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ABSTRACT This paper tracks the scaling of total chip power at constant frequency (i.e., energy-per-
operation) through the last few CMOS nodes. The focus is on high-performance microprocessors. To evaluate
the progression of chip power, Intel’s Core-i7 (Intel’s highest performance consumer microprocessor
manufactured in the highest performance CMOS technology node) was used as the benchmark. Core-i7 has
been manufactured for eight generations starting in the 45-nm node and continuing through the 144+ node.
This paper argues that in the more recent nodes, the total chip power at constant frequency (energy-per-
operation) has scaled much less than that of the earlier CMOS nodes. The early 14-nm technology exhibited
particularly poor power scaling, and in fact, the technology was improved by increasing the device current
and relaxation of the contacted gate pitch in 144-+. Early product data in 10 nm points to issue in dropping
the chip power (at constant frequency) relative to the previous node (14++), which may challenge the power-
performance justification for scaling to the 10 nm node and beyond. Improving chip power scaling (energy-
per-operation) in upcoming nodes is critical as a key part of the value proposition for continued CMOS
scaling, especially as applied to high-performance microprocessors.

INDEX TERMS Computer performance, CMOS scaling, FinFET, Moore’s law, MOSFET, power dissipa-

tion, scaling, technology node.

I. INTRODUCTION

Two key entitlements of CMOS scaling have been the lin-
ear shrink of about 30% per dimension per node [1], and
performance-voltage scaling [2]. A key benefit of scaling has
been power scaling, specifically the scaling of chip power at a
given frequency (i.e. energy per operation) in each technology
node. Because of the slow-down in frequency scaling, total
chip power scaling has become more important and the value
of scaling has shifted to enabling new applications (enabled
by lower power), more cores, or new functions. This benefit
is highlighted in Table 1. The greater the node-to-node power
reduction, the greater the opportunity to add features and
functions in next generation designs. This paper starts by
looking at the historical value of chip power scaling per node,
and then focuses on the more recent node-to-node values.
It appears that the benefit of chip power scaling in recent
CMOS nodes has been diminishing as compared to earlier
nodes. This conclusion seems particularly evident in study
of the early 14 nm generation. A similar trend appears to
hold based on early data for the upcoming 10/7 nm nodes.
The paper speculates about the causes of the poor chip power
scaling and possible remedies.

Il. METHODOLOGY AND APPROACH

Total chip power, Proa is can be approximated as
1/2 fCV? + Ppeakage, Where f is the frequency and C is the
effective switching capacitance, and Ppeqxage i the stand-
by leakage power (power with the clock stopped ). Ppeakage
is a function of total device widths on the chip, device off
currents (i.e. thresholds), and operating voltage. In this study,
the focus is on high performance CMOS, and specifically
higher performance microprocessors. In recent high perfor-
mance microprocessors, active power dominates, and the
leakage power (i.e. deep sleep power) is about 5-20% of the
total power [3], [4]. Node-to-node scaling of total chip power
at a given frequency has two enablers. The first of these is the
linear dimensional shrink in x, y, and z. A 30% linear shrink
will reduce the capacitance and the leakage current or stand-
by power by the shrink factor (~30% per node) and thus
total chip power at constant frequency (i.e. active energy-per-
operation, and the leakage current) will be reduced by 30%
(assuming the same device characteristics, i.e. no reduction in
supply voltage). The second major contributor to the energy-
per-operation drop has been device scaling and the enhance-
ments in the device that can be traded off for power reduction
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TABLE 1. If energy-per-operation drops by p in node N+1 (relative to
node N), then the number of cores (or device count) can be increased by
1/(1-p) in node N+1, while operating at the same chip power (as the
previous node).

