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Abstract

As technology scales, power consumption, variability, and reliability have become seri-
ous concerns in processor design. Increasing transistor densities and subthreshold leakage
have increased chip power dramatically. High power consumption makes the use of af-
fordable packaging and cooling solutions difficult in high-performance processor platforms
while it degrades battery life of mobile processors. As a result, manufacturers now focus on
maximizing performance/Watt rather than raw processing performance. Further, smaller
transistors are more susceptible to process variations and aging effects like bias temperature
instability (BTI). Leakage, variability, and aging reduce parametric yield, i.e., the number
of functional dies which meet the frequency and power constraints. For a long time, de-
signers have addressed variability and aging by incorporating design margins. However,
to maximize power-efficiency, it is necessary to reduce design margins by using dynamic
techniques. The shift to multi- and many-core architectures presents new challenges for
implementing such dynamic power, variability, and reliability management techniques, as it
is necessary to keep their design, verification, and test cost low in the multi- and many-core
environment.

Power-gating (PG) is commonly used to reduce standby leakage power in multi-core
processors. The PG device incurs an overhead in terms of chip area and it is impacted
by BTI and process variations, which affects the frequency and power of the power-gated

circuit. On the other hand, it provides a knob to control the voltage (hence frequency



and power) of the connected processor core. This thesis presents low-cost, static as well as
dynamic techniques to optimize the PG device for improving performance, power efficiency,
yield, and reliability of multi-core processors.

First, a method of post-manufacturing tuning of PG device to improve yield and per-
formance of multi-core processors with a power constraint, in the presence of die-to-die
(D2D) and within-die (WID) variations, is presented. To improve yield in presence of D2D
variations, the strength of the PG device is adjusted in fast-but-leaky dies such that they
can operate in an acceptable power and frequency region. Simulations with ISCAS bench-
mark circuits demonstrate that ~88% and 98% of discarded leaky dies can be recovered
by the proposed method in fixed frequency and variable frequency designs, respectively.
In processors with a shared voltage domain but individual PG domains, when each core
shows different frequency due to WID variations, the strength of a PG device of each core
is adjusted to make their maximum operating frequencies even. This allows faster cores
to consume less active leakage power, reducing the total power consumption well below a
power constraint in a globally-clocked design. Subsequently, global supply voltage is in-
creased for higher overall frequency until the power constraint is satisfied. The PG tuning
improves the performance by 3%-21% on average for 2-, 4-, 8-, and 16-cores in presence of
WID variations.

Second, a circuit technique is proposed to track the BTI aging of a PG device and chip
temperature variation, and adjust the strength of PG device dynamically. This dynamic
technique eliminates the design margins used to account for aging and high temperature.
As a result, leakage power is reduced by ~10% and dynamic power is reduced by ~4% in
early chip lifetime and low temperatures. The proposed tracking technique also reduces the
gate oxide failure rate by 5.1%, 3.8%, and 4.1% for fast, nominal, and slow process corners
over a period of 7.5 years.

Third, the impact of PG size on frequency and power of multi-core processors with



vi

process variations is analyzed. It is shown that increasing the size of a PG device beyond
a certain value does not improve the frequency of the power-gated circuit while it increases
the power consumption significantly. A PG device is often sized to minimize the voltage
drop (thus the frequency degradation), requiring considerable die area. Meanwhile, adap-
tive voltage scaling (AVS) has been used to improve yield of power-constrained processors
exhibiting a large spread of maximum frequency and total power due to process variations.
Based on the above observation, a methodology to optimize both the size of PG devices
and the degree of AVS jointly, is proposed such that the PG size is minimized while max-
imizing performance and power efficiency of power-constrained processors. The PG sizing
methodology is applied to multi-core processors adopting global and frequency-island clock-
ing schemes. Simulation results demonstrate that the joint optimization considering both
D2D and WID variations reduces the size of power-gating devices by more than 50% with
~3% performance improvement for power-constrained multi-core processors.

Fourth, the use of per-core PG device as on-chip, linear voltage regulator (VR) is pro-
posed as a cost-effective way to provide per-core voltage domains in multi-core processors.
Experimental results show that when core-to-core voltage variations in a multi-core pro-
cessor are relatively small, the MIPS? /W of a processor using the proposed VRs is slightly
higher than that of a processor using switching VRs. In addition, a VR using PG device
requires significantly less area compared to a switching VR and can be implemented with
low cost as it shares its principal component with the PG device and does not require bulky
inductors which are challenging to manufacture.

Finally, in processors with per-core voltage/frequency domains and power and thermal
constraints, a method is proposed to optimize the voltage/frequency of cores running highly
compute-bound, multi-threaded workload. In the presence of WID variations, fast cores are
often subject to thermal throttling which reduces the overall performance of the processor.

Although, techniques such as thread migration are used to solve the thermal throttling



vii
problem, there is not much opportunity for thread migration when all cores are running
highly compute-bound applications most of the time. In such a case, the proposed method

can balance the core temperatures leading to less frequent thermal throttling of fast cores

and thus higher maximum performance under power and thermal constraints.
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Chapter 1

Introduction

1.1 Motivations

Since the invention of the transistor in 1947, the computing industry has grown tremen-
dously while positively impacting every area of human life. Due to the advances in semicon-
ductor manufacturing technology, processor manufacturers have been able to produce faster
and more powerful processors every two years, for the last six decades. Shrinking process
technology allows more and faster transistors to be integrated in a given die area, thereby
allowing a continuous improvement in performance. Processor performance is given by the

Iron Law equation as:

1 Instructions

x Clk fregq. (1.1)

Per formance = X
/ No. of Instructions Cycles

For years, manufacturers improved performance by increasing clock frequency and in-
structions per cycle (IPC) by evolving microarchitecture to exploit instruction-level paral-
lelism (ILP) in programs. As a result, high-performance computing systems are capable
of achieving performance of the order of petaflops (10 floating point operations per sec-

ond). This tremendous increase in performance is driven by the simulation needs of models



from the disciplines of astrophysics, biology, climate and weather forecasting, and national
security, to name but a few. The US Department of Energy’s target for high-performance
computing systems is to reach exaflops of performance with a total power consumption
limited to 20MW by 2018 [1]. This represents a 3x increase in the power consumption
and 500x increase in performance of present systems which deliver 2 petaflops at 6MW of
power. These performance and power targets will require a power management solution for
an exaflop system which is over 150 times more efficient than current technology. Improv-
ing performance and power efficiency simultaneously is a significant challenge for processor
manufacturers. Both increasing clock frequency and microarchitectural innovations to im-
prove performance increase power consumption.

The power dissipated in a CMOS circuit can be divided into two types; the power due to
switching capacitance of the transistors, also called dynamic power (Ppy ), and the power

dissipated in idle transistors due to leakage current, (Prpar). Ppyn is given by:

PDYN:a-C-V2'f (1.2)

where « is the switching activity factor (0 < o < 1) of a circuit node, C' is the node
capacitance, V is the node voltage change during the switching transition and f is the
switching frequency. Although the per-transistor Ppy ny decreases with technology scaling,
chip-wide Ppy n has been increasing due to increase in the effective switching capacitance
per unit chip area and die size. The effective switching capacitance per unit chip area in-
creases by ~40% with each technology generation (capacitance of a transistor changes by
0.7x while area changes by 0.5x). Die size increases by ~25% every technology generation
due to increase in the amount of last level cache needed and improvements in fabrication
technology which enable higher yield for large reticle sizes. Prgpax depends on the applied
voltage and is proportional to the number of off transistors in a given chip area. Prpax

increases with technology scaling due to increased transistor density and lower threshold
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Figure 1.1: ITRS projection for maximum allowable power for high-performance proces-
sors. (Normalized to 2011 value [2].)

voltage. For a given process technology, microarchitectural methods to exploit ILP often
increase the transistor count which also increases Prpax. Thus, both Ppyny and Prpak
have increased with technology scaling, resulting in the total power reaching levels which
make the use of affordable packaging and cooling solutions practically impossible. Further,
higher power consumption necessitates the use of bigger voltage regulators (VRs), increas-
ing platform cost and size. In the area of mobile and embedded processors, increasing power
consumption leads to reduced battery life. Figure 1.1 shows the international technology
roadmap for semiconductors (ITRS) [2] projection for maximum allowable chip power for
high-performance and cost-performance processors normalized to the 2011 value. Modern
high-performance processor platforms have stabilized maximum power dissipation at ap-
proximately 120W due to package cost, reliability, and cooling cost issues. As a result,
performance gains in future processors will have to be achieved while staying within the
power envelope which requires use of low power design methodology at the circuit, archi-
tecture, and software levels. Partly as a result of the power wall, processor designers have

adopted new design methodologies in the recent years. Clock frequency has flattened circa



2005 and the trend is towards integrating more processing units or cores in a die. Such
cores operate at low power consumption while delivering required performance with the
aid of multi-threading support and efficient on-chip interconnect network. At the same
time, high-performance computing, traditionally confined to scientific laboratories, is now
making a move to the mainstream. Multi-core processors are also being widely adopted
in the arena of mobile devices because they allow complex applications to be written and
executed concurrently for devices like smart-phones and tablets which can provide the user

with more visually rich graphics and multimedia experiences.

1.1.1 Power Management

The shift to multi-core processors was considered to be beneficial to reducing power
consumption due to the notion that high throughput can be achieved by dividing a task
into several parallel portions, each running on a core at a lower voltage/frequency. However,
single-threaded or sequential performance is still required in many applications due to in-
herently limited parallelism and yet distant mainstream adoption of parallel programming.
Further, increase in the number of cores causes increase in the uncore (i.e., shared on-chip
cache, interconnect, etc) power dissipation and area to maintain scalability of performance.
A major component (~ 40%) of total chip power dissipation in today’s high-performance
processors is sub-threshold leakage power which increases with technology scaling [3]. As
a result, the power problem continues to exist even in the multi-core era as the power per
core does not scale down at the same rate as the increase in number of cores.

The root cause of the power problem lies in the packaging and cooling solutions’ ability to
remove heat from the processor die. Technological advancements in packaging and cooling
solutions have traditionally lagged behind those in processor technology. Also, platform
cost increases when high-end packaging and cooling solutions are employed. As a result,

today’s processors are designed to operate with a limited power budget, also known as



thermal design power (TDP), which is the maximum average power that the cooling solution
must dissipate. Given the limits on how much power consumption can be reduced through
fundamental improvements in semiconductor and cooling technology, the only way in which
today’s designs can work is by wisely utilizing the power budget that is available.

A commonly employed technique is to distinguish between active and idle (standby)
states for a system component. System components (e.g cores, caches, translation lookaside
buffer arrays) which are not being utilized can be put into a standby state by powering them
down with power-gating (PG) devices. Components which store data related to the system
state can be put into a data retention low power state by lowering their supply voltage.
During a component’s active state, power reduction can be obtained by adjusting the per-
formance of the component depending on the needs of the workload. Performance tuning
is achieved by varying the voltage/frequency, also known as dynamic voltage and frequency
scaling (DVFS). In multi-core processors, fine-grained power /performance trade-off can be
achieved by individual voltage/frequency scaling of the cores. Such fine-grained control
requires VRs per core or per group of cores. As the number of cores increases, however,
providing per-core off-chip VR increases platform size and cost prohibitively. There has
been an effort in the research community and industry to integrate VRs on the processor
die. However, on-chip VRs suffer from low efficiency due to low quality integrated induc-
tors in CMOS technology and increase the design time and effort. Hence, a low cost and
complexity voltage regulation scheme with efficiency comparable to off-chip switching VRs

is needed.

1.1.2 Process Variations

Technology scaling worsens shifts in transistor parameters such as threshold voltage
(Vrm), channel length (Lgrr), gate oxide thickness (Tpx ), and channel doping. Parameter

variations broadly fall in two categories: inter-die (die-to-die (D2D)) and intra-die (within-



die (WID)). Inter-die variations include variations that arise between different dies in the
same wafer or across different wafers or wafer lots, while intra-die variations account for
variations that arise within the same die or more generally within a reticle field. These de-
vice level variations are manifested as variations of circuit delay and leakage power among
manufactured dies and also among cores in a die. Dies that do not meet the frequency
target or power constraint have to be discarded which reduces the yield. Variations are
addressed by incorporating design margins and binning of manufactured parts. Margins
are added to device sizes, process parameters such as doping, and supply voltages such that
manufactured dies which are slow meet the target frequency. In high-performance proces-
sors, post manufacturing frequency binning along with adaptive voltage scaling (AVS) and
adaptive body biasing (ABB) is used to improve yield by sorting dies into several frequency
bins. Leaky dies are accepted by placing them in low frequency bins with reduced voltage
or reverse body bias which reduces profit. Within-die variations such as core-to-core(C2C)
frequency and leakage power variations can provide new opportunities for power manage-
ment and performance improvement in multi- and many-core processors. The speed of fast
cores can be traded with useful power headroom by doing static (one-time) optimization
techniques such as post manufacturing tuning of circuits as well as dynamic optimization
techniques such as voltage/frequency scaling and thread migration. The benefits and over-
heads of such optimization techniques warrant thorough analysis considering the design and

operating space involved.

1.1.3 Device Aging Effects

CMOS circuits undergo aging and even irreversible failure due to the continuous stress
applied to the devices during circuit operation. Aging effects such as bias temperature in-
stability (BTI) and oxide degradation create long term shifts in device parameters such as

threshold voltage and gate tunneling current which translate into circuit frequency degra-



dation and power increase with time. Further, circuit reliability is impacted by process
variations. BTI depends on threshold voltage while the time to breakdown of oxide is a
function of oxide thickness. Both these parameters show a statistical distribution within a
chip and across chips. Design margins are commonly used to counter the impact of aging.
However, margins can lead to deterioration of other circuit metrics such as leakage power
or area overhead in the absence of aging (early chip life). As a result, dynamic techniques,

which compensate for aging based on usage conditions, are desirable.

1.2 Thesis Contributions

This thesis is a multi-faceted work which proposes novel methods to improve perfor-
mance, power efficiency, yield, and reliability of multi-core processors. To achieve these ob-
jectives, our methods optimize the structure and size of PG device with post-manufacturing

as well as dynamic runtime tuning. The original contributions of this thesis are as follows:

1.2.1 Yield and performance improvement

For multi-core processor with D2D Fj;4x and Prpag variations, a post-silicon method
is shown to optimize the strength of the PG device to improve the parametric yield. The
PG devices of leaky dies can be weakened during a post-manufacturing stage to reduce
their virtual rail voltage (VVpp). This reduces the Prpax (hence Pror) of these leaky
dies. Dies which would be discarded due to violation of Pror constraint are recovered with
small overhead of tuning.

The post-silicon PG tuning can be applied on a per-core basis to multi-core processors to
increase the operating frequency. The PG devices of fast (and leaky) cores can be weakened
during a post manufacturing stage to reduce their VVpp and Prgar. The resulted power
headroom can be used to increase the global supply voltage and clock frequency Fasax

of the processor. The Fi;4x increase is limited by the power constraint of the die. The



method relies on characterization of Fiajax and Prpax of the cores. Modern processors
with dynamic voltage/frequency scaling (DVFS) feature are subject to such characterization
during manufacturing testing for purpose of speed binning. Hence, the PG tuning method

can be incorporated in existing test flow with small additional overhead.

1.2.2 Active leakage reduction and gate oxide reliability improvement

PG devices are often upsized during design to account for negative bias temperature
instability (NBTI) (or PBTT in NMOS) aging which leads to undesirable, high active leakage
power in early chip life. Leakage power dissipated in circuit blocks which are in use (i.e.,
active) is refered to as active leakage. This thesis proposes a NBTI tracking mechanism
and PG device architecture which adjusts its strength based on usage (aging) to clamp the
VVpp to a fixed value. Our simulation results show that our clamping technique reduces
the active leakage power by ~10% and dynamic power by ~4% in early chip life. Further,
the analysis presented shows that active leakage of power-gated circuits does not decrease as
much as expected when chip temperature falls. At low temperatures V'Vpp of a power-gated
circuit increases resulting in higher active leakage. Another tracking circuit and PG device
to reduce active leakage in presence of temperature variations is also demonstrated. Both
aging and temperature tracking methods are evaluated in the presence of WID variations.

The impact of the VVpp clamping technique on gate oxide reliability is analyzed. With
the proposed clamping method, gate-oxide failure rate decreases by up to 5%, 3.8%, and

4.1% for fast, nominal, and slow process corners over a period of 7 years.

1.2.3 AVS-aware PG sizing algorithm

First, we analyze the impact of PG size on the VVpp and Fis4x across process corners.
PG devices are often sized such that the connected circuit meets timing specifications un-

der the worst-case current, process corner, and aging. This causes PG devices to occupy a



significant die area. The analysis shows that as the PG size is increased beyond a certain
range, the Fy; 4x gain diminishes quickly while power increases at a faster rate than Fi;4x.
Based on the above analysis, an algorithm to optimize the size of the PG device is proposed.
The algorithm utilizes the AVS technique commonly used to compensate the impact of pro-
cess variations in manufactured processor dies. Across process corners, the sizing technique
reduces the PG device size by up to 43%. In the presence of WID variations the sizing
algorithm reduces the PG size by 58%. The proposed sizing has negligible impact on the

Fayax and leads to Fasax improvement when WID variations are considered.

1.2.4 Low cost voltage regulation using PG device

H. Gashemi et al.[4] analyzed the voltage demand of cores in an eight-core server class
processor running a variety of benchmarks and showed that the maximum voltage difference
between cores with per-core DVFS is less than or equal to 100mV for at least 90% of the
execution intervals in most applications. Based on this observation, a cost-effective and
efficient method for providing per-core voltage domains in a multi-core processor is proposed.
The proposed technique uses per-core PG devices to regulate the core voltages with a small
area overhead. The area cost and efficiency of the proposed regulator are analyzed and
compared with a switching regulator. It is shown that the proposed linear regulator can
achieve higher MIPS?/W on a multi-core processor than a switching counterpart while

occupying a significantly lower die area.

1.2.5 Performance improvement of power/thermal constrained proces-

sors with per-core V/F domains

An optimization technique is shown to maximize the average Fyrax (i.e., throughput)
of power- and thermal-constrained processors considering the WID C2C variations. In a

multi-core processor, WID C2C variations result in different power and frequency trade-offs
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between fast and slow cores. The throughput is proportional to the average frequency of
cores in a processor when the processor allows each core at its own frequency (i.e., per-core
clocking). Further, fast cores, which consume more power due to higher frequency and
leakage, experience more thermal throttling than slow cores. The proposed optimization
technique searches the most performance/power-efficient voltage/frequency point for each
core during a post-silicon tuning process and results in less thermal throttling of leaky cores.
Hence, it can provide higher average Fj;ax for the processor under a power constraint.
Simulation results show that the maximum throughput of 16-core processors with high

C2C power variance can be improved by nearly up to 10% with the proposed optimization.

1.3 Organization

This thesis is organized as follows. Chapter 2 provides background material on topics
of power gating, power delivery and VRs, process variations and yield and device aging.
Chapter 3 presents the frequency and yield improvement method using programmable PG.
Chapter 4 demonstrates leakage power reduction and gate oxide reliability improvement in
the presence of BTI aging and temperature variations using a tracking circuit and auxil-
iary PG device. Chapter 5 presents the optimum PG sizing methodology while maximizing
performance and power efficiency of multi-core processors. Chapter 6 investigates the fea-
sibility of using per-core PG as cost-effective on-chip linear regulators for efficient power
delivery in multi-core processors. Chapter 7 presents per-core voltage/frequency tuning in
presence of within-die variations and thermal and power constraints. Chapter 8 summarizes

the research and presents concluding remarks.
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Chapter 2

Background

This chapter presents an overview of state-of-the-art in power gating (PG) and power
delivery in multi-core processors including voltage regulators (VR). A brief background
on process variations and circuit reliability phenomenon of bias temperature instability is
presented which forms the basis for understanding the research contributions in the following

chapters.

2.1 Power Gating

A PG device, also known as a sleep transistor, is an integrated on-off switch placed
between the supply (or ground) rail and a digital circuit. Conceptually, such a PG device is
illustrated in Figure 2.1. Both PMOS (header) and NMOS (footer) based implementations
are possible. A PMOS device offers greater leakage reduction in the sleep state compared to
an NMOS device for the same size. Circuits gated with footer are more sensitive to ground
noise due to higher leakage of NMOS compared to those using headers [5]. However, in the
on-state, a larger PMOS device is required compared to an NMOS for attaining a certain
voltage drop due to the lower current drive of the PMOS. During the standby mode of

the circuit, the PG device is turned off, disconnecting the circuit from the power supply
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Figure 2.1: Logical structure of a power gating device.

which eliminates any standby leakage current flowing through the circuit. During the active
mode, the PG device is turned on, connecting the circuit to the supply. In the on-state,
the finite resistance of the PG device leads to a voltage drop across it which reduces the
voltage applied to the circuit. In a PG circuit, the delay and power characteristics of the
circuit are governed by the value of the virtual rail voltage (VVpp) rather than Vpp. The
voltage drop across the PG device is proportional to the total current (Iror) (i.e., dynamic
+ active leakage) drawn by the circuit and the effective width of the PG switch. Thus,
the PG device is often sized to guarantee a minimum VVpp level at the maximum Iror
of the circuit at which the timing analysis for a multi-core processor is often performed. A
common industry practice is to size the PG device for a voltage drop of 50mV~100mV at
the worst case current drawn by the core [5]. Buffered drivers are typically needed to drive

the large capacitance of the PG device which further adds to the area overhead of PG.
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2.1.1 Physical Implementation

A PG device consists of a large number of transistors (fingers) in parallel between
the supply rail and the circuit to be gated. One implementation approach is to embed a
PG transistor in each standard cell [6]. This is advantageous from the point of view of
design tools since the standard cell containing the PG switch can be characterized and its
characteristics can be used by conventional computer aided design (CAD) tools for timing
analysis, physical synthesis and so on. However, this approach consumes unnecessary chip
area. A relatively smaller PG switch can be shared between cells considering the fact that
all cells do not draw maximum current at the same time. When the PG switches are shared
between cells, the standard cell is designed to include power, ground, and virtual rail. The
cell library contains special power supply cells which consist of the PG header or footer.

These power supply cells are placed in each row as shown in Figure 2.2-(a). A single
switch often consists of multiple fingers placed adjacent to each other depending on the
required switch strength. Many industrial designs adopt the distributed PG network in
Figure 2.2-(a) in one form or other. Another physical layout style for PG is the ring style
in which the PG transistors are placed on the periphery of the circuit block and form a
ring connecting the main and virtual rails as shown in Fig 2.2-(b). The ring style is less
complicated to place and route than the distributed mesh since the PG switches and part
of the power network are separated from the logic cells. Cells that require the permanent
power supply such as isolation cells can be placed around the power domain areas without
having to be distributed. With the advent of multi- and many-core designs and as core
sizes become smaller with each technology generation, per-core PG device is becoming
increasingly common where a PG device is used to shut down/turn on an entire core.
Examples of recent multi-core processors using per-core PG are Intel’s CoreTM i7 [7] and

AMD’s Llano [8].
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Figure 2.2: (a) Power rails and distributed PG switches in a standard cell environment
(b) Ring style PG network.

