demonstrates.
CreCing
Cfe+Cint
Due to the increase in the gate capacitance, NCFET-based
circuits will, at the same voltage, consume larger dynamic
power compared to the conventional FET (denzO-Vde~ .
However, because NC provides a boost in the circuit’s fre-
quency, NCFET achieves the same baseline f at a lower V4.
Reduction in V4, in turn, results in quadratic savings in the
dynamic power. Therefore, at the same baseline f, NCFET-
based circuits exhibit considerable power savings in the dy-
namic power. Increasing the thickness of the ferroelectric layer
leads to a higher amplification. Hence, the baseline f can be
achieved at even lower V44 and dynamic power.

Cr= i |Cte|l > Cing A Cre < 0= Cp > Cing (3)

III. NCFET PROCESSOR-LEVEL INVESTIGATIONS

Fig. 2 illustrates our proposed methodology to model
NCFET at the system level. We start from physics, where the
effects of ferroelectricity occur, and traverse up to the final
GDSII chip-level (i.e. final level for chip fabrication), where
the frequency and power of a processor will be ultimately
affected. This allows us to accurately investigate how different
NCFET technologies (represented by different ferroelectric
layer thicknesses) impact the efficiency of a processor. Then,
we develop abstract, yet accurate models for the system level
that capture how the power and frequency of a processor
behave under voltage scaling for both NCFET and baseline
(i.e. conventional FinFET). Later, these models are integrated
within a system-level many-core simulator, in which we inves-
tigate how the figure of merit (i.e. frequency, power, energy,
execution time, temperature, and cooling cost) will be affected
by the NCFET technology.

We start from physics, where we model the voltage am-
plification due to the ferroelectric layer based on the Landau-
Khalatnikov (L-K) theory [2], [14]. The model is implemented
within the the industry standard BSIM-CMG model [7], [15]
for FinFET devices, which takes short-channel and quantum-
mechanical effects into account. Then, we employ the 7nm
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Fig. 2. General overview of our proposed methodology in which we link
physics to system level to investigate NCFET at the system level. Starting from
our physics-based model for ferroelectricity effects, we create NCFET-aware
cell libraries for 7nm FinFET. Libraries are fully compatible with standard
tool flows of chip design. Therefore, we use them within commercial signoff
tools for accurate frequency and power analysis of a full SoC design. Based
on this analysis for the baseline and different NCFET technologies across the
entire voltage range (0.2V to 0.7V), high-level power scaling models are
developed and employed within a system-level simulator towards analyzing
how NCFET impacts the system-level design space, i.e. the trade-off new
between performance, energy and cooling of a many-core that NCFET brings.

FinFET Process Design Kit (PDK) [8] to get the required
FinFET parameters, as well as the post-layout SPICE netlist of
standard cells. Afterwards, we characterize, using the HSPICE
circuit simulator, the delay and power of standard cells avail-
able within the 7nm PDK. The cell library characterization is
done for the baseline (conventional FinFET) and NCFET start-
ing from the nominal Vg4 (0.7 V as defined in the PDK) down
to 0.2V [6]. This provides us, for the entire voltage range,
with baseline (NCFET-unaware) and NCFET-aware standard
cell libraries. All libraries are fully compatible with existing
commercial EDA tool flows like Synopsys and Cadence.
Therefore, the standard design flow for chip implementation
(i.e. from logic synthesis all the way to the final GDSII level)
can be fully applied. To explore different NCFET technologies,
we created the NCFET-aware cell libraries for varied ferro-
electric layer thicknesses ({y.): 1nm, 2nm, 3nm, and 4 nm.
These NCFET technologies are referred to as TFE1, TFE2,
TFE3 and TFE4, respectively. This enables us to explore the
new trade-offs between frequency and power that NCFET
brings. Note that thicker ferroelectric layers (i.e. ty.>5nm)
leads to hysteresis, which must be avoided in CMOS logic [6].
Therefore, our exploration is up to ¢ y.=4nm.