Power Cores in New
Reduction Node
70% >3.33
50% >2
40% >1.67
30% >1.43
20% >1.25
10% >1.11

at a given frequency [2], i.e. running the chip at lower volt-
age, or reducing the effective device size beyond that dictated
by dimensional scaling, or using low threshold devices and
operating at lower voltage (at the price of higher leakage
power) while maintaining the same frequency. One benefit of
the Prota formulation (fCV2 + PLeakage) is that the resistance
of the device or of the BEOL resistance does not appear
directly. This work uses total chip power at a given frequency
to track the evolution of the total power (or total energy-
per-operation) through node transitions. In this study, Intel’s
highest performance desktop and mobile processor, Core-i7,
is used to evaluate the energy-per-operation through recent
nodes., This processor family has data available for 8 design
generations starting from 45 nm and continuing through the
144+ nodes [5]. For the total chip power, the thermal design
power (TDP), which is the highest steady amount of power
that the chip can dissipate while running applications, is used.
To keep the number of cores and the amount cache the same
throughout this study, the TDP-frequency of the 4 core/8 MB
cache, or the 2 cores/4 MB, and the 6 cores/12 MB product
families are all scaled to a normalized 4 core/8 MB case.
The total number of processor core transistors has been fairly
constant at about 800 million, and while the graphic engine
device count has increased dramatically over many genera-
tions, the power of the graphic engine is only a few percentage
points of the total power, especially at high frequencies. In the
case of Intel, in moving products from node-to-node, they
use a “Tick-Tock™ approach [6], where the first product in
the new node is a straight map of the previous generation
(“Tick”), followed by the introduction of a new core and/or
features in the new node (“Tock’’). The early product (i.e. the
Tick” family) allows evaluation of the impact of technology
on a given product family. We plot all available data [5] for the
Core-i7 at a given generation and node, and the data envelope
represents the best that the technology can achieve.

Ill. RESULTS

Per classical scaling theory, for a dimensional scaling factor
of o (typically 0.7x shrink factor per node transition), and
potential (voltage) scaling factor of 8 (which has varied over
arange from a 0.7x to a 1.0x reduction in voltage), at constant
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TABLE 2. SONY PlayStation 2 chip power in 250 nm node, and after
migration through 3 nodes, in 90 nm node [7].

Technology| Year| Chip Chip
Node Area Power
(mm?) | (W)
250 nm 98 518 23
90 nm 04 87 0.5

delay (frequency), the active energy per operation scales as
af? [2], i.e. about a 66% drop in power at constant frequency
per node for @ and 8 set to about 0.7x. The leakage power
scales as a8 assuming device off current is kept the same from
node to node (i.e. >50% in the above case).

In order to establish that it has been indeed feasible to
observe the full scaling benefit in terms of total chip power
reduction when migrating to the next node at the chip level,
processor chip power data from earlier nodes was considered.
The Sony PlayStation 2 chip was initially manufactured in a
250 nm node, and later moved through 3 shrinks (180 nm,
130 nm and 90 nm). Its power at constant frequency was
dropped from 23 W to 0.5 W (Table 2) during this migration,
which corresponds to an average factor of 0.72 drop in power
per node, i.e. (1-0.72)3, for « and B values of approximately
0.7x [7]. The slightly higher amount of power scaling at
the product (microprocessor) level was achieved through a
combination of technology and circuit optimization. To look
at more recent nodes, Intel Core-i7 is used, starting with the
first generation of design in 45 nm (1.2 V supply voltage),
and the 2nd generation in 32 nm (1.0 V nominal supply
voltage). The map of 45 to 32 nm (the “Tick™ design)
resulted in a power drop (at constant frequency) of 38%, i.e.
i7-975 to 17-990X, where neither design included graphic
cores (Fig. 1). In 2011, Intel introduced the “Tock™ design,
the Sandy Bridge family [8]. When operated at the same
frequency as the preceding “Tick’ design, Sandy Bridge
offers a benchmark improvement of approximately 10% [9].
Considering the two product families in 32 nm, it is concluded
that 32 nm technology lowered the chip power at constant
frequency by about 50% (Fig. 1). This is in line with what is
expected from the classical scaling.

Intel introduced the first Core i7 (the “Tick design)
in 22 nm with a 0.9V supply voltage [10] (Ivy Bridge,
the third generation Core i7) in 2012. Based on the early
parts in 22 nm, it can be deduced that 22 nm offered about
23-27% lower chip power at constant frequency (dashed line
in Fig. 2 at high frequencies). Chip application benchmarks
of Ivy Bridge showed similar improvements over Sandy
Bridge, and the gains in application benchmarks in Ivy Bridge
tracked the gains in frequency over Sandy Bridge [11]. The
fourth generation Core-i7, the Haswell family (the Tock
design) was introduced a year later. Haswell had an evolu-
tionary design and operated at approximately a 5-10% higher
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FIGURE 1. Power (TDP_vs. frequency for Intel Core-i7, generation 1
(45 nm) and generation 2 (32 nm).
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FIGURE 2. Power (TDP) vs. frequency for Intel Core-i7, generation 2
(32 nm) and generation 3 & 4 (22 nm).