2.1.2 Power Gating Challenges

Although the work proposed in this thesis does not attempt to solve the challenges
associated with implementing power gating, we provide a brief overview in this section.
Two most significant design challenges of power gating are sizing and in-rush current and
associated supply/ground bounce during core wakeup. The size of a PG device impacts
the circuit delay (i.e., Farax) in the active mode, the leakage current in the sleep mode,

and area. To minimize the delay impact due to the drop across the PG, a large PG device
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is preferable, but it increases both off-state leakage and area. Most sizing works focus
on accurately estimating the current through the PG device. Once the current is known,
the minimum PG size can be determined for a given voltage drop, e.g. 2% of Vpp. One
sizing strategy is to estimate the average current drawn by the power gated circuit. The
PG voltage drop is independent of the exact switching pattern of the gates in the circuit
and different designs which have same average current tend to have the same voltage drop.
Hence, the average current can be used to find the minimum required size of the PG device
for a given performance penalty [9][10]. Other studies have demonstrated algorithms for
accurate estimation of the maximum current through the sleep transistor [11][12].

The processor core connected to a PG device represents a large capacitance which is in
discharged state when the PG device is off. When the PG is turned on, the large capacitance
causes a large inrush current to flow which depends on the resistance of the PG device. This
large current spike causes resistive and Ldi/dt voltage drops on the power distribution grid
which result in ground bounce (for footer) or Vpp spike (for header). This ground bounce
noise from one PG domain is transmitted to the adjacent domains which are already active
through the shared power and ground networks. The current spike and ground bounce
noise can be controlled by gradually turning on the PG device over multiple clock cycles.
The wakeup phenomenon has been extensively studied in literature and various wakeup
strategies have been published. Kim et al. [13] showed a method of turning on the PG
transistors in which the gate-to-source voltage (Vizg) of the PG switch or some fingers of
the switch are activated in a step wise non-linear fashion. The authors claimed to reduce

both the magnitude of the voltage spike and the wakeup time by this method.

2.2 Power Delivery

The power delivery network of a modern processor consists of multiple voltage domains

for cores, shared memory, 10, and other blocks constituting the platform. Power is supplied
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to the individual voltage domains by voltage regulators (VRs) which are DC-DC step-down
converters supplying an accurate and regulated voltage to the power rail. A typical high
performance server platform design thus consists of several VRs of various power ratings
(i.e., the total maximum power that the VR can supply). In most commercial processors,
the VRs are located on the circuit board and consist of discrete power MOSFETSs, inductors,
capacitors, and VR controller IC. Power is carried through copper traces to the processor
die.The on-chip power network consists of power and ground tracks routed in several metal
layers on the die and connected with inter-layer vias. The current drawn by the processor
leads to voltage drops across the resistance (IR) and inductance (Ldi/dt) of the power
delivery network. A significant amount of on-chip and off-chip decoupling capacitor is
added to the power network to reduce the voltage transient noise. The VR design and
decoupling requirements depend on the platform specifications. The voltage scaling time of
a VR increases proportionally to the decoupling capacitance added on the power delivery
path. Depending on platform design, the voltage scaling time of an off-chip VR can be of
the order of tens of microseconds [14].

Providing a separate voltage domain for each core or group of cores can lead to fine-
grained (per-domain) voltage scaling of the cores resulting in greater power savings than
single voltage domain [15]. However, as the number of cores increases, per-core or multiple
voltage domains can increase platform cost significantly. A VR is typically designed to
provide peak power to the cores in a voltage domain. In case of multiple voltage domains,
each VR needs to be designed for higher power drawn by a single domain/core while the
other domains are shut down [16][17]. Further, multiple voltage domains are usually associ-
ated with multiple clock domains and separate power distribution networks which increases

verification complexity and time.
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Figure 2.3: Circuit schematic of buck voltage regulator. The output voltage Vo can be
controlled by adjusting the duty ratio D of the PMOS switch (Vo = D - Vin).

2.2.1 Voltage Regulators

VRs are required to provide a stable voltage to a processor and dynamically scale the
voltage to implement power management algorithms. VRs used to power processors can be
broadly divided into two categories: switching and linear VRs. Switching VRs are designed
using power MOSFETs and typically involve power transfer using the magnetic field of
an inductor. Linear VRs, on the other hand, use a MOSFET or bipolar device in linear
mode of operation to reduce the voltage. Switching VRs have been preferred for powering
processors due to their higher power conversion efficiencies over a wide output voltage range
compared to linear VRs. Figure 2.3 shows the circuit of a VR topology commonly use for
processors, also known as buck converter. The PMOS and NMOS transistors are switched
alternately to create a pulse waveform at the node x from the input voltage Viy. The LC
filter is used to filter the switching frequency component and produce a DC voltage Vo at
the output. A feedback control loop is used to sense and regulate the output voltage. The
average value of Vp is given by

t

Vo = % x Vin (2.1)

where t,, is the on-time of the PMOS and T is the switching period. Multiple phases of

the converter can be connected in parallel to supply a high current to a processor die. The
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power efficiency of a switching VR is a function of its components’ technology and sizes.
Off-chip switching VRs built using discrete components can attain conversion efficiencies of
90% [18].

A linear VR, also known as low dropout (LDO) regulator consists of a series pass
transistor operating in the linear region between the input and output voltage. Figure 2.4
shows the circuit for an LDO. The output voltage is regulated by controlling the gate drive
of the pass device with a feedback loop. The efficiency of an LDO is a function of the
difference Viny — Vo , also called the dropout voltage of the regulator. For small dropout

voltages, the efficiency is high and decreases linearly as dropout voltage increases.

Vin

Driver | —»

—| Feedback |e&
VREF

Figure 2.4: Circuit schematic of linear voltage regulator.
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2.3 Process Variations

Non-idealities in the semiconductor manufacturing process introduce variations in the
key electrical parameters of devices and interconnect. Die-to-die (D2D) variations include
variations that arise between different dies in the same wafer or across different wafers, while
intra-die, or within-die (WID) variations account for variations that arise within the same
die or more generally within a reticle field. WID variations are caused, for example, by
lens aberrations and lithographic hot spots, while D2D variations are caused by wafer-level
physical phenomena as chemical-mechanical polishing and photoresist coating mechanisms
[19]. From a circuit design point of view, key parameters, which are impacted by process
variations, are Vg and Lgpp of transistors. WID variations have random and systematic

components. The random component of parameter variation changes randomly from device
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Figure 2.5: (a) Systematic WID Vppy variation map for a 16-core processor (b) Corre-
sponding FMAX and PLEAK-

to device, i.e., without any correlation between devices. The systematic component follows
a governing law, where the correlation between devices is based on the distance between
those devices. This spatial correlation is locally layout-dependent and circuit-specific, and

globally location dependent. As a result of these variations, significant variation in Fjsax
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and Prpai is observed among dies and among cores within a die. As more cores are
integrated in a die with technology scaling, spatially correlated WID variations lead to
more considerable core-to-core (C2C) Fprax and Prpax variation. Dighe et al. reported
28% Fhrax variation and 1.75x Prgax variation between slowest and fastest core in a 80
core processor fabricated in 65nm technology [20]. In this work, we use the model of within
die variations developed by Sarangi et al. [21]. According to this model, the systematic

WID variation in Lggpr is related to the Vg variation by the following equation:

(2.2)

Vg — V;
Lgrr = Lgrro X <1 + THTH’O>

2x Vruo

D2D variation is modeled as normally-distributed with zero mean and oy, = 5.0%. Fig-
ure 2.5-(a) shows a systematic Vg variation map for a die containing 16 cores. Each
rectangle represents a core, and each pair of numbers in a rectangle in Figure 2.5-(b) corre-
sponds to Fiyax and Prpag of each core at Vpp, normalized to the Fj;4x of the slowest
core and the Prpax of the least leaky core, respectively. Note that core 4 is 1.43x faster
than the slowest core while core 13 is to 8.7x leakier than the least leaky core in the die;
faster cores often consume more Prpax. As more cores are integrated in a die (i.e., die size
becomes larger), relative C2C Fyyax and Prpax variations across a die increase [22].
Various post-manufacturing tuning techniques are used by chip manufacturers to miti-
gate the impact of process variations on yield. A basic method is to allocate a die to one
of several frequency bins depending on its Fjsax and marketing it at a price based on the
bin frequency. This process is known as frequency binning. Adaptive voltage scaling (AVS)
adjusts the voltage of a die based on its process corner to maximize its frequency under a
power constraint. Dies which are fast but leaky are allocated lower than nominal voltage
to reduce their power consumption while slow dies are allocated higher voltage to increase
their Fyyax. AVS is more beneficial than simple frequency binning because it reduces

both standby leakage and dynamic power, which allows dies to be accepted in a higher
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frequency bin than with frequency binning alone. However, employing AVS using multiple
voltage domains to mitigate WID variations in a multi-core processor can be challenging
because it increases design and verification time and requires multiple voltage regulators
and decoupling capacitors. Adaptive body biasing (ABB) is another technique to tighten
the delay and leakage spread of dies. By increasing (decreasing) the Vg of fast (slow) dies,
it possible to decrease the Fiasax spread of a distribution of dies. As technology scales, the
effectiveness of ABB reduces due to increased short channel effects (Vg roll off and drain
induced barrier lowering) both of which reduce sensitivity of Vg to body potential [23].

Additionally, implementing ABB at the WID level requires extra routing resources.

2.4 Circuit Reliability
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Figure 2.6: Percentage degradation in Vpgy of PMOS due to NBTT [24].

The reliability of CMOS circuits decreases with usage over time due to device aging
effects. Aging is caused by factors such as applied voltage, operating temperature, and

growth of defects inherent in silicon. One the most important reliability concern for future
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CMOS technology is bias temperature instability (BTI), which increases the threshold volt-
age (V) of transistors. This in turn reduces the current drive of the transistors and circuit
speed. In conventional CMOS devices, the junction of Si and SiO3 is made of dangling bonds
or traps. Traditionally, these traps are passivated by introduction of hydrogen which forms
Si-H bonds at the interface. However, recent scaling trends such as slow reduction in supply
voltages compared to aggressive gate-oxide scaling and process modifications such as the
introduction of nitrided oxides to prevent boron penetration from the poly-gate increase
the dissociation of the Si-H bonds over time during device operation. The increased trap
density at the Si/SiOg interface leads to reduction in channel charge carriers, thus effec-
tively increasing the Vrp of the device. Figure 2.6 shows the Vrpy degradation with time
for various stress duty ratios calculated using the NBTI aging model in [24]. As technology
scales, BTI is becoming an important concern for chip manufacturers due to aggressive
oxide thickness scaling, reduced rate of supply voltage scaling and increasing average chip

temperatures.
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Chapter 3

Frequency and Yield Optimization

Using Programmable Power-gating

As core size continues to shrink with each technology generation, process variations lead
to substantial die-to-die (D2D) and core-to-core (C2C) variations of maximum operating
frequency (Farax), active leakage power (Prpak ), and thus total power (Pror) in multi-
core processors. This in turn may reduce frequency and/or yield of power-constrained
designs. Yield is impacted because many dies which are fast enough to satisfy the Fy;ax
constraint, can be discarded due to excessive active Prparx. This becomes worse as the
spread of Prpax and its proportion in total power consumption increases with technology
scaling. For dies that meet the Prpax constraint, Fj;4x is limited by the slowest core
when chip-wide voltage/frequency domain is used while fast cores consume considerably
more Prparx. Under a power constraint, the fast-but-leaky cores limit the Fj;ax of the
die.

To minimize standby power, a power-gating (PG) device, placed between a core and
its power supply rails, is commonly used in multi-core processors [25]. In this chapter, we

propose two optimization methods to improve the yield and F); 4x of dies using PG devices
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that already exist in many power-constrained designs. The first method attempts to increase
the number of dies that can operate at a given target frequency (i.e., yield) by reducing
the strength of the PG device (hence Prpak) of leaky dies during a post-manufacturing
step. The second optimization method assigns the most performance/power efficient volt-
age/frequency point for each core by tuning its PG device during a post-manufacturing
step. As a result of the optimization, the power consumption of fast and slow cores can be

balanced, leading to higher maximum throughput (i.e., Fas4x) under a power constraint.

3.1 Programmable-width Power Gating

Figure 3.1 illustrates a concept of a programmable-width power gating (PPG) device
[26]. PMOS header switches are connected to the SLEEP signal through NAND gates; the
other input of each NAND gate is connected to a configuration bit. Hence, the header
switches with a configuration bit set to “0” are always turned off while those with a config-
uration bit set to “1” can be turned on (when SLEEP is “0”) and off (when SLEEP is “17).
As a result, a less number of switches will be turned on during active mode (when SLEEP
is “1”) when we have less configuration bits set to “1”. This increases the series resistance
and the voltage drop across the switches (decreases V' Vpp linearly), which reduces the leak-
age power (exponentially) and the speed (close-to-linearly with a small amount of VVpp
drop) of the circuit. Therefore, we can control Prpax and thus Fyrax of a particular die
depending on how we program the configuration bits after manufacturing.

Configuration bits can be programmed by one-time-programmable (OTP) e-fuses after
manufacturing characterization of Fi;ax and Prgax. Note that characterizing and pro-
gramming can be done like any other variation compensation technique (e.g., ABB or AVS).
To reduce the number of configuration bits while providing various sizes of header switches
that designers can choose from, the header switches are arranged in exponentially increasing

widths as shown in Figure 3.1. Each switch, in turn, may consist of several smaller switches
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Figure 3.1: Implementation of programmable power gating device.

connected in parallel. This allows the sum of header widths proportional to the binary value
of configuration bits. For example, only 8 configuration bits are enough to provide 4mV
granularity for adjusting VVpp. The header switches and buffers in Figure 3.1 represent
the required resource to implement a conventional PG. Therefore, the additional area by
the NAND gates, which is an overhead of PPG, is small since the large PG switches are

driven by existing buffers.

3.2 Impact on Delay, Leakage, and VVpp

To analyze the impact of tuning PG strength on Fy;ax, Prpak, and VVpp in a 32nm
technology node, a PPG device is initially sized to provide 25 mV drop from Vpp, which is

assumed to be 0.9 V at the nominal process corner and 100 C. Under such a condition, we
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assume that the ratio between dynamic power and active leakage power of an IC connected

to the PPG device is 7:3 in Pror [3]. We model Ipyn and Ippax with a dummy circuit

as illustrated in Section 3.4.3. Pror is directly measured at the Vpp node to include the

1.1

—
@)

<
)
.

<
o0
;

e

I, pak in active mode
\]

I
>

1.01

1.00

0.99 1
Q
50.981

0.977T

0.96

& Nominal
-4 Fast

20 40
Total disabled switches (%)
(a)

0

60

& Nominal
-4 Fast

20 40
Total disabled switches (%)
()

0

60

Delay in active mode

Ppc/Pror

1.08

1.06 1
1.04 1

1.02

1.00

0.98

0.10

0.087

0.06

0.04

0.0271

0.00

& Nominal
-4 Fast
0 20 40 60
Total disabled switches (%)
(b)
& Nominal
-4 Fast
0 20 40 60
Total disabled switches (%)
(d)

Figure 3.2: Normalized (a) leakage current, (b) delay, (c¢) VVpp, and (d) Ppc /Pror
versus the fraction of off PPG switches.

power consumption of the PG device itself. Figure 3.2-(a) and (b) show active Irgpax and

delay while the total width of disabled PG switches is varied; the figures are normalized



27

to those of an IC in which all switches are enabled. As the fraction of disabled switches
increases to 10%, 20%, and 30% at the nominal process corner, active I1 i decreases by
3.7%, 7.9%, and 12.7%, while the delay increases by 0.5%, 1.0%, and 1.8%, respectively. It
is the fast corner in which the proposed technique will be mainly applied to dies, because
the dies are often unnecessarily fast thereby consuming too much Prgak.

Figure 3.2-(c) and (d) show the VVpp normalized to that of an IC in which all switches
are enabled, as well as the proportion of power consumption of the PPG device (PPG) in
Pror. As the fraction of disabled switches increases to 10%, 20%, and 30%, the resistance
across the PPG switches increases, thereby reducing VVpp by 10%, 22%, and 37% (relative
to the initial 25 mV drop), respectively. This also reduces Ppyn of the connected IC. As
the resistance increases, on the other hand, more power is consumed by the PPG switches.
However, the portion of PPG in Pror is very small as shown in Figure 3.2-(d); it is only

8% at the fast corner although 50% of the PPG switches are disabled.

3.3 Die-to-die Variation-aware Yield Improvement with PPG

Dies in the fast corner exhibit significantly higher Prgp4x than those in nominal corner
due to shorter Lgpr and lower Vg for their transistors. As a result, they violate the
Pror,max constraint and have to be discarded, thereby reducing the yield. This section
presents a method to improve the yield of power-constrained designs using PPG devices
for two scenarios: designs with: 1) fixed and 2) variable Fy;4x and Pppax constraints,
respectively. Discarded fast-but-leaky dies can be recovered by adjusting (weakening) the
strength of power gates to reduce the Prpax until each die can satisfy the Pror max

constraint (but within the Fy4x constraint).
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3.3.1 Simulation Methodology for Yield Experiments

The yield improvement technique was verified with a simulation setup consisting of
ISCAS85 and OpenCore circuits. Monte-Carlo simulations were performed using SPICE
with a predictive 45-nm technology model [27][28] to apply D2D and WID process variations
to each die sample of the selected circuits; we apply 3o variations (i.e., 0.4 V and 10 nm)
to the nominal Vg and Lgprp of NMOS and PMOS, respectively. Initially, PPG switches
at the nominal corner are sized such that the maximum voltage drop across the switches
does not exceed 50mV for the peak current consumption (Ipp arax) of each circuit; The
header switches in Figure 3.1 are all connected (i.e., all the configuration bits are initially
set to “17). Ipp max is estimated by applying 10000 vectors at 100 °C and selecting a pair

of vectors causing the worst-case current consumption.

3.3.2 Designs with Frequency Target: Fixed Prgax Constraint

In typical ASIC designs, Fyrax and Pror of each die have to satisfy frequency target

(F') and power target (P), respectively, i.e.

FMA)((VVDD) > F (3.1)

Pror = Ppyn(VVpp) + PLEak(VVpp) < P (3.2)

In this section, Fiasax is not an operating frequency but a maximum frequency that can be
achieved by a particular die; unless F exceeds Fjrax, dies will operate at F'. Since all the
components (Fasax, Ppyn, and Prgar) in Egs. (3.1) and (3.2) are functions of VVpp,
some fast-but-leaky dies that satisfy Eq. (3.1) may be forced back to satisfy both Eq. (3.1)
and Eq. (3.2) after adjusting VVpp (or the strength of a programmable width PG). In
Eq. (3.2), Ppyn can be considered to be constant if: 1) operating frequency is fixed at F

and 2) after adjusting the PPG, VVpp takes a value that is not significantly different from
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the initial VVpp. This allows us to consider the power constraint in Eq. (3.2) simply as a
leakage target:
PLEAK(VVDD) < P (3.3)

where P’ is the difference between P and Ppyn (i.e., PLpax budget). In fact, Eq. (3.3) is
conservative since Ppy n becomes smaller after adjusting VVpp. In other words, Eq. (3.2)
is always satisfied if Eq. (3.3) is satisfied. For each die sample of a benchmark circuit,
Prpax and Firax are measured using SPICE as the configuration bits are varied until
the die satisfies Eq. (3.3). P in Eq. (3.3) is arbitrarily set to 3x of the nominal Prpax
i.e. Prparx nowm (leakage power of a die without process variations); F' is set to -30 of
the nominal Firax, Farax,nom where o is standard deviation of Firax over 1,000 dies.

The Prpax and the Fyrax of 1000 dies of ISCAS85 benchmark C432 obtained through

15 15
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Figure 3.3: Normalized Prpax and Fj4x distribution before and after applying the opti-
mization method to maximize the yield under (a) fixed and (b) variable Prpax constraints
for ISCAS85 C432.
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SPICE simulation are shown as a scatter plot (square boxes marked ”Before PG Tuning”)
in Figure 3.3-(a). 116 dies are rejected in the example circuit, due to the leakage constraint,
i.e. about 88% of yield. For each of the rejected dies due to excessive Ppgak, we tried to
change its configuration bits (by setting some of them to 0) so that it was moved under the
3x Pppax boundary. The results are shown as another scatter plot (diamond boxes marked
7 After PG Tuning”) in Figure 3.3-(a). Only 12 dies are rejected after the tuning method is
applied, and the yield is improved by recovering 104 dies ( 99%) out of 116 rejected ones.
Table 3.1 summarizes the yield loss due to violating Prpax constraints (exceeding 3x and
4x of the nominal Prpax) and the recovery, before and after the optimization is applied,
respectively. For the dies violating the Prpax constraints, the strength of PG switches is
reduced until the die satisfies the Prgax constraint; meanwhile it must not violate the target
frequency constraint F’ which is -3¢ frequency of the nominal F;4x among 1000 samples per
each circuit. We assume that the optimization process failed and recovery was unsuccessful,
if the Fiyrax of a die becomes slower than the target frequency constraint. On average, we
recovered 90% and 92% of discarded fast-but-leaky dies when the Prgax constraints are
3xPrepak,Nom and 4xPrpak Nowm, respectively. Relaxing the Prpax constraint gives
fewer violations before applying the optimization, but it also provides more opportunity to
recover the discarded dies from the violations, resulting in a similar or higher percentage of

yield improvement within a certain range of Prgpax constraints.