To study the impact of NCFET at the processor level,
we target a full System-on-Chip (SoC) design. To this end,
we employ the state-of-the-art OpenPiton SoC, which is an
open-source RTL SoC [9] based on the OpenSPARC TI
core [16]. OpenPiton is designed for many-core processors.
In our implementation, we employ a full tile in which a
CPU core, a Floating Point Unit (FPU), caches, and Network-
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Fig. 3. Figure-of-merit analysis for the studied SoC. All the frequency and
power analysis is performed at the final GDSII chip-level using standard
commercial signoff tool flows. (a and b) demonstrate the impact of NCFET
on the dynamic and leakage power at varied V4. (c) shows the impact of
NCFET on boosting the frequency, compared to the baseline (i.e. conventional
FinFET) at the same V4. (d) demonstrate the relation between Energy-
Delay-Product (EDP) and frequency. (e) summarizes the relation between the
dynamic power and frequency. For the same power budget, NCFET (TFE4)
boosts the frequency by around 68% and for the same frequency level, NCFET
(TFE4) provides 57% dynamic power saving. (f) shows how NCFET impacts
the leakage power over varied frequency levels.

on-Chip (NoC) routers are all implemented from RTL to
the GDSII level. Implementing such a complex SoC design
provides us with very representative and accurate analysis.
This is unlike [6], which considered merely a CPU core
and performed the analysis only at the logic-synthesis level
(i.e. without any chip layout). Such an analysis suffers from
inaccuracy as it does not take the impact of parasitics into
account. On the other hand, [5] studied the impact of a
single NCFET configuration (i.e. single ferroelectric thickness)
considering the parasitics effects in some circuits like AES
and multiplier but not for a full SoC and for different NCFET
configurations, as done in our work. We implement the SoC
only once with the baseline cell library and then perform
power and timing analysis also with the NCFET-aware cell
libraries, which are fully compatible. This allows us to pinpoint
the impact of the negative capacitance technology alone and
thus exclude any potential effects from different layouts.
Figure-Of-Merit Analysis: Fig. 3 summarizes the fre-
quency and power analysis for the studied SoC. All results
are obtained using standard commercial signoff tool flows for
accurate power and delay analysis. Fig. 3a demonstrates how

the dynamic power is affected by NCFET compared to the
baseline (i.e. conventional FinFET without any ferroelectric
layer). As shown, for the same Vj, level, NCFET always
consumes higher dynamic power and as the thickness (Zy.)
increases, the increase in dynamic power becomes larger. This
is because of the increase in the total chip’s capacitance due to
the increase in the transistor gate’s capacitance caused by the
negative capacitance (i.e. integration of a ferroelectric layer)
within the transistor’s gate stack (details in Section I). For
TFE4 case, the increase in dynamic power reaches around
3x at the nominal Vg (0.7V). Fig. 3b shows how the
leakage power is affected by NCFET over different V4. In
the baseline, V;; reductions lead to lower leakage power.
However, the dependency of leakage on V,;; becomes weaker
in NCFET for the case of TFE1 and TFE2. In TFE3, the
leakage power becomes almost independent of V4. Impor-
tantly, the dependency of leakage and V45 becomes reverse in
the case of TFEA. This is due to the negative Drain-Induced
Barrier Lowering (DIBL) effect that appears in NCFET at
thicker ferroelectric layers [17]. Revealing such effects is only
possible due to our proposed methodology that traverses all
layers from physics to processor level. Fig. 3c shows the
impact of NCFET on boosting the frequency. As can be
seen, at the same Vy; level, NCFET always increases the
frequency. The gain in frequency becomes larger at thicker
ferroelectric layers. It can also be noticed from the analysis
that the baseline frequency can be always achieved at lower
Vaq in NCFET. Fig. 3d demonstrates the relation between the
Energy-Delay-Product (EDP) and frequency, in which NCFET
always exhibits lower EDP. Finally, we summarize in Fig. 3e
and 3f the relation between frequency and dynamic / leakage
power. As shown in Fig. 3e, when having a baseline frequency
of 0.7 GHz, as an example, TFE4 results in around 57% saving
in dynamic power, which is due to the capability of TFE4 to
meet that frequency level at a lower V4 (0.3 V) compared to
the baseline, which needs to operate at the nominal V4 of
0.7V to meet the same frequency. On the other hand, when
having a power budget of 0.2 W, as an example, TFE4 provides
68% increase in the frequency compared to the baseline.

IV. SYSTEM-LEVEL EVALUATION: EXPERIMENTAL SETUP

We apply the processor-level frequency and power analysis
to the system level to investigate the design-space of a many-
core built upon NCFET technology. We study a many-core that
operates under a thermal constraint. We explore two different
cooling scenarios: passive air, as in mobile CPUs, i.e. static
air without a fan [18], and forced-convection air, as in desktop
CPUs. We use the HotSniper toolchain [19] that combines the
Sniper many-core simulator [11] with McPAT [10] for area and
power estimations and HotSpot [13] for thermal simulations.
We simulate a many-core with 5x5 out-of-order cores that are
all connected by a NoC. The private per-core L1-D and L1-I
caches have a size of 32 KB, each. The L2 caches are also
private and have a size of 512 KB, each, 12.5 MB in total. We
run tasks from the PARSEC benchmark suite [12].