frequency (solid line in Fig. 2) with correspondingly
improved application benchmarks as compared to the Ivy
Bridge [12]. Fig. 2 provides a comparison of all Core-
i7 designs in 32 nm and 22 nm; as seen in the figure, power
reduction is in the range of 20-27% over the designs’ operat-
ing frequency range.

Going to 14 nm (0.8 V nominal supply voltage) [13], for
the first generation (the “Tick” design) Core-i7 (Broadwell,
5th generation of Core-i7 introduced in late 2014), targeted
mostly the mobile market. The sixth generation Core i7, Sky-
lake, was introduced next (Skylake switched to DDR4 from
DDR3, i.e. faster memory access). For the both 5™ and 6
generation designs there was little chip power drop when
the chips ran in the high frequency range. Over the total
frequency range, a chip power drop of 0%-25% (at constant
frequency) was observed (Fig 3). For mobile parts there is
more drop in power, probably due to better voltage scaling.
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FIGURE 3. Power (TDP) vs. frequency for Intel Core-i7, generation 3 & 4
(22 nm) and generation 5, 6, (early 14 nm).
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FIGURE 4. Power (TDP) vs. frequency for Intel Core-i7, generation 3 & 4
(22 nm) and generation 5, 6, 7, & 8 (14, 14+ & 14++ nm).

The low gain in power-frequency at high frequencies was
reflected in chip application benchmarks [14].

Intel introduced 14+ and 144+ nm nodes in 2017; these
nodes deliver a higher performance technology as compared
to 14 nm [15]. The corresponding Core 17 families are Gen
7 (Kaby Lake) and Gen 8 (Coffee Lake). Gen 7 is an opti-
mized version of Skylake (i.e. more of a technology enhance-
ment), and Coffee Lake is even more significant technology
enhancement (1444) with higher core count, enabled by
lower power per core. For the 144+ node, the chip power
scaling improved in the range of 20%-33% (Fig. 4). Fig. 5 is
a summary of the percentage drop in chip power at constant
frequency at a given node when compared to the previous
node, starting from the transition from 250 nm to 180 nm,
and covering the more recent transitions (22 nm to 14+4+).
The device spacing (i.e. contacted gate electrode pitch, CPP)
in 1444 was increased to 84 nm from 70 in 14 nm.
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FIGURE 5. Change in chip power at constant frequency, relative to the
previous node.

TABLE 3. Fin pitch, height, and contacted gate pitch (CPP) for the
technologies used for Intel Core-i7 (or planned use in 10 nm).

Node Fin Pitch | Fin Height CPP
22 60 34 90
14 42 42 70

14++ 42 42 84
10 34 46 54

Larger device pitch (CPP) helps with lower gate to contact
(PC-CA) capacitance and can result in higher strain, but can
also lead to larger chip and higher metallization capacitance
(i.e. higher C in BEOL). In summary, one can notice that in
the last few nodes, despite the drop in nominal voltage, device
improvements (I, per device footprint) and full dimensional
chip shrinks, the historical chip power (energy-per-operation)
scaling has not been achieved. This is especially true for
early 14 nm. One part of this may be driven by the fact that
capacitance was not scaled as expected: high C may have
been caused partly by the increase in fin height from 34 nm in
the 22nm node, to 42 nm in the 14nm node (Table 3). Another
source of this issue may have been the need to keep the
operational voltage higher than its nominal value, especially
for high performance microprocessors (i.e. closer to 1.0 V as
opposed to 0.7-0.8 V) to achieve better performance. To shed
further light on the possible cause of decreased power benefit
from scaling, the performance gain per node is evaluated
using two available metrics. One metric is the “turbo-mode”
frequency, as a measure of the maximum frequency at which
a part (or a core) can run (i.e. when only one core is running
at high frequency to maximize single thread performance,
while the other cores run much slower, subject to thermal con-
straints). Using similar methodology as described previously
(Fig. 6 and Fig. 7) to track the turbo frequency throughout
recent nodes (summary in Fig. 8), one notices that the turbo-
frequency at the same power (as a measure of performance)
takes a step down for designs realized in the early 14 nm
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FIGURE 6. Power vs. turbo frequency (as a measure of the best that
technology can achieve) for 45, 32, and 22. Notice the continuous
improvement in turbo frequency across nodes.