3.3.3 Designs with Frequency Binning: Variable Prgsix Constraint

In high-performance processor designs, a list of frequency targets, F1 < F» < ... < Fl,

are provided. The Fi;ax of a die is compared to the targets and then it is put into an



Table 3.1: Yield loss recovery for fixed Prpax constraint
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Preak

no. of violations

circuit traint yield loss
constrain before PG aftor PG optimibasiomvers
optimization
432 SXPLEAK,NO]W 116 12 90%
4x PLEAK,NOM 56 6 89%
C499 3xPLpak,NOM 118 13 3%
4XPLEAK,NOM 60 4 93%
880 3XPLEAK,NOM 101 12 88%
4X PLpAK,NOM 45 4 91%
ci3s5 | 3xPreak.Nom 106 6 94%
4x PLpAk,NOM 43 2 95%
121 19 90%
3xP
C1908 X LEAK,NOM
4X PLEAK,NOM 67 7 90%
C2670 3XPLEAK,NOM 119 9 92%
AxPLpak,NOM 60 2 9%
18
c3540 | X lLEAKNOM 118 85%
4x PLEAK,NOM 65 5 99%
average 3XPLEAK,NOM 114 12 90%
o7 4 92%

4xPLEAK,NOM
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appropriate bin, i.e,

Fi, FiSFMAx<Fi+1,i:1,2,...,N
f(Fumax) = (3.4)

Fy otherwise

where f is a function that assigns an operating frequency; this process is called frequency
binning. As a result, dies have different leakage power constraints depending on the bins
where they are placed, since Ppy v, which is proportional to operating frequency, is different
for different bins. Meanwhile, the sum of Ppyy and Prpax has to be no greater than a
fixed power constraint. PPG tuning can be applied in this case with the consideration
of a variable Prpax constraint. Since the bins of higher frequencies are preferred, the

optimization objective is to maximize the operating frequency of each die, i.e.

mazimizef(Fyrax(VVpp)) (3.5)

subject to the constraint:

Pror = Ppyn(f(Fyvax),VVpp) + PLeak(VVpp) < P (3.6)

Figure 3.3-(b) shows the results of applying the PG tuning optimization to ISCAS C432
samples with variable Prpax constraint. In this figure, P is equal to Ppynynyom +
AxPrpak,Nom, where Ppyn nowm takes about 60% of P. Before the proposed method
is applied to maximize the yield, the dies above the diagonal line are discarded because
their Pror exceeds P. As explained earlier, the dies exhibiting higher Fy;4x have less
Preakx budget. Initially 106 dies are rejected from C432. However, after the method is
applied (diamond boxes marked “After PG Tuning”), only 1 die is rejected, recovering al-

most all the dies in this particular example. Table 3.2 summarizes the yield loss due to



Table 3.2: Yield loss recovery for variable Prpax constraint
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p ¢ no. of violations
circuit LEAK @ yield loss
Frrax,Nom before PG after PG optimifatéoovery
optimization
204 2 99%
€439 0.3xP 0
0.4x P 106 L 99%
9 4 98%
€499 0.3x P 08 ’
0AxP 110 2 98%
190 0 100%
€280 0.3xP
0.4% P 104 0 100%
193 3 98%
1355 0.3xP
0.4xP 94 L 99%
0.3% P 214 2 99%
C1908
0.4x P 120 0 100%
202 0 100%
C2670 0.3xP
0.4x P 108 0 100%
203 5 98%
C3540 0.3xP
0.4x P 117 3 97%
202 2 98%
average 0.3xP i
0.4% P 108 1 99%
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violating P constraint and the recovery before and after the optimization is applied, re-
spectively. For the dies violating the target power constraint, we adjust the strength of
power-gating switches until we satisfy the target power constraint, while maximizing Fysax
of each die. As Fjyax of a die becomes slower by adjusting the strength of power gating
switches, more Pr,gax will be allowed since Fis4x decrease reduces Ppy n of the die, which
allows more power budget for Prpar. To set the target power constraint P, we assume
that Pror amax is Poyn,vom +4 X PLgak,Nom at the nominal Fys4x, and that the ratios
of Ppy N, Nvowm t0 4x PrLEak Nowm at the nominal Fysax are 1) 0.6 and 0.4 and 2) 0.7 and 0.3
to see the sensitivity on the percentage of Prpax, in P, since the percentage of Prpax in
most recent digital designs like microprocessors has been between 30~40%. On average, we
recovered 98% of the discarded dies, when the Prpax constraints at the Fysax yonm point
are 0.3x P and 0.4x P, respectively. Note that less PLpax budget (e.g., Prpax = 0.3xP
at the nominal Fjs4x) incurs more violations than more Prpax budget (Prpax = 0.4xP
at the nominal Fj;4x) before applying the optimization due to less Ppgpax headroom for

Prear variations at higher Fasax.

3.3.4 Impact of Limiting VVpp Drop

The tuning of the PG device to limit the Prppax of fast dies may increase the voltage
drop across the power-gating device since some switches are disabled, thereby increasing its
resistance in active mode. However, an excessive voltage drop can degrade the noise margin
of the designs. Table 3.3 shows the yield recovery by applying the PG tuning to ISCAS85
benchmarks with the PG drop limited to 150mV and 100mV. When the voltage drop limited
to 150mV (100mV) for the fixed Prpax constraints = 3X Prpakx,Nom and 4X PLeak, NoM,
we recovered 52% (30%) and 53% (32%) of discarded fast-but-leaky dies on average. For the
variable Prpak constraints, i.e., PLpak at Fayax nom = 0.3x P and 0.4x P, we recovered

56% (30%) and 61% (33%) of discarded fast-but-leaky dies with the PG voltage drop limited
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to 150mV (100mV). The circuits with low activity factors lead to very high Prpax in Pror

while D2D variations can increase Prgax by orders of magnitude. Limiting the voltage

drop across the PG devices also limits the maximum Prpar decrease for fast-but-leaky

dies, impacting the percentage of recoverable dies. However, for a synthetic circuit whose

Table 3.3: Yield loss recovery wiyh PG drop limited to 100mV and 150mV

circuit fixed PLEAK Yield loss(y var. PL? AK Yield 1088(7
constraint recovery(%) | constraint recovery (%)
150mV | 100mV 150mV [100mV
cuzo  |3XPLEAK NOM 53 31 0.3xP 40 31
4x PLEAK,NOM 54 30 0.4x P 57 32
c199 | 3xPreaxou 51 31 0.3x P 69 40
Ax PLEAK,NOM 53 38 0.4xP 69 40
880 3XPLpak NOM o0 26 0.3x P 69 39
AX PLEAK,NOM 49 27 0.4xP 64 43
Cc1355 | 3xPrLEAK . NOM o8 36 0.3xP 56 30
4x PLEAK, NOM 47 23 0.4x P 65 33
45 27 62 38
3xP, 0.3x P
C1908 XEFLEAK,NOM X
AX PLEAK,NOM 64 43 0.4xP 60 33
2 2
C2670 3XPrLEAK,NOM - 3 0.3x P ) 6
Ax PLEAK,NOM 50 28 0.4xP 51 16
ca540 | 37X PLEAK NOM 46 24 0.3% P 46 29
AX PLEAK,NOM 52 35 0.4xP 64 32
2
average 3xPLpak,NoM ) 30 0.3xP 56 30
AX PLEAK,NOM 53 32 0.4xP 61 33
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nominal Ppgaf fraction in Pror is similar to commercial processors, 88% — 93% of dies

can be recovered although the voltage drop is limited to 100mV.

3.4 Frequency Improvement with Multiple PPG Domains

A large design often consists of several cores or groups of cores where each has its own PG
device to minimize standby leakage power. Depending on the workload demand, some of the
cores can be disabled using the associated PG devices. In a multi-core processor employing
a global-clocking scheme, the operating frequency, when all or some of the cores are active,
is set by the Fiyax of the slowest core (unless each core is clocked at its own frequency
using frequency islands). Note that many commercial SoCs and multi-core processors use a
global-clocking scheme to avoid clock-domain crossing that complicates design, verification,
and test. A power constraint is often imposed when all cores are running simultaneously
at a maximum sustainable performance point. This limits the increase of Vpp and Fy;ax.
In the following discussion Vpprpp and Farax rpp denote the Vpp and Fisax which the
processor can reach under the given power constraint (Pror aax (usually thermal design
power)). In a multi-core processor with per core PPG, we can set the PG configuration bits
of each core such that the Fj;4x of each core can be set as even as possible to that of the
slowest core. This will lead to a significant amount of each core’s Prpax reduction without
impacting the Fjy;ax of the processor, which, in turn, lets the total power consumption
(Pror) of the processor become much smaller than the power constraint. Consequently, we
can increase the global Vpp (thus Fiyax) of the processor until power and other constraints
such as maximum junction temperature (7)), maximum Vpp (Vpp amax), etc. are not
violated so that we can put the die in a higher frequency bin. This Fisax optimization
procedure, as applied to a quad-core processor die sample, is shown below followed by a

formulation of the optimization problem and simulation methodology adopted in this work.
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Figure 3.4: (a) Systematic Vpy variation map for a quad-core processor. (b) The initial
Fyrax and Prpak of each core, normalized to the Fiy4x of the slowest core and Prgax of
the least leaky core respectively.

3.4.1 Example of Fj;4x Improvement in a Quad-core Processor

Figure 3.4-(a) shows a Vyy variation map of a quad-core processor where each rectangle
represents a core. A pair of numbers within each core shown in Figure 3.4-(b) corresponds
to the Fyax and the Pppai of each core; they are each normalized to the smallest values
from all four cores. Since the Fjyax of a multi-core processor employing a global-clocking
scheme is limited by the slowest core Z, we take cores W, X, and Y and change the PG
configuration bits of each of them (i.e. decrease their VVpp) until their Fj;4xs become
as close as possible to the Fy;ax of core Z. Since the VVpp of faster cores is reduced, the
Prpak of core W, X, and Y become smaller as well, as shown in Figure 3.5-(a) where all the
cores now have the same Fjy;ax. After the above Fis4x equalization, the sum of Prgax
becomes 4.1 while it was 6.22 in Figure 3.4-(b), which is about 34% Prpax reduction. As
a result, the Pror is reduced by 10.75% in Figure 3.5-(a) assuming that sum of Prpax
before we program the PG configuration bits of each core is 40% of Prormax at Vobprpp.

Next the global Vpp (thus the Firax) is increased until the Pror becomes the same as
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Figure 3.5: Normalized Prpax and Fyrax of cores: (a)after applying core-by-core pro-
grammable power-gating and (b) increasing global Vpp until power constraint is satisfied
again.

before (i.e. the Pror of Figure 3.4-(b)) as long as Tjpmax and Vpp aprax constraints are

not violated; Figure 3.5-(b) shows the result, where we can see Fjs4x increase of 11%.

3.4.2 Fpyax Optimization Problem Formulation

Let VVpp of PPG domain i, VVpp; be represented by VVpp; = v;(W;).VVpp, where
W; is the total effective width of the PPG device in domain ¢; v; is a function that returns
the VVpp scaling factor of domain ¢ for given W;. VVpp is a strong function of W; and
its value is always lower than VVpp; in PPG. However, if the global Vpp is increased,
VVpp can become higher than its initial Vpp. Modulating the strength of a PPG device
affects the VVpp of the corresponding domain alone while scaling the global Vpp affects
the VVpp of all the domains. The objective of the problem is to maximize the Fasax of a

given die while Pror pmax and Vpp pmax are satisfied. Objective:

maa:imize(FMAX(VDD, VVDD,L VVDDQ, veey VVDD7N)) (3.7)
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Constraints:

N

Pror = Z Prori(VVppi, Frmax) < Pror,max, Vop < Vbpmax (3.8)
i1

where Fiasax; and VVpp,; are Fyjax and VVpp of the circuitry in PPG domain i, re-
spectively; Farax is minFprax1(VVbpa), - Fuax,N(VVpp,n); N is the number of PPG
domains; and Pror,; corresponds to the total power consumption that includes dynamic

and static components in PPG domain 1.

3.4.3 Simulation Methodology for Fj;4x Optimization

A multi-core processor die with WID variations is generated with an 80 x 80 grid
where each grid point is assigned a distinct Vrg and Lgpp combination. The die area is
assumed to be 35mm?2. WID correlation distance coefficient ¢ (0.5), WID Vg variation
oY% (6.4%), and D2D variation o”2P (5.0%) were used to model WID and D2D Vg and
Lppp variation. Figure 3.6-(a) shows systematic, correlated Lppp and Vppy variations
across a die in a 32nm technology [27][28]. An Fiyjax and Prpax combination is obtained
for each grid point with the associated Vg and Lgpp, by simulating a 16-stage FO4 chain
for Fpsax and a dummy circuit as illustrated in Figure 3.6-(b) consisting a large number
of INV (50%), NAND (30%), and NOR (20%) gates for Prpax. Vrmg and Lgppp value
pairs corresponding to the grid points are applied to a 32nm technology model [27][28] to
obtain Fiyax and Prpax (and Fyrax and Prpak scaling factors relative to the Fiyy4x and
Preak at Vpp,rpp) as functions of Vpp using SPICE and a curve fitting tool; each gate
excluding INVs has a various number of inputs (2 ~ 4) and randomly selected input states
are applied to measure Prpax. The Fpsax scaling factor of a core (i.e. PG domain) is
decided by the slowest grid point in the core, while Py gk is obtained from the summation
of the leakage current from all the grid points in the core. In the Fj;4x simulations Prpp

at Vpp,rpp is assumed to be 120W, which is typical for a server class multi-core processor,
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Figure 3.6: (a) Systematic WID Vry(Lgprp) variation map, (b) dummy circuit to model
leakage power consumption.

and the Prpak percentage in Prpp at Vpp rpp is varied between 10% and 40%. With the
assumed Prpp and the Prpai percentage in Prpp at Vpp rpp, we estimate Ppyn and
Prpak using the generated Fyyax and Prrpag scaling factors at any given VVpp. With
the calculated Pror;, we compute the T} of each domain in a die sample using HotSpot
[29]. We used 0.3K/W for the convection resistance [30] and the given die size (35mm?)
assuming that the 7,4, is 100°C; 120W power consumption across a 35mm? die results

in Tj =~ 100 °C with the provided convection resistance.

3.4.4 Fpyax Optimization Results

The Fj;ax optimization method was applied to 100 die samples of 2,4,8, and 16 core
processors with D2D and WID variations. Figure 3.7-(a) shows the average active Prpax
reduction after the first PPG tuning step. As the number of cores per die increases, there
is more relative Prpax and Fasax spread between the cores. This provides more opportu-
nity for reducing active Prpag of fast cores and improving the overall Fisax of a die as a

result. As shown in Figure 3.7-(a), Prpax reduces by 9%-41% for 2-, 4-, 8-, and 16-core
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Figure 3.7: (a) Avg. Prpak reduction after the first PPG tuning step. (b) Avg. Faax
improvement after the second PPG + Vpp tuning step. In (a) and (b), PLrax is responsible
for 30% of Pror max and Vpprpp is 0.8V respectively.

processors after the first tuning step. Here it is assumed that: 1) a processor consumes
Pror = Pror,max at Vpp = 0.8 or 0.9V (i.e.,Vpprpp ) and 2) Prgpak is responsible for
30% of Prormax before the first PPG tuning step. Since Prpax scales more substantially
at higher voltage, processors with higher Vpprpp can provide more Prgax reduction op-
portunities; Vpprpp = 0.9 V offers 2%-6% more Prgax reduction, potentially leading to
more improvement in Fyrax. When Vpprpp is 0.8V and Prpax is 40% of Proramax at
Vopropp, Farax can be improved by 3%-21% on average for 2-, 4-, 8-, and 16-core proces-
sors as shown in Figure 3.7-(b). The percentage of PLpak in Pror max should also impact
the Fyrax improvements since Prpax can change more dramatically than Ppyn for ad-
justing the PPG device and Vpp. However, as illustrated in Figure 3.7-(b), increasing the
percentage of Prpax in Pror from 20% to 40% results in only 1%-5% difference in Fp;ax
improvement for 2, 4, 8, and 16 cores. This is because Prpax scales at a similar rate as
Ppyn when Vpp is around the Vpprpp region. For a given Pror aax constraint, the

Fyrax improvement can be affected by Vpprpp in two ways: 1) A higher Vpprpp can re-
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sult in more Prpax scaling as shown in Figure 3.7-(a), but 2) there is less power headroom
to improve Fjsax because a design with lower Vpprpp is assumed to have higher power
than one with higher Vpprpp at the same Vpp. Hence, the difference of Vpprpp should
not affect the average Fiyax improvement significantly; Voprpp = 0.9V provides less than
1% difference in Fi; 4x improvement for 2-, 4-, 8-, and 16-core processors even when P gk
is 40% of Pror,max. Finally, in the above experiments, limiting the voltage drop across
the PPG devices to account for noise issues and reliability problems at low voltage, leads
to 0%-3% less Fsax improvement depending on the number of cores per chip or the initial

fraction of Prpax in Pror.

3.5 Related Work

To mitigate yield loss due to process variations, adaptive body biasing (ABB) has been
adopted as an effective technique since it can either reduce Prpax or improve Fyax. J.
Tschanz et al. [31] showed the impact of ABB on yield with a test chip containing pro-
cessor critical path replica circuits. Impact of ABB on Fjysaxand Prprak, applied through
separate on-chip power distribution networks, was measured for both D2D and WID vari-
ation scenarios. The authors reported recovery of 100% test dies with an area overhead of
2%~3%. Several problems, however, have been identified in the use of ABB: reverse body
biasing (RBB) increases the amount of threshold voltage variations [23]; ABB in dual-Vrg
design is very difficult due to different body effect coefficient of high- and low-Vry devices
[32]; ABB to both NMOS and PMOS devices requires a triple-well process. Adaptive volt-
age scaling (AVS) after manufacturing testing is another option to mitigate yield loss. T.
Chen et al. [33] showed significant yield improvement by applying AVS to test circuits in
a 0.1pum technology on a per-die basis. However, employing multiple voltage domains on
a chip to mitigate WID variations (such as core-to-core Firax and Prpax variations in

multi-core processors) is very challenging in practice due to the increased cost of 1) design,
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verification, and testing time [34] as well as 2) voltage regulators and decoupling capacitors
[15]. A programmable (or variable-width) sleep transistor to control the Fy;4x and Prpak
spread of dies utilizing footer switches, that can be configured to have different widths,
was shown by Deogun et al. [26]. Their work used variable gate voltage and variable width
sleep transistors to reduce the spread of Fy;ax and Prpag in 32-bit carry look-ahead adder
under the impact of D2D and WID variations. The work shown in this thesis applies the
PPG technique to multi-core processors with per-core PG domains where power headroom

of fast cores can be redistributed to the slow cores to improve Fysax of the die.

3.6 Chapter Summary

Two methods are proposed to improve the maximum operating frequency and yield
of power-constrained multi-core designs. These methods use programmable power gating
devices which can be tuned during post-manufacturing characterization process depending
on the speed and leakage characteristics of the die or individual cores. The first method
recovers discarded dies due to excessive active leakage power; a necessary amount of active
leakage power is reduced by decreasing the strength of power-gating devices until the dies
are brought back into the acceptable operating region. The effectiveness of the method is
demonstrated for two different design scenarios: 1) ASIC type designs with fixed leakage
power and 2) processor-type designs with variable leakage power constraints. Our experi-
ments demonstrated that about 88% and 98% of discarded dies could be recovered by the
proposed methods in designs with fixed and variable frequency targets, respectively.

The second method improves the maximum operating frequency of multi-core designs
implemented with multiple power-gating domains by adjusting the strength of power-gating
devices, domain by domain, which is followed by scaling global supply voltage for higher
operating frequency. Our experimental results showed that the proposed method improved

the maximum operating frequency by 3%-21% for 2-, 4-, 8-, and 16-core processors. More
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frequency improvement can be obtained as the fraction of leakage power in total power

increases.
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Chapter 4

Active Leakage Reduction and
Gate Oxide Reliability
Improvement of Power-gated

Circuits

Power gating (PG) and reverse body biasing (RBB) are commonly used techniques to
reduce leakage power during the standby mode of a processor core. However, even when the
processor cores are active, each logic block spends a significant amount of time in idle (non-
switching) condition. Since full voltage is applied to the circuits in active mode, leakage
power is dissipated in the idle blocks in the active mode. This power is further aggravated
by the fact that die areas which are active have high temperatures. Device aging due
to bias temperature instability (BTI) is a serious concern in scaled technologies since it
slows down circuit speed over time. Due to negative bias temperature instability (NBTI)
aging, the voltage drop across a PG device utilizing PMOS transistors increases which

reduces the virtual rail voltage (VVpp) in the active mode and reduces circuit speed. To



46

account for the aging effect, the PG device is usually upsized such that required maximum
voltage drop is maintained over chip lifetime. Moreover, the PG device is also sized for
the worst-case voltage drop partly resulted by a large amount of active leakage current at
high temperature. This leads to higher VVpp and active leakage power in early chip life
and at low temperature. To minimize active leakage power increase due to this effect, we
propose two techniques that adjust strength of a PG device based on its usage and circuit’s
temperature at runtime. The technique is applied to an experimental setup modeling total
current consumption of a processor in 32nm technology and its efficacy is demonstrated in
the presence of within-die (WID) spatial process and temperature variations. The proposed
techniques also improve the gate oxide reliability of the power-gated circuit due to clamping

of the virtual rail voltage.

4.1 Impact of Temperature on VVpp and Active Leakage

Power

The voltage drop across a PG device, which is placed between the Vpp rail and the
VVpp node of an integrated circuit (IC), should be very small (e.g., less than 100mV) to
minimize 1C’s performance degradation. In such a condition, the PG device operates in a
linear region, modeled as small resistance. As a result, the voltage drop across the PG device
is approximately proportional to total (dynamic + leakage) current of the IC. To prevent any
timing failure, the PG device is often sized such that it guarantees a minimum voltage level
(Vbp,mrn) when the maximum current (Ip74x) is consumed as shown in Figure 4.1-(a).
This figure shows the variation of VVpp as a function of the total current through the PG
device. The voltage drop across the PG (Vpp—VVpp) comprises of two components: a drop
due to leakage current (between two dashed lines in Figure 4.1-(a)) and that due to dynamic

current (between lower dashed line and I(V'Vpp) axis). Since the amount of leakage current
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Figure 4.1: VVpp versus total current flowing through a PG device at (a) the worst-case
and (b) lower temperatures.

is significantly smaller at low temperature, total current decreases, increasing VVpp as
illustrated in Figure 4.1-(b). Note that PG voltage drop due to leakage current decreases
while the drop due to the dynamic portion of the current remains unaltered. The rise in
VVpp causes higher than necessary (i.e., at VVpp = Vppmin) leakage power consumption
at the low temperature. Note that VVpp and leakage current will impact each other
cyclically until an equilibrium state is reached. Figure 4.2 shows a temperature effect
on VVpp and leakage current of an IC connected to a PG device versus process corners
modeling D2D process variations. Each bar in Figure 4.2-(a) represents VVpp at given
temperature. At each process corner (slow, nominal, and fast), VVpp increases due to less
leakage (thus total) current as temperature decreases from 100 to 60°C. Each solid-line
in Figure 4.2-(b) illustrates leakage current versus temperature. As temperature decreases,
VVpp increases. As a result, leakage power does not reduce as much as expected at lower
temperature. Each dashed line in Figure 4.2-(b) shows leakage current when VVpp is

clamped to a target level, i.e., 0.947, 0.975, and 0.978V for fast, nominal, and slow corners

at 100 °C. Note that there is substantial leakage current difference between the two cases as
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Figure 4.2: (a) VVpp versus process corners for different temperatures. (b) Normalized
leakage current versus temperature for different process corners.

temperature decreases; the V'Vpp increase of the IC connected to the PG device contributes
to 7~30% (fast), 4~15% (nominal), and 3~9% (slow) more leakage current at the given
temperature range (60~ 90°C). This suggests that preventing VVpp increase at lower

temperature can reduce a considerable amount of leakage power.