Fig. 2 shows the system-level experimental setup. Because
MCcPAT does not supports 7nm FinFET, which is our target, we
perform simulations at 45nm using low-power devices, which
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Fig. 4. NCFET technologies increase the number of usable cores without
violating the temperature constraint compared to the baseline (conventional
FinFETs). The highest benefit is observed with TFE3 or TFE4 (by up to 2.5x).
are closest to the devices used in the analysis in Section III.
In order to scale the area and power from 45nm to 7nm,
we employ the same approach as described in Section III in
which we implement the OpenPiton SoC using both a 45nm
Bulk CMOS [20] and 7nm conventional FinFET standard cell
library. We then compare the designs to develop scaling factors
for area, dynamic and leakage power. To simulate an imple-
mentation with NCFET, we further scale the dynamic and
leakage power according to the frequency and power analysis
described in Section III. We extract frequency-dependent scal-
ing factors from Fig. 3e and Fig. 3f by comparing the power
consumption of different technologies at iso-frequency. Since
the peak frequency of the simulated many-core is 2.4 GHz,
whereas the peak frequency of the OpenPiton SoC is 1.25 GHz
with the baseline (conventional FinFET), we normalize the
frequency to properly extract the scaling factors.

We use McPAT to estimate the area of the modeled proces-
sor. The scaled area of each core at 7nm is 11.4 mm? including
caches and routers. This results in a total chip area of 286 mm?
(17mmx 17 mm). Dynamic Voltage and Frequency Scaling
(DVES) sets the frequency from a minimum of 1.0 GHz up to
2.4 GHz in steps of 100 MHz. Inactive cores are power-gated.

We use HotSpot to model the cooling system. The ambient
and maximum temperature are set at 45°C and 80°C, respec-
tively. The cooling scenario determines the thermal resistance
between the heatsink and ambiance, which is set at 0.6 % for
passive air and 0.25 % for forced-convection air [18]. We use
HotSpot’s default configuration for all remaining parameters.
This results in 50 W and 100 W Thermal Design Power (TDP)
for both cooling scenarios, respectively.

V. EFFICIENCY IMPROVEMENTS DUE TO NCFET

We consider two classes of tasks and study how NCFET
increases their performance: tasks with high Thread Level
Parallelism (TLP) and tasks with high Instruction Level Par-
allelism (ILP).

A. Number of Usable Cores at the Peak V/f-Levels

Tasks with high ILP benefit more from high volt-
age/frequency (V/f)-levels than from high number of threads.
Hence, cores running such tasks should be operated at the peak
V/f-levels. Due to high power densities and limited cooling

capabilities, it is not always possible in modern technology
nodes to simultaneously activate all cores without violating
the thermal constraint. We investigate how NCFET affects the
number of simultaneously usable cores.

The number of simultaneously usable cores at the peak V/f-
levels depends on three factors: (i) the cooling system, (ii)
the power consumptions of the threads, and (iii) the mapping
of threads to cores. We explore the two cooling scenarios
described in Section IV. The power consumption depends on
the tasks’ characteristics. We run PARSEC tasks with up to
eight slave threads. Their characteristics range from highly
memory-bound (e.g., canneal) to highly compute-bound (e.g.,
swaptions). The mapping of cores to tasks influences the
peak temperature — and therefore the number of usable cores
— because it influences the formation of hotspots. We use
an Integer Linear Program to obtain the thermally optimal
mapping. We employ a simple DVES policy that sets the peak
V/f-levels to cores that execute an active thread and sets the
minimum V/f-levels to cores with an idle thread. Cores with
no thread mapped to it are power-gated. This policy is used
in all experiments to enable fair comparisons.