node. With the introduction of 14+ and 14++- (and the higher
Ion), the turbo frequency improves as compared to 22 nm.
As another metric, we look at the current per actual device
perimeter. For FinFET technologies, it is customary to report
the nFET and pFET current per device (finfet) footprint (i.e
current per fin pitch), but probably a better metric is to look
at the current per actual fin perimeter (i.e. 2*Fingeight +
Finyiqm) since the device gate C is proportional to the actual
perimeter (Fig. 9) [10], [13], [15], [16]. It is noticed that in
early 14 nm, the current per fin perimeter drops as compared
to 22 nm. The drop in current per actual width in 14 nm
may explain some of the poor performance and power-per-
operation in 14 nm; if the current drops, then one needs to
operate at a higher voltage to get to the same frequency,
and thus the fCV? will increase. Later with the introduction
of 14+ and 144+ nm nodes, the current drive improved, and
therefore one could drop the voltage at a given frequency,
and that can partially explain the improvement in power-per-
operation scaling.

IV. DISCUSSIONS - TOWARD 10 nm

Looking at the high performance microprocessors (Intel
Core-i7), that use high performance CMOS, it appears that
the benefit of chip power scaling (at the same frequency) has
been diminishing, as compared to earlier CMOS nodes. This
seems particularly true of the most recent 14 nm generation.
The situation was improved by the introduction of enhanced
14 nm nodes (i.e. 14+ and 14+4+) albeit with increased
device pitch. A number of companies have reported results
regarding the 10 nm/7 nm nodes. In case of Intel (probably
the best reported 10 nm technology so far [15]), looking at the
10 nm data points (nominal supply of 0.7 V) shown in Fig. 8,
we observe a degradation in drive current per perimeter in
the 10 nm node devices vs. that of 14++ (similar to the
first reported 14nm vs. 22 nm) devices, and an increase in
fin height (from 42 to 46-50 nm). Poor current drive and
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FIGURE 8. Evolution of turbo frequency on Intel Core-i7 from 45 nm
through 14++ (at 60 W).

increase in fin height were some of the probable causes
of poor power scaling in earlyl4 nm. Thus it will not be
surprising if the first generation of 10 nm parts faces similar
chip power (energy-per-operation) scaling challenges as did
the first generation of 14nm parts. In fact, in May2018 Intel
announced their first 10 nm device, the Core i3-8121U pro-
cessor [5]. Comparing the 10 nm processor to Core-i3s in
earlier generations of technology (Fig. 10), it is observed that
in terms of TDP power vs. frequency, Core-i3 behaves very
much like Core-i7. In particular, early 14 nm node parts had
limited power-frequency benefit with respect to 22 nm, and it
was with the introduction of the 14+ and 144+ nodes that the
chip power-frequency improved. Looking at the 10 nm part
(13-81210), its power-frequency behavior is comparable to
the early 14 nm Core-i7 parts. Based on this single data
point, it seems that early 10 nm is behaving like the early
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FIGURE 10. Power (TDP) vs. frequency for Intel Core-i3, through 32 nm,
22 nm, 14 nm (Gen 5 &6), 14+/14++ (Gen 7 & 8) and the first 10 nm part.

14 nm generation in terms of total chip power (energy-per-
operation) scaling.

The focus of the paper has been chip power scaling trends.
Part of the challenge in chip power scaling is likely due to the
poor scaling of the device capacitance: Bulk FinFETs have
parasitic capacitance caused by the non-conductive bottom
of the fin which is heavily doped to stop the punch-through
current, and also due to the non-scaling of the fin height.
Alternative devices have been proposed that may result in
better capacitance scaling from node to node [17]. It is hoped
that the industry will be able to come up with a similar
improvements in 10 nm as it did in 14 nm, and drive the chip
power scaling of the future nodes toward historical values,
especially as it relates to high performance microprocessors.
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