4.2 Impact of NBTI on VVpp and Active Leakage Power

NBTTI degrades Vrp i.e., threshold voltage of PMOS PG devices over time. This can
lead to potential timing failures since the weakened PG devices (thus higher resistance
between the Vpp rail and the VVpp node) yield lower VVpp than expected when Inrax
is consumed. Furthermore, NBTI degradation is strongly dependent on device usage time,
temperature, and switching frequency of signals applied to devices [24]. As a result, PG
devices exhibit relatively higher Vrp degradation than logic ones that experience much
faster signal switching frequency with far lower average usage time per gate. Hence, to

prevent any potential timing failure in late chip lifetime due to decreasing V'Vpp over time,
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Figure 4.3: Degradation of (a) Vg and (b) VVpp versus time for different duty cycle
ratios of the PG wakeup/sleep signal. The target VVpp drop is 25mV.

the PG devices must be upsized considering their expected usage time and signal switching
frequency. However, upsizing PG devices to compensate NBTT degradation leads to higher
VVpp (thus more leakage power) since the PG devices are stronger (thus less resistance
between the Vpp rail and the VVpp node) in early chip lifetime.

Figure 4.3-(a) plots the amount of Vg degradation versus stress time of a PG device for
various average duty ratios of the PG wakeup/sleep signal (o). We calculate the amount
of Vrp degradation for different ratios of PG usage time assuming that the average PG
wakeup/sleep signal switching period is 1ms. For instance, the PG device is turned on
for 0.2ms in every lms when « is 0.2. This is a conservative assumption since typical
power-management algorithms show a longer wakeup/sleep period than 1lms, leading to
more NBTT degradation. Depending on «, PG device’s Vrpy can degrade by 100~200mV.
This, in turn, decreases VVpp as illustrated in Figure 4.3-(b) since the PG device weakens
significantly after 7-year degradation. Figure 4.4 shows the impact of upsizing a PG device
on VVpp and leakage current in early chip lifetime at different process corners. The PG

device is upsized to provide a target voltage drop (25mV) after 7-year NBTI degradation at
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Figure 4.4: (a)VVpp and (b) normalized leakage at t=0 versus process corners for different
usage fraction («).

the nominal corner. This leads to 10~23% higher leakage current (depending on a process

corner and « due to higher VVpp than the required level in early chip lifetime.

4.3 Auxiliary PG Device for Clamping VVpp

Figure 4.5 illustrates two auxiliary (simply AUX) PG devices to compensate the strength
of a main PG device for temporal temperature variation of an IC connected to the main PG
device and its NBTI degradation. Logically both are separate structures from the main PG
device, which will be sized for 60 °C die temperature without considering NBTI degradation
in this study, but physically transistors (or fingers) in the AUX PG devices are interleaved
with those of the main PG device with a certain ratio. All the fingers in the AUX PG
device for adapting temporal temperature variation are turned on at 100°C, but more of
them are gradually turned off as temperature decreases. Finally, all the fingers in the AUX
PG device will be completely turned off at 60 °C in this study. This prevents VVpp (thus
leakage) increase at low temperature.

All the fingers in the AUX PG device for compensating NBTI degradation are off at
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time zero, but they are gradually turned on as the main PG device becomes weaker over
time. This minimizes leakage increase by suppressing V' Vpp increase caused by a stronger
PG device in early chip lifetime. Meanwhile, it maintains VVpp above a target level
throughout the chip lifetime to prevent any timing failures. Each group of PG device
fingers is progressively sized such that the strength of two AUX PG devices is proportional
to the M- and N-bit binary values from the configuration registers shown in Figure 4.5.The
registers are set by the temperature and NBTI tracking mechanisms that will be presented
in the following section. The AUX PG devices in this study compensate the strength of the
main PG devices such that they can maintain VVpp close to a target level regardless of
temperature variation and NBTI degradation. This will allow us to minimize unnecessary
leakage power at low temperature and/or in early chip lifetime. The illustrated AUX PG

devices allow us to vary their effective width in the field, modulating their overall strength.

4.4 NBTI Tracking Scheme

Figure 4.6 illustrates the proposed scheme to track NBTI degradation of a main PG
device over time using reference and stressed ring oscillators (ROSCs). To track the actual
PG device stress time (thus the corresponding NBTI degradation), the stressed ROSC is
active only when the PG device is on. Meanwhile, the reference ROSC is active only
when a periodic AGING_TEST signal is on. Although NBTI is a very slow process, the
AGING_TEST signal will be asserted only once in a while. This will minimize the usage time
of the reference ROSC, preventing the degradation of the reference ROSC. As PG devices
strength degrades proportional to its usage time, temperature, and voltage, the frequency
of the stressed ROSC becomes slower and the value of the counter, clocked by the stressed
ROSC, decreases accordingly. When the value of the counter, clocked by the reference

ROSC, reaches at a target saturation value (X), the other counter, clocked by the stressed
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ROSC, stops and provides a counted value (Y) during the NBTI characterization period.
Since the lower M-bit value of X-Y stored in the configuration register is proportional to
the main PG device degradation; it is used to adjust the strength of the AUX PG device,
compensating that of the main PG device. To turn on all the fingers in the AUX PG device

after 7 years, X should satisfy:

X =@M 1) <1 3 fROSC,?ROSCstressed) (4.1)
fROSC,reference

where frRosC,reference is the frequency of the reference ROSC, and frosc,7,carstressed is the
expected frequency of the stressed ROSC for a process corner after 7 years degradation. A
different X value should be programmed into the counter during a manufacturing process
using one-time-programmable (OTP) fuses since the rate of degradation is also dependent
on a process corner even for the same usage time. The circuit of each ROSC element is also
shown in Figure 4.6-(b). When SLEEP or AGING_TEST is off, both NMOS and PMOS
are off to prevent any NBTI degradation. The PMOS devices for the ROSCs have the same
size as each PG device finger since device degradation is also dependent on the device size.
At t = 0, both ROSCs should have the same frequency. The PMOS devices for both ROSCs
are placed next to each other to track WID spatial variation and its effect on the frequency
of the ROSCs. A large number of ROSC stages is used to cancel out the effect of random
variations on the ROSC frequency; 105 stage ROSC is used in this study. A frequency
tuning mechanism consisting of capacitors programmed by OTP fuses (S0~S2), is provided

to make the frequency of both oscillators equal or similar at t=0.

4.4.1 Simulation Setup

Figure 4.7 shows the circuit schematic for NBTI tracking experiments. A PG device is
first sized to provide 25mV voltage drop with a supply voltage Vpp = 1V at the nominal

process corner. In such a condition, the dynamic to leakage current ratio of an IC connected
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to the PG device is assumed to be 7:3 [3]. The dynamic current is modeled with a current
source (7A) modeling the worst-case maximum dynamic current and the leakage current
(3A) is modeled with a dummy circuit at 100°C. The dummy circuit to model the leakage
current consists of a large number of INV, NAND, and NOR gates that are comprised of 50%,
30%, and 20% of its total effective channel widths, respectively. Also, randomly selected
input states are applied to each gate that has 1~4 inputs to measure the leakage current.
Finally, the fast and slow process corners are modeled by introducing £3¢ variations of 7.5%
and 15% in Lgpp and Vg, respectively. The threshold voltage of the PMOS transistors
comprising the PG device is increased by an amount equivalent to Vg shift after 7 years of
NBTI degradation. The NBTI aging model from [24] is used to calculate the Vpp increase

for each process corner as follows:

2

(4.2)

Vk2 TCCe
AVTH:[ b X XX "oy

1 — p1/en)
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In Eq. (4.2) the parameters k, and  are given by

2FEox
E

o1 (4.3)

ky = (q't0x>-K12-Cox-(VqsVth)'\ﬁC'e

_2'61'te+\/gl'C'(l_a)'Tcycle
2T, +VC -t

B=1 (4.4)

where T, is the average stress cycle time; ¢ is the total aging duration in sec; a is the
average signal duty ratio; Eop = (Vs Vth)/tor 5 Cox = €og/tor ;C = (exp(—E4/kT)) /Ty .
Table 4.1 shows the values of the parameters used in the simulations. AVpy calculated using
Eqn. (4.2) is applied to the PMOS based PG device. Next, the strength of the auxiliary PG
device for NBTI is increased until the PG drop is restored to 25mV. This gives the total
required size of the auxiliary PG device that must be allocated to account for 7 years of
NBTTI aging. AVrp is applied to the PMOS devices of the NBTI ring oscillator and the
frequency reduction at each time step is mapped to a number of auxiliary PG device fingers
which are turned on.

Table 4.1: NBTI model parameters used to calculate AVyy

Teycte lms Cox 3.5 x 10720 F/nm

a 0.2~0.8 C 23.952 nm? /s

Eoy 0.7 V/nm Ty 1078

n 0.16(0.25) for H(H,) diffusion & 0.9

& 0.5 K 8 x 107457022005 =2
En 0.335 V/nm
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Figure 4.8: (a) VVpp relative to a target level and (b) normalized leakage versus time for
different process corners with and without tracking NBTI.

4.4.2 Active Leakage Reduction with NBTI Tracking

Figure 4.8 shows VVpp relative to a target level after 7- year NBTT degradation and
leakage power versus usage time for different process corners. The solid- and dashed-lines
represent the results with and without tracking and compensating NBTT degradation. The
results shown in Figure assume 0.2 usage time ratio and 10% tracking guardband. In
other words, to account for various inaccuracy issues in the tracking mechanism, 10% of
the auxiliary PG device fingers for compensating NBTI degradation are always on if the
main PG device is on. Meanwhile 90% of the auxiliary PG device fingers are controlled by
the NBTI tracking mechanism. J and M are assumed to be 9 and 6 respectively for this
experiment. As shown in Figure 4.8-(a), VVpp stays at a level very close to its target for
each process corner throughout 7 years. This reduces leakage power by 9~14% in early chip
lifetime even with a very conservative PG device usage time as shown in Figure 4.8-(b). In
this figure, the leakage power values are normalized to the value at t=0 for each process

corner. Note that more leakage will be reduced for the PG device upsized for a higher usage
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time ratio. Leakage power saving by clamping VVpp is greatest for circuits at the fast
corner as AV Vpp is highest and leakage power reduces more significantly with V'Vpp than

slow and nominal corners.

4.5 Temperature Tracking Scheme

As discussed in Section 4.1, at low temperatures leakage power of a power-gated circuit
does not decrease as expected due to rise in the VVpp level. The following work proposes a
method to track temperature change of an IC and clamp VVpp to a target level regardless of
die temperature. Figure 4.9 illustrates the proposed scheme to track temporal temperature
change of an IC. Current-starved inverters (INVs) are used in the ROSC to make them
less sensitive to Vpp fluctuation due to noise. We also assume that quiet analog Vpp used
for PLLs is applied to the ROSC since it often exhibits only Gaussian white-noise. In
Figure 4.9, the target saturation value of the K-bit counter, clocked by SYS_CLK clock
from a PLL, should be set to provide the time to count Y - the value of the L-bit saturation
counter, clocked by the ROSC, at 100°C as follows:

Y =2V -1)/ (fROSC@'OC - 1) (4.5)
frosc,100°C

where frosceooc and froscio0oc are the frequencies of the ROSC at 60 and 100°C,
respectively. The value of X - Y is inversely proportional to the AUX PG device strength
and the lower N bits of the complemented value of X - Y are used to decrease the strength
of the AUX PG device at low temperature. Also, the L-bit counter must be saturated at Y
+ (2N - 1) to prevent an overflow effect. In other words, X - Y must be less than or equal to
2N - 1. A 33-stage current-starved INV chain is used to implement the ROSC that tracks
die temperature.

Figure 4.10 shows VVpp relative to a target level and leakage power versus tempera-
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Figure 4.10: (a) VVpp relative to a target level and (b) normalized leakage versus tem-
perature for different process corners with and without tracking die temperature.

ture for different process corners. The solid- and dashed-lines represent the results with
and without temperature tracking, respectively. Similar to the NBTI tracking scheme, 5%
tracking guardband is used to account for various inaccuracy issues in the tracking mech-
anism. We also use 9 and 6 for L and N. As shown in Figure 4.10-(a), VVpp is clamped
to the value very close to the target level for each process corner for the given range of
temperatures. As a result, leakage power is reduced by 5~18% (fast), 3~11% (nominal),
and 2~8% (slow) at lower temperature than 100°C; seen in Figure 4.10-(b). Note that
the higher VVpp values than the target ones at 60°C are partly resulted from the 5%

gaurdband applied to the AUX PG device in Figure 4.10-(a).

4.6 Tracking with Within-die Spatial Process and Tempera-
ture Variations

The ROSCs can track D2D variations fairly accurately for NBTI degradation and tem-

perature variation as shown in Sections 4.4 and 4.5. However, substantial within-die (WID)
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spatial process and temperature variations have been observed in ICs manufactured with
nanoscale technology. As a result, these WID variations can significantly impact the fre-
quency of the ROSCs depending on their locations on a die. In this section, we demonstrate
the efficacy of the proposed tracking circuits in the presence of WID spatial process and

temperature variations.

4.6.1 Simulation Setup for Tracking with WID Variations

A WID variation map is generated by mapping an 80x80 grid on to a 9mmx9mm
die size. Each point in the grid is assigned a pair of Vrg and Lpppr values. To model
the variation in Vrgy and Lgpr we use the following parameters: WID correlation distance
coefficient ¢ = 0.5, WID systematic Vryr variation oy?” =6.4% and D2D variation oy;” =5%
as presented in [22]. The die is divided into 16 sections (each 20x20 grid points) as shown in
Figure 4.11-(a). Each section contains a 0.7A current source and a dummy circuit consuming
0.3A leakage current at the nominal corner connected to a PG device to model dynamic and
leakage current, respectively. To track the WID variations, we distribute a chain of INVs
across the die. For example, we divide a die into 16 sections and place the 1/16"* of ROSC
INV chains in each section. WID spatial temperature variations are applied by selecting
a chip temperature map shown in Figure 4.11-(b). Temperature maps with three different
average die temperatures of 65°C, 74°C, and 83 °C are used in this study. We apply each
corresponding pair of Vg and Lgpp values and AVpyr generated using the 32nm predictive
technology [27][28] and NBTI models to simulate the described tracking circuits. SPICE

temperature parameter DTEMP is used to apply the temperature variation to individual

ROSC inverters.
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(b)

Figure 4.11: (a) A WID systematic Lgpp and Vpy variation map (b) A temperature
variation map of the corresponding die.

4.6.2 Tracking circuit performance with WID variations

Figure 4.12 plots V' Vpp and leakage power versus time for a die sample that models WID
process and temperature variations. We pick a die sample that lies between fast and slow
corners in terms of its average process parameter characteristics. Also, we use three different
temperature maps with the average die temperatures of 83, 74, and 65°C. As shown in
Figure 4.12-(a), the proposed NBTI and temperature tracking schemes track WID spatial
process and temperature variations, maintaining nearly constant VVpp regardless of die
temperature or PG device usage. As a result, in early chip life, we could reduce leakage
power by 10, 12, and 13% for the three different average die temperatures, respectively.
Note that the leakage power values are normalized to the value at 83°C at time zero in
Figure 4.12-(b). On average of 100 die samples, in early chip lifetime, we can reduce the

leakage power by 8, 9, and 10% for 83, 74, and 65 °C die temperatures respectively.
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Figure 4.12: (a) VVpp and (b) normalized leakage power versus time for different die
average temperatures with and without tracking the NBTT and temperature for a die sample.

4.7 Impact of VVpp Clamping on Gate oxide Reliability

As shown in Figure 4.4-(a), upsizing the PG device to account for 7 years of NBTI
aging increased VVpp at t=0 by 8.5mV, 5.63mV, and 5.59mV at the fast, nominal and
slow process corners, respectively. This increase of V' Vpp in early chip life has a substantial
deteriorating effect on the reliability of the gate oxide of devices. With technology scaling,
the oxide thickness of transistors has been reduced aggressively while the operating voltage
has not scaled with the same pace. As a result, transistors are subjected to high electric
field stress leading to rapid degradation of oxide reliability and ultimately oxide breakdown.
The breakdown process is attributed to defect formation in the gate oxide which accumulate
over the device lifetime and form a conducting path through the oxide [35].

Since defect generation in the oxide is a non-deterministic process, oxide time to break-
down (TBD) is modeled as a random variable and its distribution is typically described by

fitting experimental breakdown data to Weibull probability distribution function which is
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_ <TED) B] (4.6)

where F' is the cumulative distribution function or failure rate of the time to breakdown, «

given by [35]
F(Ipp) =1—exp

is the characteristic lifetime or the time for 63.2% of the device samples to breakdown and
[ is the slope parameter of the Weibull distribution. The dependence of o on voltage, tem-
perature and device area was shown with experimental breakdown data in [36]. The slope
parameter § varies linearly with the oxide thickness and can be assumed to be independent
of voltage and temperature [37][38]. Figure 4.13 shows a as a function of voltage for four
temperatures and oxide area of 0.02048cm? (corresponding to 1 billion devices with W =
64nm and L = 32nm) obtained by extrapolating the results shown in [36].

Due to the power-law dependence of oxide breakdown time on operating voltage, clamp-
ing VVpp can improve the chip oxide reliability compared to the higher VVpp resulting

from conventional PG device sizing. In the case of time varying voltage and temperature,

1026
Temperature (°C)
102 &80 -4 90
< -0-100 110
i"fg 10"
g
&~ 1014
1010 A
108 } } +
0 0.5 0.7 0.9 1.1 1.3

Voltage

Figure 4.13: Time to breakdown (Tzp g3%) vs. Voltage for different temperatures for tox
= lnm based on experimental data in [36].
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the failure probability in Eq. (4.6) can be computed by using the dynamic reliability model
in [39]. In this section this model is used to calculate the failure rates for a chip containing 1
billion devices with oxide thickness of Inm. The oxide reliability at any time ‘t’ is obtained
by dividing the entire time period into k time frames, each of duration At during which
the voltage is assumed constant [39]. The failure rate at time t, F(kAt) can be found by
computing the probability that the system does not fail with any single time interval from

0 to kAt as follows:
F(kAt) =1-— H [1 — (F(iAt) — F((i — 1)At))] (4.7)

where F(iAt) — F((i — 1)At) denotes the probability of device failure in the " interval
calculated using updated values of voltage at the beginning of the interval. The model
parameters (o and ) were obtained from [36] after applying the area and thickness scaling
laws. Figure 4.14-(a), (b) and (c) show the failure rate (F') and percentage reduction at
100 °C over a period of 7.5 years for the fast, nominal and slow process corners, respectively.
At t = 2, 5 and 7.5 years, respectively, the failure rate is reduced by 10.4%, 6.7%, and 5.1%
for the fast corner, 8%, 5.1%, and 3.8% for the nominal corner, 8.3%, 5.4%, and 4.1% for

the slow corner.

4.8 Related Work

Vattikonda et al. [40] and Bhardwaj et al. [24] developed predictive models for thresh-
old shift due to NBTI considering static and dynamic stresses, and explored the design
space of basic circuits using the models. Prior work on NBTI tracking and measurement
has been done in the context of achieving high resolution, unbiased and uninterrupted mea-
surement with minimal and inexpensive test hardware. Fernndez et al.[41] demonstrated

on-chip NBTI measurement with individual PMOS test device and inverter, capable of
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Figure 4.14: Oxide failure rate vs. time with unclamped (solid) and clamped(dashed)
VVpp, T=100°C for (a) fast (b) nominal, and (c) slow process corner.
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being stressed with high-frequency AC and DC stress in both interrupted and on-the-fly
fashion. An on-die ring oscillator with frequency divider is used to generate the AC stress
signal. They measured the AV due to both AC and DC stress and claimed that the Vpp
shift due to AC stress is independent of the frequency of the stress signal over a 1Hz-2GHz
range. Kim et al. [42] demonstrated an NBTI measuring circuit consisting of stressed and
unstressed ring oscillators with high resolution and immunity to temperature and voltage
fluctuations.

Dependence of oxide breakdown time on voltage and temperature was experimentally
studied by Wu et al. [37]. In thin oxides, breakdown time follows power law dependence
with respect to voltage (T'BD (V') — n) where the power law exponent, n, is independent
of oxide thickness to a first order. The time dependent failure rate model presented in
Section 4.7 is adopted from the dynamic reliability framework presented by Zhuo et al.
[39]. This framework was used in conjunction with a DVFS processor to balance reliability

degradation with performance.

4.9 Chapter Summary

In power-gated ICs, low temperature does not reduce leakage power at the expected rate
due to increased VVpp. An upsized PG device to compensate NBTI degradation in later
chip lifetime increases leakage power in early chip lifetime due to the increased VVpp. Two
techniques are shown that track NBTI degradation and temperature variation, and adjust
the strength of PG devices accordingly. They clamp V'Vpp close to a target level at runtime
in spite of any given NBTI degradation and/or temperature variation within the specified
ranges. As a result, leakage power is reduced by 8~10% for the given range of average die
temperatures in early chip lifetime. We demonstrated that they maintain V'Vpp close to a
target level even in the presence of WID spatial process and temperature variations.

With technology scaling, oxide thickness has been reduced aggressively while the oper-
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ating voltage has not scaled with the same pace. As a result devices are subjected to high
electric field stress leading to rapid degradation of oxide reliability and ultimately oxide
breakdown. Oversizing the PG device to account for NBTI degradation leads to higher
than necessary VVpp and thus increased oxide stress. The VVpp clamping method pro-
posed in this work can reduce the oxide stress and improve device reliability. Over a period
of 7.5 years, the oxide failure rate is reduced by 5.1%, 3.8%, and 4.1% for fast, nominal,

and slow corners by VVpp clamping.
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Chapter 5

AVS-aware Power-gate Sizing for

Multi-core Processors

In a multi-core processor with per-core power gating (PCPG), the voltage drop across a
PG device, for given size, is proportional to each core’s total current (Iror), i.e., dynamic
+ leakage current (Ipyn + Inpak). This voltage drop affects maximum core frequency
(Farax) negatively. PG devices are often sized large to minimize the voltage drop (thus
frequency degradation) which takes up considerable die area. A PG device and its associ-
ated interfacing circuitry were reported to occupy ~10% of the core area in [43][44]. This
overhead can be expected to worsen with technology scaling because the fraction of leakage
power in total power increases as the channel length of devices decreases while the transis-
tor Ion/Iorr ratio does not improve proportionally [45]. Hence, larger PG devices will be
necessary in future technologies.