Fig. 4 shows the number of usable cores for the different
tasks during execution of the Region of Interest (Rol) with
different NCFET technologies and cooling scenarios. NCFET
always allows to power on more cores than the baseline while
still meeting the thermal constraint. With forced-convection
air, power reductions with TFE1 already allow all benchmarks
to turn on all cores. Further insights can be gained with
passive air cooling. Increasing t. increases the number of
usable cores. TFE3 results in the highest number for bodytrack,
whereas TFE4 results in the highest number for all other
benchmarks. This is because NCFET affects dynamic power
and leakage power differently (see Fig. 3e and 3f). TFE4
results in the lowest dynamic power among all technologies,
but also has the highest leakage for low V/f-levels due to the
negative DIBL effect. Power consumption of active threads,
which are executed at the peak V/f-levels, is dominated
by the dynamic power. Contrarily, idle threads, which are
executed at the minimum V/f-levels, mainly dissipate leakage
power. With bodytrack, two threads are idle during the Rol,
whereas only one thread (the master thread) is idle with the
other benchmarks. Therefore, bodytrack suffers more from the
leakage power increase of TFE4, and TFE3 results in the
highest number of cores. It is noteworthy that the increase in
the number of usable cores does not come at the cost of higher
peak temperatures, reduced frequencies or higher cooling cost.

B. Increasing the Maximum Thermally-Sustainable Frequency

Tasks with high TLP benefit more from high number of
threads than from high V/f-levels. These tasks should be
executed with as many threads as there are available cores.
To avoid thermal violations, cores cannot be operated at the
peak V/f-levels any more, but DVFS needs to be employed to
select thermally-sustainable V/f-levels. This section presents
an investigation how NCFET increases the maximum sus-
tainable frequency under full utilization and how this affects
the performance and energy consumption. We enforce the
thermal constraint by per-core power budgets. Since all cores
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Fig. 5. NCFET increases the maximum thermally sustainable frequency of the
slave threads during the Rol. Highest benefits are seen with TFE3 or TFE4.
Frequencies above 2.4 GHz cannot be simulated by our setup and therefore
are obtained by employing the power and frequency scaling from Section III.

are active, we divide the global power budget (TDP) evenly
among all cores to determine the per-core power budget. This
budget is enforced by per-core DVFS control loops that set
the V/f-level to the highest level that does not lead to a power
budget violation and therefore is thermally sustainable.

Sustainable Frequencies: We extract the maximum sus-
tainable frequencies directly from simulation runs. Since the
McPAT tool employed in our setup is unaware of the NCFET
technology, the maximum frequency in the simulations is
limited to 2.4 GHz, which is the peak CPU frequency of the
baseline design for the selected micro-architectural parameters.
However, Fig. 3c shows that NCFET raises the peak CPU
frequency by up to 1.7x compared to the baseline, leading to
a peak CPU frequency of 4.0 GHz for TFE4. Therefore, there
is a gap between the peak CPU frequency and the maximum
simulatable frequency. For runs that reached the maximum
simulatable frequency without fully utilizing the power budget,
we use the (normalized) frequency and power trends from
Fig. 3e and 3f to extract the actual maximum sustainable
frequency. However, this approach does not allow us to report
performance and energy consumption for these runs.

Fig. 5 shows the maximum sustainable frequencies of the
slave threads during the Rol. NCFET raises the sustainable
frequency by up to 2x for canneal, which is almost unaffected
by the thermal constraint. Two different trends are seen with
the other benchmarks. For passive air cooling, TFE4 shows
almost no improvement over TFE3, whereas with forced-
convection air cooling, TFE4 raises the maximum sustainable
frequency significantly over TFE3. This is because absolute
frequencies are lower with TFE3 and the negative DIBL effect
increases leakage more strongly, which sets a lower limit to the
dynamic power and therefore limits the frequency. This exper-
iment shows that trends observed at the processor level (peak
frequency) do not directly translate to a thermally constrained
many-core (sustainable frequency). Unlike previous work [6],
which explored only a single core, this work investigates an
NCFET-based many-core and is able to observe such trends.

Performance and Energy: As described earlier, our setup
cannot simulate frequencies higher than 2.4 GHz. We limit
this investigation to scenarios where the maximum sustainable
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29% (23 % on average for TFE3). This is the main reason for an energy
decrease by up to 35% (27 % on average). It is beyond the capabilities of
MCcPAT to perform simulations where the maximum sustainable frequency
is larger than the peak CPU frequency of the baseline design (conventional
FinFETs).
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frequency is lower than this value. Therefore, we focus on
the passive air cooling scenario. For canneal, the sustainable
frequencies exceed 2.4 GHz even under passive air cooling for
TFE2, TFE3 and TFE4. We exclude these combinations.