Due to die-to-die (D2D) process variations, dies in the fast corner often violate the
Pror constraint due to excessive Prpax (and thus Pror) while ones in the slow corner
suffer from lower maximum operating frequency (Firax) than ones in the nominal corner

although they consume much less Prop. In such cases, adaptive voltage scaling (AVS) can
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be applied in a post-manufacturing step to dies to satisfy the power constraint (and thus
improve yield) in both low-power and high-performance processors.

In this chapter, we propose a methodology to optimize both the size of PG device and
the degree of AVS jointly to minimize the PG device size while maximizing performance
and power efficiency of power-constrained processors. First, we analyze the impact of PG
device size on both Fiasax and Pror of processors in the presence of process variations.
Second, we apply the proposed optimization methodology to multi-core processor at fast,
nominal, and slow process corners such that we minimize the device size while maximiz-
ing performance and power efficiency under a power constraint. Finally, we extend our
analysis and optimization for multi-core processors under the impact of within-die (WID)
process variations. Impact of the proposed sizing methodology on processors with global

and frequency-island (FI) clocking is examined.

5.1 Impact of D2D Variations and PG Size on VVpp, Fapax,

and PTOT

The voltage drop across a PG device is a function of the total current drawn by the
circuit connected to the device and the width of the device. The voltage drop increases as

Iror increases, lowering the virtual rail voltage (VVpp) which is given by:

VVbp =Vpp — Rpa(Vbp,VVbp) X Iror(VVpD) (5.1)

where Rpg is the on-resistance of the PG device as a function of both Vpp and VVpp.
Figure 5.1 shows a graphical illustration of Eq. (5.1) where VVpp is plotted as a linear
function of the total PG current (I7or). A fixed size PG device also exhibits a different
amount of Rpg depending on its process corner as illustrated in Figure 5.1; channel length

(Legrr) and threshold voltage (Vrp) variations affect PG device’s strength, i.e., Rpg. For
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Figure 5.1: Impact of D2D process variations on VVpp.

example, Rpa of PG devices in the slow corner, Rpg_srow is larger than that of PG devices
in the fast corner, Rpa_rasr. Note that Rpg is constant for the illustration purpose in
Figure 5.1, although it is also a function of VVpp and Iror. Meanwhile, processors in
the slow process corner consume much less Ipyy and Ippax than ones in the fast corner,
resulting in a higher VVpp value, VVpp_gsrow. On the other hand, processors in the fast
corner operate at faster Fjy4x than ones in the slow corner, consuming more Ipyy and
I1pak. Figure 5.2-(a) and (b) present VVpp versus normalized PG device size (spg) at
the slow, nominal, and fast corners; the PG device is sized to provide 25mV voltage drop,
i.e., VVpp = 0.875V for total 90W power consumption at the nominal corner and 100°C
and Irgar is 30% of Itor at the nominal corner. As the PG device size increases, Rpg
decreases. This increases VVpp, i.e., decreases the voltage drop across the PG device.
Note that in a PG circuit both VVpp and Rpg impact each other. However, the VVpp
increase diminishes rapidly as the PG size increases while the main incentive to implement

large PG device size is to minimize the Fj;4x degradation incurred by the voltage drop.
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Figure 5.3-(a) and (b) show Fy;ax and Pror versus PG-device size at the slow, nominal,
and fast corners. Both Fi;ax and Pror are normalized to the Fiysax and Pror values
at the nominal corner and spg = 1. As shown in Figure 5.3-(a), the increase of Firax
diminishes quickly with a larger PG device. For a quantitative comparison purpose, we

define the rate of Fiy4x increase as a function of spg(ROIFyax) as follows:

Afvax(spa)

ROIFyax(spa) = Aspe

(5.2)

where spg is the normalized PG-device size, farax(spg) is the normalized Fpsax as a
function of spg. Note that ROIFyrax becomes less than 0.1 once spg is larger than 0.43,
0.53, and 0.72 at the slow, nominal, and fast corner, respectively at the points marked by
“A” in Figure 5.3-(a). Similar to ROIFyax, the rate of Pror increase as a function of

spag, 1.e.(ROIPror) is defined as follows:

Apror(spa)

ROIPror(spg) = Aspo
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Figure 5.3: (a)farax versus spg and (b) pror versus spg at the slow, nominal, and fast

corners.

where pror(spg) is the normalized Pror as a function of spg. As shown in Figure 5.3,
ROIPror is more notable than ROIFy;4ax. For instance, increasing the PG size from
0.5 to 1 only improves Fiyax by 3% while growing Pror by 10% in the nominal corner;
the ROIPror values at the slow, nominal, and fast corners are 2, 3, and 7x higher at
ROIFyax = 0.1. This suggests that there must be a performance- and power-optimal PG
device size since increasing its size too much does not improve Fi;4x while increasing Pror

as well as die area associated with the PG device.

5.2 AVS-aware PG Size Optimization for Performance and

Power Efficiency

AVS is applied to dies in a post-manufacturing step to maximize Fi;4x while satisfying
the Pror constraint. A lower value of Vpp is programmed for fast dies to limit their
power consumption to thermal design power (Prpp) while slow dies are assigned higher
Vpp to maximize their Fisax. Increasing Vpp through AVS can reduce PG device size. In

this section, we present a design methodology that optimizes PG device size anticipating
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that AVS will be applied to a die to satisfy Fyax and Prpp constraint based on the
die’s process corner and target computing segment. The proposed PG size optimization
algorithm is motivated by the nature of Fy;4x and Pror variation with PG size as shown
in Figure 5.3. First, the optimization is applied to dies with D2D variations at the fast,

nominal, and slow process corners. Next, processors with C2C variations are considered.

5.2.1 PG Size Optimization Problem Formulation

To select the best PG size and Vpp combination while maximizing performance and
power efficiency, we define a metric performance-cube-per-Watt (P3/W), i.e., the inverse of
energy-delay-square-product (ED?P). Both performance-square-per-Watt (P2/W), i.e., the
inverse of energy-delay-product (EDP) and P3/W have been widely used to compare the
performance and power efficiency of processors. However, P2/W emphasizing performance
more is more commonly used for high-performance processors while P?2/W is used for mo-
bile processors [46]. In this study, it is assumed that the performance of processors running
future multi- and many-core applications, e.g., recognition, mining, synthesis (RMS) appli-
cations, is linearly proportional to Fasax within a reasonable range [47]. In such a case, we
define the normalized P3/W (p®/w) and the rate of P3/W increase (ROIP3? /W) as functions

of spg as follows:

3 _ (fmax(spg))’®
p'fwlspe) = pTOT(SPG) (5.4)
ROIP3 W (spg) = W (5.5)

The performance-cube-per-Watt was measured for the PG circuit at the nominal process
corner while varying PG size and Vpp (detailed experimental methodology in Section 5.4).
Figure 5.4-(a) shows p?/w versus spg for three different Vpp values, 0.9, 0.925, and 0.950V
at the nominal corner. The ROIP3/W begins to be less than 0.1 over the point marked

with “A” at each Vpp point, implying that P3/W does not improve effectively with larger
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Figure 5.4: (a) p3/w versus spg for 3 different Vpp and (b) pror, farax and spg versus
Vpp at the nominal corner.

PG device size. Note that the PG device larger than 0.7, 0.6, and 0.5 improves P3/W only
negligibly at Vpp = 0.900, 0.925, and 0.950V, respectively.

Note that a smaller PG device can be as P3 /W effective as larger one as Vpp increases.
Based on this observation, the proposed optimization algorithm constrains ROIP3 /W to be
less than 0.1 while minimizing PG size. The optimization problem can be expressed as:

Objective: Minimize(spq)

Constraints: Vpp < Vpp yax, Pror < Prpp, ROIP3/W < 0.1

ROIP3/W (spg) < 0.1 prevents choosing any arbitrary small spg value that can lead
to very low Fyax satisfying Vpp < Vpp max and Pror < Prpp constraints. The cor-
responding pseudo-code for the joint optimization of Vpp and sp¢ is illustrated in Algo-
rithm 1. First, an spg value is chosen at a diminishing point where ROIP3/W at each Vpp
point begins to be less than a target value, e.g., 0.1. A different diminishing point can be
chosen for the optimization depending on how much die cost a manufacturer is willing to
pay for additional but marginal P3/W improvement in this case. Second, if Pror for the
given pair of spg and Vpp is less than or equal to Prpp, then spgopr is updated with the

smallest one so far. Finally, the first and second steps with an incremented Vpp value are
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Input: Mapping of Fyrax and Prpax to voltage
Output: Optimal PG size and Vpp

Vbop = Vbpp,miIN;

SPG,OPT = SPG,MAX;

Vbp,opr = Vbp,MIN;

while VDD < VDD,MAX do

SPG = SPG,MIN;

while ROIP3/W > (0.1 do

Calculate ROIP3 /W (Vpp,spq);

SPG = SPG 1+ SPGstep;

end

f Pror(Vbp,spa) < Prpp And spc < spg,opr then
SPG,0OPT = SPG};

Vpop,opr = Vpb;

end

ot o

Vbop = Vbp + VDDstep;
end

Algorithm 1: Algorithm pseudo-code for AVS-aware PG size optimization.

repeated until Pror becomes equal to Prpp and the most updated spgopr and Vppopr
values are returned in the end.

Figure 5.4-(b) shows pror, fmax, and spg versus Vpp at the nominal corner using
Alorithm 1. In Figure 5.4-(b), 1) Prpp is 90W, and 2) Pror and Firax are normalized
to the values at spe = 1 and Vpp = 0.9V, respectively. This result demonstrates that
there is virtually no Fisax degradation with nearly 40% smaller PG device size at Vpp =
0.915V while satisfying the same 90W Prpp constraint. The corresponding pror, firax,
and spgopr points are marked with “A” at the Vpp = 0.915V. Table 5.1 summarizes the
target Prpp for each process corner; Vpp satisfying Prpp with spg = 1; spgopr and
Vbpopr at the same Prpp; and the resulted fysax using the optimization algorithm. As
noted, faster/slower dies consuming more/less I1pax are often used for higher-/lower-end
computing platforms that are equipped with more/less power-delivery and cooling capacity.
Therefore, they usually have higher/lower Prpp budget. The results exhibit that slightly

higher Vpp leads to much smaller PG-device size at the same Prpp and Fyax; spqg is
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Table 5.1: AVS-aware optimum PG size, Vpp, and die F)jy4x across process corners.

Proc. Corners Slow Nom Fast
Prpp 65W T0W 90W 100W 120W 130W
Vpp @ spg =1 0.945 0.955 0.900 0.923 0.825 0.840
SPGOPT 0.755 0.715 0.640 0.515 0.568 0.455
VbporT 0.955 0.975 0.915 0.948 0.845 0.875
Imax 0.999 0.999 0.999 |~ 1.000 § ~ 1.000 | ~ 1.000

reduced by 24~43% at the slow, nominal, and fast corners.

5.3 AVS-aware PG Sizing with WID Variations

As technology scaling enables more cores to be integrated in a die, core size is becoming
smaller relative to die size. In this section, first, we assume that the transistors constituting
a PG device are also impacted by WID variations in addition to the core. Then we analyze
the impact of WID variations and the number of cores per die on the optimal PG device
size and Vpp. In particular, both the global clocking (GC) and frequency-island (FI)
schemes will be examined since they impact performance and power efficiency of multi-core
processors differently in the presence of WID variations.

For the analysis presented in this section, we generated a WID correlated Vry (and
Lprr) variation profile for a 16-core die as shown in Figure 5.5-(a). Detailed methodology
for generating the map is described in Section 5.4. Figure 5.5-(b) shows the normalized
Fryrax and Prpar values for each core normalized to the slowest and least leaky core
respectively. In a die sample with process parameters close to the nominal corner, we
observe that certain cores are up to 12% faster and 82% leakier than the slowest cores

according to Figure 5.5-(b). Such a large amount of I pax (thus ITor) variations affects
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Figure 5.5: (a) Systematic Lppp variations across a die.(b) Normalized Fysax and Prpax
of each core in a 16-core processor.

VVpp, Fpmax, and Pror of individual cores. Further, as the number of cores per die

increases, the relative Fiyyax and Iy pax variations among the cores changes more notably.

5.3.1 WID Variations with Global Clocking

When the GC scheme is adopted, the Fs4x of a multi-core processor is often determined
by that of the slowest core. Meanwhile, faster cores do not contribute to improving Fsax
although they consume much higher I pax (thus Pror). Considering WID variations that

result in C2C I pax (thus VVpp) variations, the Pror of a die can be expressed as follows:

N
Pror = Z (Ipyn,i(VVpp,i) + ItEak:i(VVDDi)) - VVbp, (5.6)

%
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where Ipyn; is the Ipyn of ith core and N is the number of cores in a die. Since all the

cores run at one frequency, Ipyn,; can be modeled as follows:

Ipyni(VVDp,i) = Frmax,j(VVbpy) - Cerr-VVbp (5.7)

where Cppp is the effective switching capacitance of each core and Farax j(VVpp,;) is
Faax of the slowest core (j) in a die; experimental methodology to obtain Cgpp is described
in Section 5.4. Figure 5.6-(a) shows p3/w versus spg of a 16-core die sample for three
different Vpp values, i.e., 0.950, 0.965, and 0.980V at the nominal corner considering WID
process variations. For this simulation, the Fj;ax of the slowest core and total power,
Pror, given by Eqn. (5.6), is measured to calculate p3/w for each PG size. First, p?/w
reaches the peak values, i.e., ROIP3/W = 0, with spg = 0.43, 0.41, and 0.38 at Vpp =
0.950, 0.965, and 0.980V before it starts to decrease with increasing spg. Thus, an spg
value providing ROIP3/W = 0 can be regarded as the maximum performance and power
efficient point; p3/w for the cases modeling only D2D variations kept increasing although it
was very negligible as demonstrated in Section 5.2. Second, the spgopr values at the same
Vpp is smaller than the ones only considering D2D variations (0.37 versus 0.55 at Vpp =
0.95V and ROIP3/W = 0.1). Both the first and second observations can be explained as
follows: 1) The faster and leakier cores with lower Vrgy and Lrppp due to WID variations
increase I pax dramatically as VVpp, (i.e., PG size), increases. 2) However, it does not
contribute to increasing Fi;ax that is determined by the slowest core with higher Vg
and Lppp when the GC scheme is used for multi-core processors. 3) As a consequence,
this begins to reduce p3 /W as the increase of I pax becomes more substantial than that
of Firax with the increase of PG device size. Figure 5.6-(b) presents pror, fumax, and
spa versus Vpp of a 16-core processor. fyrax at Vppopr = 0.960V and spgopr =0.41 is
3% higher than Vppopr = 0.9145V and spgopr = 1.00 at the same Prpp = 90W. First,

Vbpopr considering WID variations together is higher than the Vppopr considering only
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Figure 5.6: (a) p/w versus spg (b) pror, fmax and spg versus Vpp of a 16-core
processor die sample.

D2D variations at spaopr = 1.00 since Ipyn with WID variations is lower due to lower
Frrax at the same Vpp. This provides the headroom to increase Vpp to satisfy the Prpp
constraint. Second, larger PG devices increase the I1 g s of faster cores more considerably
while they do not contribute to the increase of processor Fysax. Meanwhile, smaller PG
devices exhibiting larger Rpg reduce VVpp of faster cores more considerably than that of
slower cores. This decreases the Pror more effectively with far less Fyy4x impact; the die
in the fast (slow) corner showed much lower (higher) V'Vpp than one in the nominal corner
according to Figure 5.2. However, Fj;4x begins to decrease too dramatically with much
higher power consumption by the PG device itself if the PG device size becomes too small,
leading to very low P3 /W. Finally, there is no notable difference in terms of Vppopr and
spgopT wWhen 1-; 4-, and 16-core processors are examined with the same WID variation
profiles. However, the observed trend is that more cores per die lead to slower F;4x and
more Pror at the same Vpp (thus lower P3/W and smaller spgopr).

In summary, it is expected that certain cores will consume even higher Iy p4x without

contributing to the Fi;4x due to increasing WID C2C Fi;ax and I pag relative variations
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with continuing technology scaling. Thus, relatively smaller PG devices that can suppress
the IrLgar of such cores more effectively with the minimal Fj;4x impact on the slowest
core in the die will be favored for the performance and power efficiency. Finally, the optimal
spa and Vpp choices reduces the size of PG devices by 59% while improving Fasax by 3%

for the power-constrained processor in the presence of WID variations.

5.3.2 WID Variations with Frequency-Island Clocking

The FI scheme allows each core to run at its own Fj;ax. Thus, it should be more
performance- and power-efficient than the GC scheme. The data synchronizations among
the cores are very infrequent in RMS applications running on future multi-core processors.
Thus, if workloads with a sufficient number of threads are compute-bound, the FI scheme
can boost the performance proportional to the average Fyrax (Faraxave) of all the cores

in a die. Then the theoretical upper-bound of performance improvement approaches:

Fyaxave =

N
> Fua X] /N (5.8)

(2

where Farax; is the Firax of ith core in a die. Figure 5.7-(a) presents the speedup of 4-, 8-,
and 16-core processors with FI relative to ones with GC. The Fis4x of each core is obtained
using the die shown in Figure 5.5 at 0.9V and the detailed properties of all the benchmark
programs including the acronyms are illustrated in [48]; Section 5.4 describes the detailed
simulation methodology. As the number of cores per die increases, the relative C2C Fyax
variations increase, leading to higher Fsax avg. For instance, the die shown in Figure 5.5
provides 2.6, 4.1, and 6.3% higher Fy;axavg for 4-, 8-, and 16-core processors than the
Fryrax of a single-core processor. This results in higher speedup for processors with FI
relative to ones with GC as the number of cores per die increases in Figure 5.7-(a). Note that

certain workloads like AES have higher speedup than the theoretical upper-bound value,
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Figure 5.7: Speedup of 4-, 8-, and 16-core processors with FI relative to ones with GC.
(b) Speedup versus Fyraxava at Vpp = 0.8, 0.9, and 1.0V.

which can be explained as follows. The workloads run many identical threads containing
load/store instructions. They often cause bursty memory accesses since all the cores run at
the same Fjsax and multiple threads request the accesses at the same time. This results
in memory resource conflicts, degrading performance. However, the memory accesses are
distributed when all the cores run at different Fi;4x values. This results in less memory
resource conflicts and higher performance. Figure 5.7-(b) presents relative speedup of the
16-core processor die shown in Figure 5.5 at Vpp = 0.8, 0.9, and 1.0V compared to a global
clocking scheme. This shows that the speedup degrades as Vpp (thus Fiyyaxava) increases
due to the limited main memory resource, but it still scales proportional to Fisaxava.
Note that the compute-bound workloads with a sufficient number of parallel threads are
chosen for the simulation to demonstrate that the performance improves proportional to
Fryraxavea. Although, either memory-bound workloads do not show the improvement with
FI, we assume that the processors are designed for providing the maximum performance

for the compute-bound workloads. Then we replace Fasax in Eqn. (5.4) with Fyraxava
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to obtain P3 /W. Since the FI scheme allows an independent Fjsax for each core, we can

still use Eqn. (5.6) for Pror, but the Ipyn; can be expressed as follows:

Ipyni(VVpp,i) = Frmax,i(VVpp,) - Cerr-VVpp, (5.9)

Figure 5.8-(a) shows Vppopr and spgopr at ROIP? /W = 0 versus the number of cores
per die for the same die sample as used in Figure 5.5. As the number of cores per die
increases from 1 to 4 and 16, Vppopr decreases from 0.960 to 0.955 and 0.950V while
spgopT increases from 0.41 to 0.42 and 0.43, respectively. In terms of p? Jw versus spg
of 1-, 4-, and 16-core processors, they exhibit the same trend with the peak P3/W values
at the Vppopr and spgopr point as Figure 5.6-(a). However, Vppopr and spgopr are
shifted depending on the number of cores per die. Figure 5.8-(b) presents pror, farax, and
spa versus Vpp of a 16-core processor for the same die sample used in Figure 5.5. spcopr
= 0.43 and Vppopr =0.950V provides Fijaxava ~3% faster than spg = 1 and Vpp =
0.9145V at Prpp = 90W.

In summary, faster (and leakier) cores also contribute to increasing FysaxAva when
the FI scheme is used for multi-core processors. Thus, spgopr increases while Vppopr
decreases as the number of cores per die increases unlike the GC case. In other words,
larger PG devices help to improve P3/W. Meanwhile, when larger PG devices are used,
Vbpopr decreases to satisfy the Prpp constraint due to the increased Iy pax in the faster
cores. The optimal spg and Vpp choices reduces the size of PG devices by 57~59% while
improving Fyrax by ~3% for the power-constrained processor in the presence of WID

variations.
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Figure 5.8: (a) Vppopr and spg versus the number of cores per die and (b) pror, farax
and spg versus Vpp of a 16-core processor for the same die sample.

5.4 Simulation Methodology

The PG device is sized to provide 25mV drop from the nominal Vpp (0.9V) at the
nominal process corner and 100 °C in our simulations using the 32nm predictive technology
model [27][28]. Under such a condition, the ratio between Ipyny and Ippax of a core
connected to the PG device is assumed to be 7:3 [3] for Pror = Prpp = 90W. We model
1) the Ipyy with a voltage dependent current source modeling the worst-case peak Ipy
and 2) the Iy pax with a dummy circuit as shown in Figure 3.6. To model the voltage
dependence of Ipyy, first, we obtain Fy;ax at VVpp = 0.875V and its scaling factor,
farax as a function of VVpp using a 24-stage FO4 inverter chain for a range of VVpp

values (0.6~1.0V). Second, we approximate Cgrpr based on the following relationship:

IpyN(VVpp) = Fpax(VVbp) - Cerr - VVbp (5.10)
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Table 5.2: Key hardware parameters for GPGPUSim simulations

# of SM Cores 4/8/16 Shared Mem/ SM 16KB
SIMD Width / SM 1/4/8 # of Mem Ch. 4
# of Threads / SM 1024 BW/Mem Ch. 8B/Cycle
3 of CTAs / SM 8 DRAM Rq. Queue 16
# of Registers / SM 16384 Mem Controller FR-FCFS
Constant & Texture 8KB, 2-Way, GDDR3 Mem.
Cache Sizes 64B Line tor/trp/tre/tRAS 10/10/35/25

and the known Ipyn value at 0.875V, ie. (0.7x90W)/0.875V. The dummy circuit for
I pak modeling consists of a large number of gates (INV: 50%, NAND: 30% and NOR:
20% effective widths) where randomly selected input states are applied to each gate with
1~4 inputs to measure the leakage power. Third, Pror is directly measured at the Vpp
node to include the power consumption of the PG device itself. Finally, fasax and pror
as functions of spg at each Vpp point are obtained using a curve fitting tool, Origin 8.1
[49] with the following fitting function: y0 + Al.e-x/tl 4+ A2.e-x/t2 + A3.e-x/t3. As we
increase the number of cores per die, Crrpr and I pax based on 90W per die is divided by
the number of cores, and so are the size of the PG device and the number of gates in the
dummy circuit.

For analysis in Section 5.3, a multi-core processor die with WID variations is generated
with an 80x80 grid where each grid point is assigned a distinct Vry and Lgrr combination.
The die area is assumed to be 35mm?. WID correlation distance coefficient ®(0.5), and WID
Vrpg variation 0% (6.4%) with mean Vpy and Lgppp values at the nominal corner were
used to model WID variation [22]. Note that Fys4x is decided by the slowest grid point in
each core [21], while I pak is obtained from the leakage current of all the grid points in

each core.
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Finally, we analyze performance scaling trends of various data intensive multi-core work-
loads using GPGPU-Sim [48]. GPGPU-Sim was modified to support the FI scheme. The
number of SM cores, i.e., 4~16 used in this study aims at the entry-level to mid-range GPG-
PUs. Table 5.2 summarizes the key hardware configuration parameters; other parameters
are identical to ones shown in [48]. A brief description of benchmarks used for throughput

experiment is as follows:

e AES: Advanced Encryption Standard algorithm in CUDA for encrypting and de-

crypting files.

e RAY: Rendering an image by ray tracing; each pixel corresponds to a scalar thread

in CUDA.

e STO: StoreGPU is a library that accelerates hashing-based primitives designed for

middleware.

e DG: gpuDG is a discontinuous Galerkin time-domain solver, used in electromagnetic

field computations.

5.5 Chapter Summary

In this chapter, first, the impact of PG-device size on both F; 4 x and Pror of processors
in the presence of process variation was analyzed. The experimental results showed that
the Fisax increase diminishes rapidly while the Pror grows more notably than the Fisax
with a larger PG device than a smaller one. Second, based on above observation, a design
methodology is proposed that optimizes both the size of PG devices and the degree of AVS
jointly such that the PG device size is minimized while maximizing performance and power
efficiency of power-constrained processors. The experimental results demonstrate that the

joint optimization considering D2D and WID variations can reduce the size of PG devices
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by 59% while increasing Fasax by 3% of power-constrained processors using GC. When the
optimization is applied to the multi-core processors using FI, the size of PG devices was
reduced by 58 and 57% while improving Fa;ax by ~3% for 4- and 16-core processors; the
optimal size of PG devices increases gradually while the optimal Vpp for AVS decreases as

the number of cores per die increases.
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Chapter 6

Low Cost Per-core Voltage
Regulation Using Power-gating

Device

Users run different applications on a processor’s cores. These applications differ signif-
icantly from each other in their hardware usage patterns and hence instructions per cycle
(IPC). In such a diverse core utilization scenario, per-core dynamic voltage/frequency scal-
ing (DVFS) can provide the best power savings while maximizing the performance of the
processor. Per-core DVFS requires the implementation of per-core voltage domains on a die
with the ability to efficiently scale the voltage of each domain. Most multi-core processors
have a single voltage domain which is shared by all cores and powered from a single off-chip
voltage regulator (VR). In such a scheme, the VR regulates the voltage of the shared domain
to the maximum value demanded by a core. This reduces the performance/power benefits
offered by DVFS. Transferring the VR to the die can reduce the amount of decoupling
capacitor required on the power delivery network; thus reducing platform cost and enabling

faster voltage scaling. On-chip VRs also help to reduce power distribution loss and voltage
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drops.

Traditionally, switching VRs have been used invariably as the regulator of choice for
powering different types of computing platforms due to their high power conversion effi-
ciency over a wide dynamic voltage range. However, providing per-core voltage domains
and integrating switching VRs on the processor die, both present several challenges making
the shift to monolithic per-core VRs difficult for manufacturers. In this chapter, we first
outline some of the challenges associated with implementing per-core voltage domains and
integrating VRs. Next, we propose a method of using the per-core power-gating (PCPG) de-
vices for on-chip voltage regulation and compare them with switching VRs. Using MIPS3 /W
as a metric , we analyze and compare the performance and power of the proposed low-cost

linear VRs with switching VRs for a set of DVFS workloads.

6.1 Per-core Voltage Domains

6.1.1 Motivation for Per-core Voltage Domains

Most commercial processors support DVFS, yet they only have a single chip-wide volt-
age domain due to the high cost of supporting multiple voltage domains. As more cores
share the chip-wide voltage domain, the performance/power benefit of DVFS diminishes.
This is because a single voltage domain cannot allow a multi-core processor to effectively
exploit runtime performance (i.e., IPC) variations across cores running multiple threads
or applications for a given DVFS interval. For example, some cores running threads in
memory-intensive phases can operate at lower V/F without impacting the performance
while other cores executing threads in compute-intensive phases must operate at higher
V/F to maximize performance. Consequently, many researchers have investigated various
DVEFES algorithms to exploit multiple voltage domains effectively [15] [50].

Figure 6.1 compares the million instructions per second cubed per Watt (MIPS3 /W) of
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Figure 6.1: MIPS?/W comparison of 8-core processors supporting per-chip V/F domain,
per-core V/F domains, and per-core V/F domains exploiting WID process variations [4]. An
oracular approach [15] is applied to each runtime DVFS interval. Each interval is comprised
of 10-million executed instructions, which is equivalent to a few hundred microseconds
depending on IPC values. A total of 1-billion instructions are executed after 100-million
instructions are executed for warming up on-chip caches.

8-core processors that are supported by a chip-wide V/F domain, per-core V/F domains,
and per-core V/F domains exploiting within-die (WID) process variations (PV), which leads
to C2C frequency and power variations. All the MIPS3 /W results are normalized to that of
the 8-core processor with a chip-wide V/F domain without considering the power efficiency
of VRs. We use four commercial workloads (Apache, JBB, OLTP, and Zeus denoted by
APCH, JBB, OLTP, and ZEUS) [51], six SPEC OMP V3.2 benchmarks (Ammp, Applu, Art,
Equake, Mgrid, and Swim denoted by AMP, APLU, ART, EQUK, MGRD, and SWIM), and
four PARSEC benchmarks (Swaptions, X264, Fluid, and BlackScholes denoted by SWSP,
X264, FLUD, and BLKS) [52] running on a modified GEMS multi-core simulator [53]. An
oracle DVFS algorithm [15] is modified to maximize MIPS?/W for a given maximum power
constraint. MIPS?/W is chosen as a metric to emphasize the performance aspect of server-
class multi-core processors under a power constraint more than MIPS/W which is used for
mobile processors [54]. See Section 6.3 for the detailed processor configuration and the
methodology modeling C2C frequency and power variations due to WID process variations.

The per-core DVFS that does not exploit C2C frequency and power variations increase a
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geometric mean of MIPS® /W by 8%, while the one that exploits the C2C variations increase
a geometric mean of MIPS?/W by 22% over the chip-wide DVFS. Further, as the number
of cores per processor is increased, we observe that per-core DVFS achieves even more
MIPS3 /W improvement than chip-wide DVFS. For example, the MIPS®/W improvement
of 12- and 16-core processors using per-core DVFEFS over chip-wide DVFS is nearly 3x and
4% higher than that of a 8-core processor. The increase becomes even larger when the
C2C process variations are exploited. This signifies the growing importance of supporting

per-core DVFS to maximize performance and power efficiency under a power constraint.

6.1.2 Challenges for Supporting Per-core Voltage Domains

Supporting per-core voltage domains can allow multi-core processors to exploit C2C
frequency and power variations, and hence significantly increase performance and power
efficiency. However, most commercial processors have only one chip-wide V/F domain.
This is because splitting the voltage domain and providing multiple off-chip VRs incurs a
high cost for the platform and package designs. Figure 6.2 illustrates the impact of splitting
the voltage domain to provide per-core DVFS on the overall VR capacity required. Assume
that the maximum power consumption of the processor is limited to 120W and there are
four cores. When all four cores are running, each core can consume up to 30W; thus, it
seems that each per-core VR only needs to support up to 30W. However, for example, when
only two out of four cores are active due to limited parallelism, the two active cores can run
at higher V/F (e.g., Intel Turbo Boost TechnologyTM [55]) without violating their thermal
and maximum supply voltage constraints for reliability. If the two active cores consume
40W at such an operating voltage/frequency, the capacity of each VR needs to be increased
to 40W and the total combined capacity of all the VRs becomes 160W.

When the voltage domain is shared, however, a 120W VR is still sufficient for such a

case; the total power consumption of two cores running at the turbo mode is a total of 80W,
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Figure 6.2: Impact of splitting the voltage domain on the overall VR capacity of a quad-

core processor to provide per-core voltage domains. All cores are active and consume a
total of 120W in (a) and only two cores are active in (b).

which is below the maximum capacity of the VR. Although it is feasible for only a subset of
cores to run in turbo mode, platform designers cannot increase the VR capacity for only a
subset of the cores. This is because cores are put into turbo mode in a round-robin fashion
to prevent excessive aging of a specific core or subset of cores, requiring designers to provide
the capacity for turbo mode for all the cores. Finally, increasing WID process variations
leads to substantial C2C frequency and (leakage) power variations [20]. In other words, some
cores consume notably more power than others due to a high fraction of leakage power in
total power (e.g., ~30% [3]) and a large variation of the leakage power across cores. Thus,
the per-core VR capacity is determined by such cores, increasing the overall VR capacity
even further.

The increased total power capacity requires larger components for VRs and more package
pins for power delivery. Form-factor is critical even for server platforms to maintain high
integration density in data centers, and VRs are the second largest components next to
DRAM modules; VRs occupy 63% more platform area than the CPU, the third largest

components [56]. Furthermore, many commercial chips are heavily constrained by the
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available pins; nearly a half of all pins are already dedicated for power delivery and increased
overall VR capacity requires more pins. Although the platform and package cost associated
with multiple off-chip VRs can be lowered by using on-chip switching VRs [57], integrating
cores and high-quality inductors for the VRs on the same chip has also been a major
technical challenge for manufacturers, potentially impacting both the efficiency of the VRs

and the yield of dies.

6.2 LDO VRs Exploiting C2C Voltage Variations and PCPG

device

6.2.1 C2C Voltage Variations

In the experiment for Figure 6.1, the maximum voltage difference between cores in
a processor supported by per-core voltage domains is not large at each DVFS interval.
Figure 6.3 shows that the maximum voltage difference between cores for the “Per-Core
V/F” case in Figure 6.1 is less than or equal to 100mV for at least 90% of the execution
intervals in most applications. Similar statistics are observed for the “Per-Core V/F + WID
PV” case. In such a case, the power loss in low dropout (LDO) VRs can be lower than
that in switching VRs when a proper Vin value for LDO VRs is selected to minimize the
difference between the Viy value and the Vp values across cores. Furthermore, an LDO
VR can be implemented very cost-effectively since (i) it does not require inductors or large
capacitors [58] and (ii) it can share its largest component (i.e., the output device) with a
PCPG device.

In the next section, we show that, under such conditions, the power loss of LDO VRs

can be lower than the power loss of switching VRs.
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Figure 6.3: Percentage of intervals exhibiting various maximum voltage differences be-
tween cores for an 8-core processor supported by per-core V/F domains [4]. An oracle
approach, similar to one used in [15], is used to determine V/F of each core at each runtime
DVFS interval. Each interval is comprised of approximately 10-million executed instruc-
tions, which is equivalent to a few hundred microseconds depending on IPC values. A total
of 1-billion instructions are executed after 100-million instructions are executed to warm up
on-chip caches.

6.2.2 PCPG Based LDO VRs

PCPG devices are typically provided for commercial multi-core processors to reduce
standby leakage power of idle cores [59]. In active state, a PG device incurs a small voltage
drop across it (i.e., between the supply voltage and the actual voltage applied to the core).
The voltage drop is inversely proportional to the size (i.e., total transistor width) of the PG
device for a given amount of total current (dynamic + leakage) drawn by the core. In fact,
the voltage applied to the core can be modulated by controlling the effective width (i.e.,
resistance) of the PG device [60].

A PG device, which is implemented with many parallel transistors and on/off signal
buffers, is similar to the largest component (i.e., the pass device between V;y and V) of
a typical LDO VR, as illustrated in Figure 6.4-(a). In other words, an LDO VR can be
implemented by augmenting a PG device with feedback control circuitry comprised of an
error amplifier, an analog-to-digital converter, and a reference voltage generator. In [58],
it was reported that the output device and its buffers, both of which can be shared with
a PG device, accounted for 83% of the total LDO VR area. Since a PG device consumes

5%~10% of a core’s area [61], we estimate that the extra overhead due to the feedback
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control circuitry to implement LDO VR is 0.85%~1.7% of the core’s area. By contrast,
on-chip switching VRs require large inductors and capacitors for their implementations. As
a result, a switching VR has nearly four times larger chip area than a comparable LDO VR
[62]. Furthermore, LDO VRs can provide faster transient responses than switching VRs
[63] and, unlike switching VRs, they do not inject switching noise in the substrate. This is
desirable for the operation of highly sensitive mixed signal circuits.

Figure 6.4-(b) shows two different approaches to distribute supply voltages to an 8-
core processor with per-core V/F domains. Both approaches use a first stage off-chip VR
to convert 5V to an intermediate voltage level, Vin of on-chip per-core VRs. We cannot
supply 5V for on-chip switching VRs directly considering the oxide reliability of nanoscale
transistors implementing both VRs and cores. This voltage is further down-converted using
on-chip per-core VRs to the voltage (Vp[i]) required by core i. The arrangement on the left
uses LDO VRs (i.e., PCPG devices augmented with the control and reference circuitry to
implement LDO VRs). The efficiency of an LDO VR is a function of its Vp/V;x ratio.

When the voltages demanded by individual cores are restricted to a limited range (e.g.,
within 100mV of one another as shown in Figure 6.3), a high Vo /V;y ratio can be achieved
for all the cores by adjusting the Vp of the first stage (i.e., V;n of the second stage) such
that it is sufficient to provide the highest Vo demanded by any of cores. Thus, a processor
adopting per-core LDO VRs can be tuned to achieve high efficiency by jointly optimizing
both their V;n and V. The arrangement on the right uses per-core on-chip switching VRs
to provide the necessary core voltage. A switching VR uses two active devices, inductors
and capacitors to provide high voltage conversion efficiency across a wide range of Vp.
This efficiency is primarily determined by the switching losses in the active devices and the
conduction losses in active devices and inductor. The Vin value for switching VRs is fixed
to 1.05V in this example.

In summary, an LDO VR can be implemented very cost-effectively since (i) it does not



LDO device with buffer

driVTf [ E |
Error

A{lpllﬁer

Vigr >‘ ADC ‘D°_[>°_>°_°|
Do ||~

0‘/1'71

V;)ut

o

Load

(a)
Power Power
Supply Supply
| 5V | 5V
Off-chip VR Off-chip VR
1 i‘/IN = mam(VO) + Vd'rop 1 ¢ VIN =1.06V
r---————— s ———— - - = | T T T e -~ -~
| |
't [Zoe0 VR R
: Vdrop |o |o |o_ | : Vdrop SVRs
| Lo
| | |
4 |vely Vol2] vols] 1! 1 Voll] Vol2] Vols]
|
| | |
: C[l] 0[2] o0 o C[8] | : C[l] 0[2] o000 C[S]
|
| | |
: Vo = 0.7V~0.95V | : Vo = 0.7V~0.95V
(b)

96

Figure 6.4: (a) A typical LDO VR architecture; the cartoon is reproduced from [58]. (b)
An example of Viy and Vp ranges of LDO VRs in the left and switching VRs denoted by

SVRs in the right for supporting per-core voltage domains;“C[i]” in (b) denotes core i.
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require inductors and (ii) it can share its largest component (i.e., the output device) with
a PCPG device. Furthermore, its efficiency can be very high when cores running multiple
threads or applications demand similar voltage values. In the next section, we investigate

the power efficiencies of the two different VR types.

6.2.3 LDO vs. Switching VR Efficiency Comparison

Figure 6.5 compares the efficiency of a switching VR with that of an LDO VR (the
on-chip second stage only in (a) and both the off- and on-chip stages in (b), respectively).
The efficiency of LDO VRs is higher than switching VRs when Vi - Vi is small (or Vo /Vin
is high), but it becomes lower as Viy — Vp increases (or Vo /Vin decreases). If Viy — Vo is
more than 100mV, the efficiency of LDO VRs usually is lower than that of switching VRs as
shown in Figure 6.5-(a). We model the efficiencies of both switching and LDO VRs assuming
each core consumes the maximum allowed current for each operating voltage. To measure
the maximum efficiency of the switching VR at each operating point (i.e.,voltage/current),
we search for and activate the optimal number of phases out of eight available phases for a
given voltage/current. Table 6.1 summarizes the key design parameters of various VR stages

described in this study. The off-chip switching VR efficiency computation is based on [64]

Table 6.1: Summary of VR design parameters

Off-chip Switching VR | On-chip Switching VR On-chip LDO VR
VIN/VO 5V/1.05V to 5V/0.85V 1.05V/0.95V to 1.05V/0.7V 0.95V/0.7V to 0.7V /0.95V
Tech. Discrete devices 32nm 32nm
fow 300KHz 100MHz N/A
L/phase | 360nH (r;=0.5mQ) 63.5nH (Q=20@100MHz) N/A
# of phases 6 8 N/A
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Figure 6.5: Efficiency Comparison between switching and LDO VRs. (a)The on-chip
(second stage) only and (b) both the off- and on-chip (first and second stages).

with Vi fixed to 5V. Off-chip switching VR designs built with off-the-shelf components
typically have very high efficiencies (> 90%) due to low loss inductors and capacitors. Their
efficiency reaches a maximum for a certain load current and then drops with further increase
in current due to an increase in conduction losses. Consequently, as the off-chip regulator
output for LDO VRs decreases, the efficiency degrades, and thus the overall efficiency of
LDO VRs becomes slightly lower than that of switching VRs, as plotted in Figure 6.5-(b).
The efficiency of an LDO VR can be calculated as:

Vo - Iop

6.1
Vo -Io+ (Vin — Vo) - Lo + Viias - Ig (6.1)

NLDO =

where I is the quiescent current of the LDO and Vj,q, is the biasing voltage for the reference
and feedback control circuitry. A steady analog Vj;.s = 0.9V generated on chip from the

variable Vi is assumed in this work. The current efficiency of a typical LDO VR is defined

by:
Io

=7 6.2
T (6.2)

nr
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11 is a measure of the power loss in the control and biasing circuitry of the LDO. On-chip
LDO designs with current efficiencies in the range of 95% to 99% have been reported. The
LDO efficiency is computed assuming a current efficiency of 97% [58] at Ip corresponding
to 120W/0.9V.

The efficiency of switching VRs with integrated inductors was modeled for different
CMOS technology generations in [65]. The efficiency is a strong function of the inductor @
factor. Inductors in CMOS processes are made from the available metal layers and attain
low @) values for realistic dimensions due to the substrate losses and frequency dependent
conduction losses. It was shown in [65] that a fully monolithic switching VR achieves
~62% efficiency with on-die inductors in 90nm CMOS, which is not acceptable considering
the performance benefit that can be brought by per-core voltage domains under a power
constraint. The efficiency can be improved by using alternate inductor technologies with
high @. This may include inductors with magnetic materials compatible with a CMOS
process or inductors mounted externally on the package while only the active devices are
integrated on die [57]. A switching VR with 80%-87% efficiency with integrated active
devices and on-package inductors (@) = 20) was demonstrated in [57].

The efficiency analysis presented in this work assumes a 32nm CMOS process with
inductors (Q = 20 @ 100MHz) similar to [57], since switching VR with on-die inductors
exhibit poor efficiency. On-package inductors incurs packaging design and integration issues,
but are being adopted in industry recently [66]. The design is optimized to achieve a
conversion ratio of 1.05V/0.9V at a load current of 16.67A per core (corresponding to
total 120W for 8 cores at 0.9V) with an efficiency of 88%. An 8-phase topology is used
with 63.5nH inductance per phase. As Vp and load current are reduced, the efficiency of
switching VRs decreases monotonically. This is because the switching loss constitutes a
higher percentage of the output power as the Vp value reduces. The efficiency is strongly

dependent on the operating point at which the switching VR design is optimized. For a



100

design optimized for a higher Vp, the efficiency at low output voltage drops more rapidly
compared to a design optimized for a lower Vp [65]. In Figure 6.5-(a) the on-chip switching

VRs are optimally designed for Vo = 0.8V.

6.3 Evaluation of DVFS with LDO VR

6.3.1 DVFS Algorithms for Efficiency Comparison

The key objective of this section is to evaluate the effectiveness of the LDO VRs derived
from PCPG devices. Thus, we can use various per-core DVFS algorithms optimized for high-
performance multi-core processors including the algorithms exploiting C2C frequency and
power variations along with thread migrations (TMs) [50]. For the evaluation, we adopt an
integer linear programming (ILP) method for the DVFS algorithms. The ILP formulation
is similar to one used in [15], which attempts to minimize the power consumption of a multi-
core processor for a given performance constraint. We modify the formulation such that we
search for the optimal Vj for each core to maximize MIPS? /W under a power constraint at
each DVFS interval as follows:

Objective:

N N M
mazimize Z MIPS; = Z Z IPC; - Fyj - x4 (6.3)
i=1 i=1 j=1

Constraints:

N M

> ) Py aij < Prorax
i=1 j=1 (6.4)

N M
2D @ <N

i=1 j=1

where N is the number of cores; M is the number of Vp steps supported by the DVFS
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Table 6.2: Summary of DVFS Algorithms.

Voltage | Frequency | Process | Thread [Off-chip On- [Constraint
Algorithms Domain |Domain Var. Migration [VR Vo chip
Aware VR
Vo1 = Vo2=
ShV/F Shared Shared No No Varying [N/A | = v,y
SeV/F No No
SeV/F(PV) Separate Separate Yes No Fixed SVR
SeV/F(PV/TM) Yes Yes
LDOSeV/F No No v Yol
Virtuall - Voli
LDOSeV/F(PV) Sel;algtg Separate Yes No Varying |[LDO Snfoomv
LDOSeV/F(PV/TM) Yes Yes VR

“Sh,” “Se,” “PV,” and “TM” indicate “Shared,” “Seperate,” “Process Variation,” and “Thread Migration”
respectively.

algorithm; MIPS; and IPC; are the MIPS and IPC of core ¢; Fj; is the frequency of core
i at voltage level j; x;; corresponds to one bit of an M-bit binary variable for core 4 that is
guaranteed to assign core i to only one of M possible V/F states (i.e., Vi : Z;‘il xi; = 1).
P;; is the power consumption of core 4, which is a function of Vpli]; Pror max is the allowed
total power consumption of the processor; and Eq. (6.4) is the constraint, respectively. In
Eq. (6.4), the second constraint is to enforce one Vj selection for each core. The Vi for all
LDO VRs is determined by taking the maximum value among Vp[1], Vo[2],..., and Vp[N].
As discussed in [50], this algorithm requires manufacturers to store per-core frequency
and power values at each voltage level for DVFS algorithms to exploit C2C frequency and
power variations. These values can be characterized by the manufacturer and stored, along
with many other processor tuning parameters, in a non-volatile memory of the processor.
Like other DVF'S algorithms, we also need to predict workload characteristics like the IPC
of each thread to assign a proper V/F to each core for the next DVFS interval. Although
various methods can be used to predict the IPC of the next interval based on the current
IPC, we assume that the IPC value of each thread at every interval is known in advance (as

an oracle method). This is to isolate the impact of the IPC prediction from the MIPS?/W
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Table 6.3: Processor Simulation Parameters.