Fig. 6a shows the performance (execution time) for different
benchmarks and NCFET technologies. The increase in the
maximum sustainable frequencies directly improves the ex-
ecution time. TFE3, which resulted in the highest sustainable
frequencies, also results in the lowest execution times among
all NCFET technologies, closely followed by TFE4. Fig. 6b
shows the improvements in the energy consumption. All
NCFET technologies share the same power budget, which is
determined by the thermal constraint. Therefore, the power
consumption is mostly the same among all NCFET technolo-
gies. The reduction in the energy consumption stems mainly
from the reduction in the execution time. Idle threads are
the second contributor to energy consumption. The power
consumption of these threads, which is mostly leakage power,
depends on the NCFET technology. This is the reason why
TFE4 results in significantly less energy savings than TFE3
even though the execution time is similar. TFE3 results in the
highest savings in the execution time and energy consumption.
Again, it is noteworthy that the gained performance along
with energy savings does not come at the cost of higher peak
temperatures or increase in cooling costs.

VI. IMPACT ON THE COOLING SYSTEM

NCFET reshapes the existing trade-off between cooling
costs and achievable performance, where higher performance
comes at the cost of higher power dissipation, and therefore
higher cooling costs. We demonstrate how, for the same
performance, NCFET decreases the cooling costs. We fully
utilize the many-core in this investigation and use the same
DVES policy as in Section V-A, which uses the peak V/f-
levels for active threads and the minimum levels for idle
threads. We modify the thermal resistance of the heat sink
R, while keeping the remaining cooling system unchanged.
This corresponds to changing the air convection.
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Fig. 7. NCFET decreases the required cooling capabilities by allowing a
higher thermal resistance of the heat sink (Ry,) while maintaining the same
maximum temperature of 80°C.

Fig. 7 shows the required R;; depending on the technology
for three representative tasks. Canneal consumes little power.
Only very low air convection is required to maintain thermal
safety in the baseline. NCFET allows to reduce the required
cooling capabilities below the value for passive air by reducing
the dynamic power. This headroom could be exploited by
downsizing the heatsink itself. For higher ¢y, (TFE3 and
TFE4), the increase in the leakage power outweighs the
gains in the dynamic power. Swaptions, which exhibits the
highest power values, requires a lower Ry, of 5—2;:0.17%
with conventional FinFETs. Such a value is only possible
with forced-convection air. NCFET allows to decrease this
almost to passive air. This results in 90 % savings in the
cooling costs [21]. The optimal ¢ ¢, depends on the task. TFE2,
TFEJ3 and TFE4 result in the lowest cooling requirements for
canneal, streamcluster and swaptions, respectively.

VII. IMPACT OF NCFET oN DVES POLICIES

Reducing V/f-levels of idle cores is a commonly employed
strategy in all current technologies because it decreases both
dynamic and leakage power. However, this does not hold
true anymore with NCFET with high ¢y, (e.g. TFE4). Here,
due to the negative DIBL effect (see Fig. 3f), decreasing the
V/f-levels to manage on-chip power/temperature increases the
leakage. This is, in fact, a paradigm shift for existing power
management techniques because the underlying assumption
that lowering the voltage suppresses leakage breaks down.
This observation has so far not been exploited and forms an
opportunity for future NCFET-aware DVES policies. Modeling
such effects is only possible due to our proposed methodology
that traverses all layers from physics to processor level.

VIII. CONCLUSION

This work presented a methodology to model the emerging
technology NCFET at the system level and an investigation of
the impact of NCFET on a many-core. Starting from a physics-
based model, we traversed to the processor level, where
we extracted power- and frequency trade-offs for different
thicknesses of the ferroelectric layer t7.. NCFET increases
the maximum CPU frequency while voltage remains the same,
or decreases the dynamic power consumption at a given
frequency. For large tr., the negative DIBL effect causes
leakage to increase with lower voltages. We applied our
analysis to the system-level to investigate performance and
energy of a thermally-constrained many-core. We showed that
NCFET allows to power on more cores at the peak V/f-
levels, or to increase the thermally-sustainable frequency at
full system utilization. This increases the performance while

simultaneously reducing the energy consumption. We showed
that NCFET reshapes the trade-offs between performance and
cooling by reducing the required cooling costs while meeting
the same performance. We demonstrated that further scaling
(i.e., increasing ts.) does not necessarily increase the gains,
but instead, there is always a trade-off that determines the
optimal t¢.. The implications of the shown analysis of NCFET
at the system level has a wide-reaching effect on known
system-level policies, as they must be re-thought.
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