Fetch/Issue/Retire 4/4/4 # of Cores 8
IL1 32KB/4-way/64B g ok Pred./BTB/RAS YAGS/1K/32
3 cycles
L2 512KB/8-way/64B DL 32KB/4-Way/64B
10 cycles 3cycles
Main M DDR3-1.6GHz
Cache Coherency Protocol |Directory-based MESI ) ain Memory 4GB/64B/4KB/7-7-7-/
size/block/page/latency |5,
# of MSHRs 8 Write-buffer entries 16

results so that we can fairly compare the efficacy of the two different VR schemes. Finally,
we adopt a simple scheme for the TM technique; we assign threads to cores one-to-one in the
order of IPC and frequency values. For example, the thread with the highest IPC is assigned
to the core with the highest frequency at a given voltage (i.e., the fastest core considering
C2C frequency variations). Table 6.2 summarizes the DVFS algorithms explored in this
study and constraints for specific algorithms. Our baseline processor has a single, chip-wide

V/F domain using an off-chip VR (i.e., ShV/F).

6.3.2 Architectural Simulation Environment

The processor configuration contains eight cores. Each core is four wide with 32KB
private L1 cache and a shared 512KB L2 cache. The cores are connected to each other using
crossbar switches. We evaluate different DVFS algorithms using a full-system cycle-accurate
simulator, GEMS [53], which is modified to support per-core frequency domains and TM
requiring L1 cache flushing. In addition to four commercial workloads (Apache, JBB, OLTP,
and Zeus)[51], six SPEC OMP V3.2 benchmarks (ammp, applu, art, equake, mgrid, and
swim), and four PARSEC benchmarks (Swaptions, X264, Fluid, and Black Scholes)[52],
five mixes of compute- and memory-bound SPEC2006 benchmarks (eight copies of Bzip2,

six copies of Bzip2 and two copies of Libquantum, four copies of Bzip2 and four copies



103

of Libquantum, two copies of Bzip2 and six copies of Libquantum, and eight copies of
Libquantum denoted by 8BOL, 6B2L, 4B4L, 2B6L, and 0B8L,respectively) are used. The

processor simulation parameters are summarized in Table 6.3.

6.3.3 Core Frequency and Power Modeling

Typically, an operating system (OS) determines V/F of cores based on a given power
management algorithm, but both the OS and VRs cannot track and respond to instanta-
neous changes of power consumption. Thus, the OS must conservatively assume the power
consumption of cores at each given operating V/F and guarantee that the entire chip does
not exceed its maximum power consumption, if it aims to optimize performance without
violating a power constraint at any given moment. To model the maximum power con-
sumption of cores, we assume that (i) the total maximum power consumption of 8 cores
is 120W and (ii) 30% of the total power is active leakage at 0.9V. Each core has its own
shared L2 cache that shares the V/F domain with the core. Thus, we assume that the L2
power scales with the core power consumption. The power consumption of I/O and other
peripheral components including on-chip interconnects, which are tied to other separate
fixed voltage/frequency domains, is not included in the analysis since it can be regarded as
a fixed power cost for all the cases explored in this work; I/O and on-chip interconnects are
responsible for 15% of the total power in Niagara 2 [67].

Due to WID C2C frequency and leakage power variations, the power consumption of each
core differs. To analyze the impact of WID process variations on the frequency and leakage
power consumption of each core, we first generate 100 variation maps for threshold voltage
(Vrp) and effective channel length (Lgpr) of transistors in a die and characterize frequency
and power consumption by following the methodology presented in [21] and described in
Chapter 3 : WID correlation distance coefficient ® = 0.5 and WID Vpy and Lgpp variations

Osys = 6.4% and 3.2% of the nominal Vry and Lgpp values respectively. We apply the
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Vrg and Lgpp values of each grid point to a FO4 inverter chain and a dummy circuit,
which is comprised of 50% inverters, 30% NAND gates, and 20% NOR gates, to obtain the
frequency and leakage power scaling factors of each core, respectively; NAND and NOR
gates in a dummy circuit can have up to 4 inputs and their inputs are assigned randomly
with either 1 or 0.

The frequency and leakage scaling factors of each grid point are measured over a voltage
range of 0.95V to 0.7V using a 32nm technology model [27] [28] and SPICE. We assume
that the frequency of each core is determined by the slowest grid point in the core [21] and
the frequency of the slowest core is 3.2GHz at 0.9V. Each core’s maximum dynamic power
consumption at 0.9V is (E/ Z;VZI Fj> x 120W x 0.7 where F; and Fj are the frequency of
core ¢ and j, and N is the number of cores. With the known frequency, voltage, and dynamic
power values, the maximum core switching capacitance (i.e., Cyyy,) can be obtained. This
allows us to calculate the dynamic power at any given voltage. The leakage power of each
grid point is scaled such that the sum of the leakage power from all grid points in a die is
equal to 30% of 120W at 0.9V. The sum of the scaled leakage power from all the grid points
belonging to a particular core gives the core’s leakage power.

Finally, in our experiments, some cores are allowed to run at V/F higher than 0.9V /3.2GHz
as long as the total power constraint is satisfied; this is possible when other cores run at V/F
lower than 0.9V/3.2GHz. Since all cores in our baseline processor, which uses a per-chip
single VR, run at the same frequency, the dynamic power consumption of the processor is
lower than when other processors use per-core V/F domains. Thus, we increase the V/F of
the processor until 120W is fully used (i.e., 0.9125V and 3.3GHz). The C2C frequency and
power variations change across different dies. However, for analyses presented in this work,
a typical die map is chosen from the 100 generated maps. Thus, the MIPS?/W results,
which exploit C2C frequency and leakage power variations, represent the value close to the

median value of the 100 die maps. Table 6.4 tabulates the frequency and power consumption
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Table 6.4: Frequency and Power consumption of each core as function of Vp[i].

Voli] Corel Core 2 Core 3 Core 4 Core 5 Core 6 Core 7 Core 8

0.95V] 3.6 [15.9 3.8 [17.9 44 (182§ 39 | 169§ 3.8 [17.2 4.1 1193 44 |29.1 4.1 |19.7

0.90V} 3.2 [12.5 3.4 (14.0 4.0 | 145§ 35 133 34 |135 3.7 [ 15.1 4.0 [22.0 §3.7 |15.3

0.85V] 2.8 9.6 3.0 [10.8 3.5 (11.3 § 30 | 102§ 3.0 (104 3.3 | 11.7 3.5 |16.6 §3.3 |11.8

0.80VQ 24 |7.2 2.5 [8.1 3.1 |86 26 7.7 2.4 7.8 2.8 | 8.8 3.1 12.3 128 |89

0.75V] 2.0 [|5.3 2.1 6.0 26 |64 2.2 |57 2.1 |57 2.3 | 6.5 2.6 [9.0 2.4 (6.6

0.70vVQ] 1.6 |3.7 1.7 (4.2 21 |46 1.7 [ 4.0 1.7 4.1 1.9 | 4.6 21 |64 1.9 |47

of each core a s function of Vp[i]. For each core the frequency (GHz) and power (Watts)

are given in the left and right columns, respectively.

6.3.4 MIPS?®/W Comparison
Impact of Limiting V;N-Vp range

Figure 6.6 compares MIPS? /W of 8-core processors using LDO and switching VRs. The
DVFS algorithms begining with “LDOSeV/F” use LDO VRs while ones with “SeV/F”
use switching VRs. Although WID C2C process variations are not exploited and the TM
technique is not applied, the MIPS3 /W difference between LDOSeV /F and SeV /F is around
2% (3% versus 5% improvement over ShV/F) on average (i.e.,geometric mean). However,
when WID C2C process variations are exploited, the MIPS?/W difference between the
processors using LDO and switching VRs becomes 1% (14% versus 15% improvement over
ShV/F) on average. Finally, the MIPS?/W difference between the two schemes leads to a
3% difference (22% versus 25% improvement over ShV/F) on average when both the TM
technique is applied and WID C2C process variations are incorporated with the DVFS
algorithms. Finally, exploiting C2C frequency/power variations and TMs can mitigate the
potential limitation of LDO VRs and its relative benefit is higher for processors using LDO
VRs.
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Figure 6.6: MIPS?/W comparison of 8-core processors supported by LDO (algorithms be-
ginning with the LDOSeV /F prefix) and switching VRs (algorithms beginning with SeV /F).
All results are normalized to a processor with ShV/F and do not include the power loss by
the VRs. Each interval is comprised of 10-million executed instructions.

Impact of VR Efficiency on MIPS3/W

MIPS?/W result shown in Figure 6.6 does not include the power consumption (i.e.,
power loss) by both on- and off-chip VRs to see the impact of constraining the Vp range
for LDO VRs, where it is observed that the MIPS3 /W difference between processors using
LDO and switching VRs is very small. However, since C2C voltage differences are limited
to 100mV at each DVFS interval, the differences between the V;y value and the Vp values
must be small. In other words, LDO VRs must exhibit higher efficiency than switching
VRs for most DVFS intervals, as shown in Figure 6.5-(b). Consequently, as the efficiencies
of both on- and off-chip VRs are considered, a processor using LDO VRs can provide
higher MIPS?/W than a processor using switching VRs as shown in Figure 6.7. First,
the processors using LDOSeV /F and SeV /F, which do not exploit WID process variations,
result in worse MIPS3/W than the processor using ShV/F, which uses only an off-chip
VR. This is because the power loss by the on-chip VRs completely negates the benefit
of supporting per-core V/F domains for multi-threaded applications. Second, when WID
process variations are exploited, VSeV/F(PV) and SeV/F(PV) can provide 6% and 4%
higher MIPS?/W than ShV/F on average. The processor using LDO VRs exhibits higher

MIPS?/W than the one using switching VR. This is the opposite of the trend shown in
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Figure 6.7: MIPS?/W comparison of 8-core processors supported by LDO (algorithms be-
ginning with the LDOSeV /F prefix) and switching VRs (algorithms beginning with SeV /F)
including the power loss by both on- and off-chip VRs. All results are normalized to a pro-
cessor with ShV/F and include the power loss by the off-chip VR. Each interval is comprised
of 10-million executed instructions.

Fig 6.6 where the power loss by VRs was not considered in computing MIPS?/W and
the MIPS3/W of the processor using LDO VRs was lower than one using switching VRs.
This is mainly due to small C2C voltage variations in multi-threaded applications, which
allows LDO VRs to provide voltages with higher efficiency than switching VRs as shown in
Figure 6.5-(b). Finally, when the TM technique is also applied, LDOSeV /F(PV/TM) and
SeV/F(PV/TM) can provide 13% and 12% higher MIPS?/W than ShV/F on average.

Impact of DVFS interval on MIPS3/W

The interval period for applying DVFS algorithms also impacts the benefit of DVFS.
In theory, shorter DVFS intervals can capture more C2C IPC variations and thus lead
to higher performance/power efficiency. Thus, we reduce the DVFS interval to every 5-
million instructions while keeping the TM interval at 10-million instructions. As expected,
MIPS? /W for both LDOSeV/F(PV/TM) and SeV/F(PV/TM) increases, but the relative
difference between them remains almost the same. The DVFS interval is often determined
by considering both (i) the computational overhead of the DVFS algorithm and (ii) the VR

efficiency degradation during V changing periods [15]; (ii) prohibits a very short interval for
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a simple threshold-based DVFS algorithm even though the current state-of-the-art off-chip
switching VRs can support much faster voltages changes. For example, Microsoft Windows
Vista uses 20ms for the default value while it could support a more aggressive interval value

(e.g., 1ms) for DVFS [68].

Multi-program Environment

A processor executing multiple applications can exhibit more substantial C2C IPC vari-
ations than when it is running multi-threaded applications, depending on the mix and
characteristics of applications. Consequently, supporting a wider range of V values us-
ing switching VRs may lead to higher MIPS?/W than using LDO VRs under a specified
power constraint. Figure 6.8 shows the MIPS? /W comparison between two processors using
switching and LDO VRs when running five mixes of memory- and compute-bound applica-
tions; the mixes of applications were run using the multi-core simulator (not in isolation)
to accurately model the interaction between applications as well.

First, when the power loss by VRs is not considered, a processor with per-core voltage
domains using either switching or LDO VRs has much higher MIPS?/W than one using a
single chip-wide voltage domain for 6B2L, 4B4L,and 2B6L in Figure 6.8-(a). This is due to
these applications mixes having much higher C2C IPC variations than the multi-threaded
applications. For example, LDOSeV/F(PV/TM) and SeV/F(PV/TM) can provide 34%
and 55% higher MIPS?/W than ShV/F on average. The processor using LDO VRs pro-
vides substantially higher MIPS? /W than one using a single chip-wide VR, but 16% lower
MIPS3 /W than one using switching VRs. Second, when the power loss by the VRs is consid-
ered, as shown in Figure 6.8-(b), LDOSeV /F(PV/TM) and SeV/F(PV/TM) can yield 24%
and 39% higher MIPS?/W than ShV/F on average. Unlike the multi-thread applications,
LDOSeV/F(PV/TM) results in lower MIPS3/W than SeV/F(PV/TM), yet the difference
between LDOSeV /F(PV/TM) and SeV/F(PV/TM) is reduced to 12%. This is because the
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Figure 6.8: MIPS?/W comparison of 8-core processors supported by LDO (algorithms be-
ginning with the LDOSeV /F prefix) and switching VRs (algorithms beginning with SeV /F).
The power loss of VRs is not included in (a) and is included in (b). The Viy - Vo con-
straint is removed in (c) for LDO VRs. Each interval is comprised of 10-million executed
instructions.
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power loss by LoDeO VRs is still lower than switching VRs in many DVFS intervals.

In the previous experiments, the difference Viy - Vo was limited to 100mV. This is
because the efficiency of LDO VRs becomes lower than switching VRs once the voltage
difference becomes larger than 100mV. On the other hand, forcing such a constraint misses
potential power reduction opportunities that can be achieved by operating cores at lower
V/F. In other words, the benefit of reducing V/F of cores more can outweigh lower power
efficiency of LDO VRs operating at Vi - Vp larger than 100mV. Thus, to evaluate the
impact of such a constraint, we remove the Viy - Vo constraint for LDO VRs in Figure 6.8-
(¢). When Vy - Vp is larger than 100mV, the power loss by LDO VRs is higher than that
of switching VR. However, the power loss of LDO VRs becomes lower than that of switching
VRs for the DVFS intervals exhibiting Viy - Vp less than 100mV. Consequently, as long as
there exist more DVFS intervals with Vix - Vo less than 100mV, the processor using LDO
VRs can lead to higher MIPS?/W than the one using switching VRs. Figure 6.8-(c) shows
that LDOSeV /F(PV/TM) has 4% higher MIPS?/W than SeV/F(PV/TM). To validate this
result, we analyzed the fraction of DVFS intervals exhibiting V;y - Vo more than 100mV.
For B4L4, we measured the fraction of DVFS intervals in which LDO VRs have lower
efficiency than switching VRs after the V/F and core power consumption profiles obtained
from SeV/F(PV/TM) are applied to both efficiency functions of LDO and switching VRs.
This reveals that LDO VRs show higher efficiency than switching VRs for close to 60% of
the total DVFS intervals that are experienced by individual cores.

We re-evaluate the MIPS? /W for multi-treaded workloads in Figure 6.9 after the voltage
range constraint is removed. Although WID C2C process variations are not exploited and
the TM technique is not applied, LDOSeV /F provides 4% higher MIPS?/W than SeV/F
on average. When both WID C2C process variations and TM are exploited, LDOSeV /F
and SeV/F provide 16% and 12% higher MIPS3/W than ShV/F on average; LDOSeV /F
leads to 4% higher MIPS3/W than SeV/F whether or not WID C2C process variations
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Figure 6.9: MIPS?/W comparison of 8-core processors supported by LDO (algorithms be-
ginning with the LDOSeV /F prefix) and switching VRs (algorithms beginning with SeV /F)
including the power loss from both on- and off-chip VRs and without limiting Viy - Vp.
All results are normalized to a processor with ShV/F and include the power loss by the
off-chip VR. Each interval is comprised of 10-million executed instructions.

and/or TM are exploited. This is because LDO VRs exhibit higher efficiency than switching
VRs for most DVFS intervals. This is mainly due to small C2C voltage variations in
multithreaded applications, which allows LDO VRs to provide voltages with higher efficiency

than switching VRs.

6.4 Related Work

Several prior studies have investigated the benefits of DVFES for multi-core processor. Li
et al. analyzed the performance of DVFS combined with dynamic core scaling for parallel
workloads on multi-core processors[69]. They exploit the observation that parallel workloads
with limited problem size do not use all cores efficiently. Thus, they jointly adjust the
number of active cores along with performing DVFS to maximize the performance under
a power constraint. Kim et al. [15] demonstrated the potential benefit of per-core DVFS
using on-chip switching VRs for embedded processors, and provided detailed background
on switching VRs using air-core inductors and an analysis of their efficiency. Recently, S.
Eyerman et al. also evaluated the benefit of fine-grain applications of DVFS and proposed

a fine-grain microarchitecture-driven DVFS mechanism [70]. Many researchers also studied
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the impact of WID process variations, which lead to C2C frequency and power variations
[71] [20], on the performance of multi-core processors, and proposed a DVFS algorithm
that can exploit the C2C frequency and power variations. Teodorescu et al. investigated a
DVFS algorithm based on linear programming to maximize the performance of multi-core
processors under a power constraint [50]. Their DVFS algorithm also exploits WID C2C
frequency and power variations for workload scheduling, as well as power management.
Rangan et al. proposed a thread migration technique to minimize the cost of the transition
time for the VR output voltage [72]. They introduced voltage domains in which each
core operates at a fixed but different voltage level. If threads require different V/F levels
for power-efficient operations, they migrate to the cores that can provide an appropriate

performance level, instead of changing the voltage/frequency of cores.

6.5 Chapter Summary

Splitting voltage domains for per-core V/F control increases platform cost and validation
complexity. Integrated switching VRs are hindered by the unavailability of high quality
monolithic inductors. In this chapter, we demonstrated that PCPG devices augmented with
small circuitry can operate as low-cost LDO VRs. Unlike on-chip switching VRs, LDO VRs
do not require on-chip inductors and do not inject switching noise in the substrate. The
efficiency of LDO VRs reduces as their output voltage applied to cores drops (i.e., large
difference between input and output voltage of the LDO VRs). Consequently, per-core
DVFS using LDO VRs may lead to lower performance/power efficiency than using switching
VRs. However, experiments in [4] show that C2C voltages variations are relatively small
when the voltages are optimized to maximize performance under a power constraint. After
modeling the power efficiency of both LDO and switching VRs using a 32nm technology, we
show that the MIPS? /W of an 8-core processor using LDO VRs is slightly higher than that

of a processor using switching VRs. This is because the efficiency of LDO VRs is higher
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than that of switching VRs for small C2C voltage variations in each DVFS interval, which
was observed through the experiments.

Future processors will have more cores (i.e., many-core processors) and will potentially
exhibit higher C2C IPC variations depending on the mix of single and multi-threaded appli-
cations. This will result in wider V7x-Vp range and thus worse MIPS? /W due to poor power
conversion efficiency for LDO VRs. On the other hand, it will be impractical to provide a
large number of switching VRs for many-core processors due to the cost; integrating high
quality on-chip inductor becomes more challenging with technology scaling while integrat-
ing on-package inductors will not be a scalable solution for a larger number of cores due
to the physical constraint. In such a case, a hierarchical VR scheme where a switching VR
provides a shared voltage domain for a sub-set (or a cluster) of cores and LDO VRs provide
per-core voltage domains within each cluster may be used. Such a hierarchical power de-
livery architecture can support cost-effective per-core voltage domains, which can minimize
both the number of switching VRs while maximizing the power efficiency of individual LDO

VRs.
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Chapter 7

Throughput Optimization under

Power and Thermal Constraints

Core-to-core (C2C) variations in frequency and leakage power reduce the power efficiency
of processors using a single chip-wide voltage/frequency (V/F) domain. This is because the
maximum operating frequency of the die, (Fisax), is decided by the slowest core while fast
cores consume considerably more leakage power (Prpax) at the unnecessary high voltage.
To maximize the power efficiency of processors in the presence of C2C Fysax and Prpak
variations, the effectiveness of per core V/F domains has been explored [15][20][73]. In-
dividual V/F domains achieve high performance/Watt by operating each core or group of
cores with optimal voltage and frequency depending on the workload demand.

Chapter 6 presented a cost-effective way of implementing per-core V/F domains in a
multi-core processor. In this chapter, we show how a post-silicon Fj;4x tuning process
can be applied to multi-core processors with per-core V/F domains and power/thermal
constraint. Fast cores often have higher Prpax than slow cores due to their shorter channel
length (Lgrr) and lower threshold voltage (Vrg). This can result in considerable C2C

temperature (and thus performance) variations under a thermal constraint as cores with
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Figure 7.1: (a) Systematic Lgpp and Vpy variations across a die. (b) Normalized Fisax
and Pror of each core in a 16-core processor. The blue region in (a) has shorter Lgpp and
lower Vprp resulting in faster and leakier cores.

higher Prpax create local hotspots and experience more frequent thermal throttling. The
proposed optimization method can balance the power consumption and hotspot temperature
of fast and slow cores which in turn leads to less frequent thermal throttling of fast cores

and thus higher maximum performance under power and thermal constraints.

7.1 C2C Frequency, Power, and Temperature Variations

With technology scaling, spatially correlated within-die (WID) variations in transistor
Lprpr and Vppg manifest as C2C Fyrax and Prpagx variations in multi- and many-core
processors [21]. For the results described in this chapter, a multi-core processor die with
WID variations is generated with a 100 x 100 grid where each grid point is assigned a distinct
Vry and Lgpp combination (detailed methodology for generating variation map is described
in Chapter 3). Figure 7.1-(a) shows systematic, correlated Lgpp and Vpp variations across
a die in a 32nm technology. An Fy;ax and Prpax combination is obtained for each grid

point by simulating a 16-stage FO4 chain and a dummy circuit with the associated Vg and
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Lgrr. The Fyyax of a core is decided by the slowest grid point in the core, while Prgax
is obtained from the summation of the leakage current from all the grid points in the core.

As shown in Figure 7.1-(b) certain cores are up to 74% faster (and consume 100%
more Pror) than the slowest core in a 16-core processor die sample. [20] reported the
fastest core in an Intel®’s 80-core processor to be 28% faster than the slowest core in
a 65nm technology. As the number of cores per die increases with technology scaling,
the relative Fiyax and Prop variation among the cores changes more notably. When all
the cores in a processor operate at the same Fj;4x based on the Fiprax of the slowest
core (i.e., chip-wide clocking), they consume the same dynamic power (Ppyy) for the
same activity. However, cores which can potentially operate at faster Fi;4x consume
more Prrpar than the slowest core due to their shorter Lgpp and lower Vg, This can
result in considerable C2C temperature (and thus performance variations) under a thermal
constraint. This is because the cores consuming more Prp4x (and thus experiencing higher
hotspot temperature) can experience more thermal throttling, which usually reduces the
Fyrax of the core until the temperature is reduced. In other words, frequent thermal
throttling of cores reduces the average Fyyax (i.e., performance) of the cores over time.
Finally, the faster cores in a processor adopting per-core clocking can experience even more
frequent thermal throttling due to higher Ppyn due to higher Fyrax. Figure 7.2 shows the
C2C temperature variations running 16 instances of gcc, the hottest of the SPEC CPU2000
benchmarks, on the die shown in Figure 7.1. It is assumed here that each core runs at its
own Fyrax (per-core clocking) and the die temperature profile was obtained using Hotspot
[29], the gce power trace, and the core floorplan similar to an Alpha 21264 processor that
are included in the Hotspot package. Initially, the gcc dynamic power trace in the Hotspot
package is generated by running Wattch [74] with an architecture configuration similar to
Alpha 21264. The Ppynx numbers in the power trace are scaled such that the peak power

consumption in the trace for a single core corresponds to 70% of 5.94W (i.e., 70% of per-



117

Figure 7.2: Temperature profile of a per-core clocking 16-core processor running 16 gcc
instances. The hotspot temperature of core 4, 5, 8, and 9 is well over 100°C. The low
temperature area is occupied with L2 caches.

core power budget) assuming that the total power budget of a processor with the nominal
process parameters is 95W. The remaining 30% of 5.94W is P gax of the core. The Hotspot
configuration parameters are adjusted such that the hotspots of all cores with the nominal
process parameters reach 100°C; all cores run at the same Fj;4x and consume the same
Pror for the initial setup. In Figure 7.2, faster cores are much hotter due to their higher
Farax (and thus Ppyn) and more Prpai. For example, the fastest core that is 74% faster
shows ~60°C higher temperature than the slowest core. This can potentially incur more
frequent thermal throttling for the fast cores since they consume more Pror, and results

in slower average Fyyax than their peak Fj;4x over long runtime periods.

7.2 Throughput model for Per-core Clocking

In this section, the impact of Fiy;ax and Prpax variations on throughput of many-core

processors under power and thermal constraints is evaluated. The throughput model from
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Figure 7.3: Throughput versus average Fisax values of 16-core processors.An average
Fyrax value of a processor is the arithmetic mean of individual core Fj;ax values. Each

point represents a die sample.

[22][75], used for the analysis is as follows

1

% + Mrate(SLQ(l)) X tmiss
Limem U
tmiss = ——— + Ls 14+ — 9
N X(*ﬂu—m) (7.2)
N-1
U
Th= 7.3
; Myate(Spa(1y) X Ls (7.3)

where T'P; and I PC; are the throughput and instructions per cycle of given core i; C Plqopm,
is the core CPI with a perfect L2 cache; Spa(1) is the size of L2 cache per core; Myate(Sra(1)) is
the number of misses per instruction for a cache size of Sy (1), which can be estimated using
M, ate(1MB)/ /SLQ(l)/SlMB; Lmiss, Lmem, and Lg are the number of cycles for handling
L5 cache miss, fetching data from the DRAM array, and service latencies per L2 cache miss

relative to Fiarax,i ; Npr is the number of parallel memory requests that can be serviced per
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Table 7.1: Per-core Clocking Throughput Model Parameters

Ny 1 CPIl.om 0.92
Sta(1) 512KB M, ate1mB 1.8x1073
Lmem 1OODSXFMAX7Z' Ls 48GB/S>< 128B x FMAX,i

core; and U is the number of memory requests per cycle. Since U and I PC' are dependent on
each other, TPC in Eq. (7.1) reduces to a quadratic equation, where its roots will produce
an explicit I PC expression. In this analysis, a medium-size in-order core was assumed with
Npry Sta1)s Mrate(1M B), Linem, Ls, and C'Pleop, values that are tabulated in Table 7.1 for
Eq. (7.1) - (7.3); all parameters except for Lpen, and Ly are from [75]; Lyem and L are
from DDR3-1600; the main memory bandwidth is from a Sun Microsystems’ 16-core Rock
processor running at 2.6GHz [76]; and Fisax,; of a die is obtained using the methodology
described in Section 7.1.

Figure 7.3 plots the throughput versus the average Fjyrax values of 16-core processors.
An average Fjsax value of a processor is the arithmetic mean of core Fi;4x values in the
processor. 112 die samples from three different process corners (i.e., slow, nominal, and
fast) are explored after WID Lys/Viy, variations are applied to each corner. The result
from the plot shows that the overall throughput of a many-core processor is proportional to
its average Fyrax value of cores, when each core is allowed to run at its own Fasax. This
implies that maximizing the average Fisax of cores in a many-core processor results in the

maximum throughput as long as the power and thermal constraints are satisfied.
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7.3 Maximizing Performance Under Power Constraint

In this section, the problem of maximizing the throughput of a multi-core processor with
per-core V/F domains under a maximum total power constraint is analyzed. Technological
advances in on-chip voltage regulators indicate the feasibility of such per-core V/F domains
in near future. The Fysax of each core can be different due to WID variations although
the voltage of all the cores is initially set to the same value. In other words, some cores
are faster and consume more power than others, and vice-versa. Reducing the voltage of
the fast cores often decreases their Prpax dramatically while it does not decrease Fisax
significantly as illustrated in Figure 7.4. Prgpag of circuits with shorter Lgpr and lower
Vg, which enable higher Fjy4x for the faster cores, respond to a voltage change more
sensitively due to the stronger drain induced barrier lowering (DIBL) effect. On the other
hand, increasing the voltage of slow cores leads to higher Fj;ax for them while it does not
increase Prpak as much as faster cores do as shown in Figure 7.4. As shown in Section 7.2,
the throughput of a many-core processor supporting per-core clocking is proportional to
the average Fyrax value of all the cores in the processor. When the power budget for a
processor is fixed, optimizing the voltage of each core (i.e., decreasing voltage for fast cores
while increasing voltage for slow cores) can lead to a higher average Fjs4x value (and thus
higher throughput) for the processor.

To maximize the throughput of a many-core processor for a given power constraint, the
optimization problem consists of searching the most performance/power efficient operating
point for each core for a given power constraint as follows:

Objective:

1=0

N-1
Maximize (Z FMAX,i(VDD,i)> (7.4)



121

A Vbbp1

Frequency

+AP _>
v
'\ slow core

fast core

Total power per core
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Constraints:

N-1
Z Prori(Vbp,i, Fmax,i) < Prpp
i=0 (7.5)

Vi:Vpopmin < Vbpi < Vbp,max

where Pror,; is the total power consumption of core 7 as a function of its voltage, Vpp ; and
Fyrax,; are voltage and frequency of core i, modeled with the methodology illustrated in
[60]; Prpp is the maximum Prog constraint which is the thermal design power ; Vpp avrn
is the minimum voltage limited by on-chip memory element failures; and Vpp arax is the
maximum voltage limited by the reliability of transistors’ gate-oxide. The optimization
algorithm is implemented using the characterized Firax,; and Pror; for each core in a die
and the Matlab implementation of the active-set non-linear optimization algorithm. The

Fuarax,i and Pror; of each core are characterized as a function of Vpp; with step value =
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Figure 7.5: Fiyrax,; and Pror,; of 16-core die sample before and after the optimization.

6.25mV. Further, the optimization algorithm is applied to each processor die using Vpp;
step value = 6.25mV, which is the minimum resolution for voltage scaling using state-of-
the-art voltage regulator for commercial processors [77].

Figure 7.5 shows the Fysax and Pror of each core (Fysax,; and Pror,;) in a 16-core pro-
cessor die before and after the optimization is applied to the die sample used for generating
Figure 7.1. The Fy;ax and Pror of each core are normalized to those of the slowest core
in the die before the optimization (i.e., core 10 in Figure 7.1-(b)). After the optimization,
the Farax and Pror of core 0, 2, 3, 6, 7, 11, 14, and 15, which are relatively slower and
consume less power than the other cores before the optimization, are increased. Meanwhile,
those of core 4, 5, 8, 9, 12, and 13, which are relatively faster and consume more power,
are decreased after the optimization. The Fi;ax and Pror of core 1 and 10 are barely
changed. Overall, for this particular die sample, the average Fysax is improved by 2.3%
while the Pror remains nearly constant. The Fjrax improvement is relatively small for
the die sample considered. However, the proposed optimization technique balances power
consumption (and thus temperature) between fast and slow cores. This can lead to even
higher average Fjyax improvement when (i) the C2C Ppor variance of a die is high and

(ii) a thermal constraint and the impact of thermal throttling are considered as shown in
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Figure 7.6: (a) Cumulative distribution of the average Fjsax improvement of 16-core

processors under a power constraint after optimization. (b) The corresponding average
Farax improvement versus C2C relative Pror; std. deviation.

the next section.

Figure 7.6-(a) plots the cumulative distributions of the average Fj;4x improvement of
16-core processors under a power constraint after the optimization is applied. For slow-,
nominal-, and fast-corner dies, Prpp is set to 50W [78], 95W [79], and 185W [80], respec-
tively; dies from slow, nominal, and fast corners are often used for different computing
segments (i.e., mobile, desk-top, and servers) that have different power constraints due to
their very different speed and power consumption characteristics. The proposed optimiza-
tion for 16-core processors can improve the average Fisax by up to 2.0%, 3.2%, and 4.8%
for the slow, nominal, and fast corners, respectively. Figure 7.6-(b) plots the average Fisax
improvement versus C2C Pror; standard deviation. The Pror; standard deviation values
are normalized to Prpp (= 50W, 95W, and 185W for slow, nominal, and fast corners)/16.
Clearly, the Fj;4x improvement is greater for dies with more WID C2C Pror variations
statistically. Note that the relative C2C Fayax and Prpax variations also increase as

more cores are integrated per die. In turn, this can increase the benefit of the proposed
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optimization techniques.

7.4 Maximizing Performance Under Power and Thermal Con-

straints

As described in Section 7.1, in the presence of C2C Prgax variations, even a many-core
processor adopting chip-wide clocking leads to very high temperature variations (and thus
performance variations) across cores. This is because fast cores with higher Prpax will
experience more thermal throttling although they run at the same Fj;ax as the slowest
one. This problem worsens when each core is allowed to operate at its own fastest Fisax
(i.e., per-core clocking). The fast cores will experience even more thermal throttling due to
higher Fisax (i.e. Ppyn), resulting in a lower average Fiysax value than their peak Firax
value over long runtime periods. Potentially, this may diminish the benefit of per-core
clocking. For example, as shown in Figure 7.2, where no thermal constraint is enforced, the
steady-state hotspot temperature of fast cores (i.e., core 4, 5, 8, 9, 12, and 13 in Figure 7.5)
is much higher than that of slow cores due to their very high power consumption. This can
lead to more frequent thermal throttling for the faster cores under a thermal constraint,
degrading the throughput of the faster cores as a consequence. For example, the average
Farax of the 16-core processor die shown in Figure 7.1 decreases by 8.2% when thermal
throttling is engaged for cores whose hotpsot temperature exceeds 100°C. To model the
impact of thermal throttling on the average F;ax over a long runtime period, in this work
an oracle approach is assumed for the dynamic thermal management (DTM) scheme. In
other words, we reduce the voltage/frequency of the cores exceeding 100 °C such that their
hotspot temperature is just below 100°C. We observed that a realistic DT'M scheme will
result in more average F)y; 4x degradation since it searches the operating point adaptively at

runtime by trial and errors through a feedback mechanism. Furthermore, a thread migration
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Figure 7.7: Temperature profile of a per-core clocking 16-core processor running 16 gcc
instances after the optimization technique is applied.

technique is not applicable since all the cores are running homogeneous threads; a thread
running on a hot core should migrate to another cool core which is also running a thread.

On the other hand, the proposed optimization technique can positively impact the
throughput of thermal-constrained many-core processors. It reduces the power consump-
tion of the fast cores, and re-allocates the reduced power consumption to the slow cores that
originally consumed much less power. Figure 7.7, which plots the temperature profile of
the 16-core processor after the optimization technique applied, shows more uniform hotspot
temperatures across cores than before optimization shown in Figure 7.2 for the same die.
This results in much less average F;4x degradation when the thermal throttling is engaged
for the cores whose hotspot temperature reaches at 100°C at runtime; the average Fisax
after the optimization decreases by only 1.7%. Overall, the optimization technique improves
the average Fasax by 7.1%.

Figure 7.8 plots the cumulative distributions of the average Fjsax of 16-core processors

under both power and thermal constraints after the optimization and thermal throttling are
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Figure 7.8: The cumulative distributions of the average Fj;ax improvement of 16-core
processors under both power and thermal constraints after the optimization is applied.

applied. The proposed optimization for 16-core processors can improve the average Fiysax
by up to 4.7%, 7.9%, and 9.2% for the slow, nominal, and fast corners. In this experiment,
we also confirm the strong correlation between the average Fis4x improvement and the
relative C2C Pror,; standard deviation, as shown in Figure 7.6-(b), even when both power

and thermal constraints are considered.

7.5 Implementation Cost

The proposed optimization algorithm requires that the full Fj;4x and Pror charac-
teristics of each core in a processor are known for the post-silicon tuning process. Farax
characterization is often done at a few voltage points which are interpolated by power
management firmware to implement P-state transitions [81]. To minimize the cost of char-

acterization, we can estimate Fjsax by interpolating the few F;4x values available from
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the P-state characterization process. Similar methodology can be adopted for Pror char-

acterization.

7.6 Related Work

K. Bowman et al. and J. Tschanz et al. evaluated the impact of D2D and WID variations
on the maximum operating frequency distribution of single core processors [82][31]. K.
Bowman et al. also presented analytical throughput models for globally-clocked multi-core
processors and the sensitivity of several processor designs’ throughputs to process variations
[75]. E. Humenay et al. modeled the impact of WID variations on C2C frequency and power
variations in multi-core processors [83]. They also analyzed the impact of applying per-core
adaptive body-biasing (ABB) and adaptive voltage scaling (AVS) on performance symmetry
considering only a thermal constraint. S. Herbert et al. presented analytical models for the
throughput of multi-core processors using frequency island (FI) clocking (per-core clocking)
and quantified performance benefit of FI clocking across a range of multi-core processor
designs [22]. R. Rao et al. provided analytical thermal and power models, and analyzed
the impact of thermal constraints on performance of multi-core processors [84]. J. Donald
et al. presented power-performance trade-off analysis in the presence of process variations,
and they provided a method to predict an optimal cut-off point for turning-off extra cores

in multi-core processors [85].

7.7 Chapter Summary

C2C frequency, power, and temperature variations limit the performance of power-
/thermal-constrained many-core processors. To maximize the throughput of such pro-
cessors, an optimization algorithm is proposed that maximizes the average frequency of

processors by balancing the power consumption between fast and slow cores in processors
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supporting per-core voltage/frequency domains. The proposed optimization algorithm is
based on the following observations: (1) the throughput of a many-core processor support-
ing per-core clocking is proportional to the average frequency of cores; (2) each core in
a processor exhibits considerably different trade-offs between power consumption and fre-
quency due to WID process variations and the DIBL effect; and (3) C2C power consumption
and frequency variations also lead to substantial C2C temperature variations, causing more
thermal throttling for fast cores that consume considerably more power than slow cores.
Experimental results demonstrate the proposed optimization algorithm can improve the
average frequency of 16-core processors by up to 10% for dies exhibiting high C2C power
variances. Considering that future technology will exhibit higher C2C frequency and power

variations, it is expected that the improvement using the proposed technique will be higher.
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Chapter 8

Conclusions

As feature sizes shrink with every generation of CMOS technology, processors are in-
creasingly impacted by parameter variations and reliability issues such as bias temperature
instability (BTI). In addition, as the transistor density on a chip increases, power consump-
tion has emerged as an important design constraint, requiring processor manufacturers to
focus on maximizing performance/Watt rather than pure performance in high-performance
as well as mobile processors. Achieving high performance/Watt (i.e., power efficiency) while
maintaining low cost requires efficient and cost-effective power delivery methods for today’s
processors. Power-gating (PG) devices are commonly used in multi-core processors to re-
duce standby leakage power. A PG device is impacted by process variations as well as
aging effects. In this thesis, we proposed novel methods for improving the performance,
yield, power efficiency, and reliability of multi-core processors using PG devices.

First, we demonstrated the use of programmable PG devices to improve the yield of
manufactured dies in the presence of die-to-die (D2D) variations. The strength of a pro-
grammable PG device can be tuned in a post-manufacturing step to reduce the leakage
power (Prpar) of leaky dies, thereby increasing the number of acceptable dies which sat-

isfy the total power constraint (i.e., yield). The effectiveness of the method is demonstrated
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for two different design scenarios: 1) ASIC type designs with fixed leakage power and 2)
processor-type designs with variable leakage power constraints. Simulation results demon-
strated that about 88% and 98% of discarded dies could be recovered by the proposed
methods in two design scenarios, respectively. Further, the programmable PG device tun-
ing can be applied at a per-core level to improve the Fj;4x of multi-core processors with
global clocking scheme. By tuning the PG device of each core, the proposed optimization
method assigns the most performance/power efficient voltage/frequency point for each core
during a post-manufacturing step. As a result of the optimization, the power consumption
of fast and slow cores can be balanced, leading to higher maximum throughput (i.e., Fasax)
under a power constraint. Our results showed an Fiy4x improvement of 3%-21% on average
for 2-, 4-, 8-, and 16-core processors.

Second, the impact of BTI aging and chip temperature variations on the virtual rail
voltage (VVpp) of power-gated circuits is analyzed. Our simulations showed that in power-
gated circuits, low temperature does not reduce leakage power at the expected rate due
to increased VVpp. Also, upsizing the PG device to compensate BTI degradation in later
chip lifetime increases leakage power in early chip lifetime due to the increased VVpp. We
proposed a circuit technique that track NBTI degradation of a PMOS PG device and chip
temperature variation, and adjusts the strength of PG devices accordingly. The proposed
method clamps VVpp close to a target level at runtime in spite of any given NBTI degra-
dation and/or temperature variation within the specified ranges. As a result, leakage power
is reduced by ~10% and dynamic power is reduced by ~4% for the given range of aver-
age die temperatures in early chip lifetime. We demonstrated that the proposed tracking
method maintains VVpp close to a target level even in the presence of within-die (WID)
spatial process and temperature variations. Oversizing the PG device to account for BTI
degradation leads to higher than necessary V'Vpp and thus increased gate oxide stress. The

VVpp clamping method proposed in this thesis can reduce the oxide stress and improve
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device reliability. Over a period of 7.5 years, the gate oxide failure rate reduced by 5.1%,
3.8%, and 4.1% for fast, nominal, and slow corners by VVpp clamping.

Third, we showed that increasing the size of a PG device beyond a certain value does
not improve the performance (i.e., Fayax) of the power-gated circuit while increasing the
power consumption significantly. Hence, sizing the PG device purely to minimize Fisax
degradation can result in a large PG area while reducing the power efficiency of the proces-
sor. We proposed a PG sizing algorithm to optimize the size of a PG device and the supply
voltage in processors with adaptive voltage scaling (AVS) while maximizing performance
and power efficiency. Our experimental results demonstrate that the joint optimization con-
sidering D2D and WID variations can reduce the size of PG devices by 59% while increasing
Farax by 3% of power constrained processors using GC. The performance gain is achieved
due to the power headroom created by reducing the PG size of the fast cores which reduces
their Prpak significantly without impacting Fasax. When the optimization was applied
to the multi-core processors using FI, the size of PG devices is reduced by 58% and 57%
while improving Fysax by ~3% for 4- and 16-core processors.

Fourth, we investigated the use of per-core PG (PCPG) in multi-core processors as on-
chip linear voltage regulator (VR). Off-chip switching VRs are invariably used to supply
power to the different components of a high-performance processor platform. However,
providing multiple off-chip switching VRs for individual voltage/frequency control of cores in
multi-core processors increases platform cost while on-chip inductors result in low efficiency
on-chip VRs. We demonstrated that PCPG devices augmented with small circuitry can
operate as low-cost low dropout (LDO) VRs. Unlike on-chip switching VRs, LDO VRs
do not require on-chip inductors and do not inject switching noise in the substrate. Our
investigation showed that a switching VR requires nearly four times larger chip area than
a comparable LDO VR. The efficiency of LDO VRs reduces as their output voltage drops

(i.e., large difference between input and output voltage of the LDO VRs). However, our



132

experiments showed that C2C voltage variations are relatively small when the voltages are
optimized to maximize performance under a power constraint. After modeling the power
efficiency of both LDO and switching VRs using a 32nm technology, we showed that the
MIPS3 /W of an 8-core processor using LDO VRs is slightly higher than that of a processor
using switching VRs.

Finally, we proposed an optimization algorithm that maximizes the performance of
multi-core processors with per-core clocking and power/thermal constraint. The proposed
algorithm balances the power consumption and hotspot temperatures of fast and slow cores
in processors supporting per-core voltage/frequency domains by selecting the most perfor-
mance/power optimal voltage and frequency for each core during post-manufacturing test-
ing. Core-to-core (C2C) power and frequency variations, which arise due to WID process
variations, lead to substantial C2C temperature variations, causing more thermal throt-
tling for fast cores that consume considerably more power than slow cores. This reduces
the average Fsax (i-e., performance) of the processor. The proposed optimization leads to
less frequent thermal throttling of fast cores and thus higher maximum throughput under
power and thermal constraints. Experimental results demonstrate the proposed optimiza-
tion algorithm can improve the average frequency of 16-core processors by up to 10% for

dies exhibiting high C2C power variances.
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