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Abstract

Efficient power delivery is a critical design target for modern computing systems.

Inefficiencies in the power delivery network, coupled with increases in current draw

and worsening current transients, significantly hinder energy-efficient power delivery

for modern computing systems. Furthermore, off-chip components ostensibly have not

scaled, exacerbating the power delivery challenges facing future computing systems.

This thesis explores voltage stacking, an alternative power delivery solution that

stacks voltage domains in series to deliver a high voltage to the chip rather than

delivering a low voltage to the voltage domains in parallel. This results in reduction of

overall current draw and alleviates off-chip power delivery inefficiencies. However, the

trade-off of voltage stacking is increased complexity in mitigating inter-layer voltage

noise and in efficient inter-layer communication.

This thesis starts by exploring the characteristics of inter-layer voltage noise in

voltage stacking. Results from a test chip prototype demonstrate the inherent prop-

erties of voltage stacking and show that supply rail impedance in voltage stacked

systems depend on the overall current flow through the stack, leading to better noise

immunity for high-throughput workload scenarios with higher overall power due to

lower impedance across the voltage stack.

Based on this understanding, the thesis presents a 16-core test chip that uti-

lizes adaptive frequency clocking scheme with an efficient switched-capacitor DC-DC

iii



Abstract

converter to mitigate voltage noise and improve system performance and efficiency.

Experimental results demonstrate robust voltage noise mitigation and better than

94% power delivery efficiency for high-throughput workload scenarios. Results also

illustrate that augmenting the hardware techniques with intelligent workload alloca-

tion can preemptively reduce the inter-layer activity mismatch and further improve

system power delivery efficiency.

Next, to address the issue of efficient inter-layer communication, the thesis presents

coupled inter-layer communication schemes. A test chip prototype demonstrates that

by transmitting pulsed signals across capacitors and inductors to isolate the stacked

voltage domains, the coupled layer shifters reliably shift signals across stack layer

boundaries and enable efficient broadcasting of signals from one to multiple stack

layers.

Finally, the thesis concludes with future directions that can further improve per-

formance and on-chip power delivery efficiency of voltage stacked systems.
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Chapter 1

Introduction

For years, in addition to architecture and circuit-level innovations, the comput-

ing industry has relied heavily on process and clock frequency scaling for consis-

tent performance improvements. However, at the turn of the century, traditional

Dennard scaling slowed and increases in clock frequency incurred excessive power

penalties. Coupled with the thermal limits of air cooling, which limits the maxi-

mum power dissipation of microprocessors, these factors and the inevitable rise in

chip power consumption resulted in the computing industry hitting the proverbial

”Power Wall”. As a result, clock frequency scaling all but ceased and the maximum

power consumption of modern high performance microprocessors have stayed rela-

tively constant ever since. As Moore’s Law struggles on to provide designers with

the capability to integrate more transistors and functionality on a single chip, the

computing industry is now forced to shift focus away from improving single-threaded

performance to exploiting higher levels of parallelism so that progress may continue

in this power-constrained environment. The idea is that if workloads can be broken
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up into smaller pieces, chip multiprocessors can operate in parallel, offering higher

aggregate throughput while consuming less energy per piece. Thus, the industry has

been pushing towards many-core chip multiprocessors, integrating more and more

cores with the additional transistors afforded every process generation [6, 14].

However, even with this shift in philosophy, the continued rise in power density

due to device scaling and integration threatens to limit the amount simultaneously

active cores on die [16]. Therefore, to keep power at manageable levels within fixed

power budgets, there is growing interest in aggressive supply voltage scaling beyond

the traditional supply voltage scaling provided by process technology. Such scaling

looks to operate the transistors in the sub-threshold or near-threshold regime, the idea

being that lost performance due to voltage scaling can be reclaimed by an increase

in aggregate throughput. In addition, modern processors also employ a myriad of

aggressive power-saving techniques, such as power-gating and clock-gating to reduce

unnecessary waste in power and energy. These trends have led to an overall increase

in the average current draw of the chip and to worsening current transients in the

power-constrained environment of modern processors.

As a result, efficiently delivering power to processors has become a critical design

target due to the inefficiencies in the power delivery network, which forces stringent

requirements on the power delivery impedance to keep supply noise and power losses

within budget. Exacerbating the issue, the off-chip components do not scale, con-

flicting with the the ever-decreasing power delivery impedance requirements needed

to keep up with the high current demands of modern computing systems.

Voltage stacking is an alternative on-chip power delivery solution that stacks volt-
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age domains in series to provide a single high voltage to the chip. By recycling charge

through the series-connected stack layers, voltage stacking offers several advantages.

For the same chip power, an n-way stacked system reduces the current draw of the chip

proportionally by n, reducing off-chip losses and alleviating power delivery impedance

requirements. It also obviates a high step-down off-chip DC-DC converter. For high-

power systems that draw power from a high-voltage rail (e.g., 12V), lower step-down

ratios can improve off-chip regulator efficiency. For battery-powered applications,

there is an opportunity to power the chip directly off of the battery, eliminating

all together losses caused by off-chip voltage conversion and saving precious board

space. However, voltage stacking presents two significant challenges in its application

to future chip multiprocessors: i) internal voltage noise due to inter-layer activity

mismatch, and ii) inter-layer communication.

Voltage noise is a big concern facing modern computing systems. Typically in

synchronous digital systems, the maximum operating frequency of the system is de-

termined by the minimum supply voltage (VMIN) observed in the system. This is

because correct functionality must be guaranteed under even the worst-case voltage

noise conditions. Therefore, processors typically operate with a sufficient voltage mar-

gin to account for the worst-case voltage noise of the system, which leads to wasted

energy and loss in the overall energy-efficiency. Traditionally, in conventional digi-

tal systems, voltage noise is caused by the interaction between the current driving

through the off-chip power delivery network, and the parasitic inductance and resis-

tance of the components along the power delivery path. Voltage stacking alleviates

these conventional voltage noise issues by reducing the magnitude of the load current.
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However, due to its series-connected nature, voltage stacked systems are susceptible

to internal voltage noise, caused by inter-layer activity mismatch, which has inher-

ently different attributes to voltage noise in conventional systems. Therefore, it is

critical to understand the attributes of internal voltage noise in voltage stacking and

to mitigate voltage noise using efficient hardware techniques.

Furthermore, efficient communication between the cores, and between cores and

the memory subsystem is critical to maintain cache coherency and to maximize

thread-level parallelism in modern high-performance chip multiprocessors. With con-

tinued integration of more cores on a single chip, the communication requirements

could soon become a bottleneck for extracting thread-level parallelism. Voltage stack-

ing adds an extra level of complexity to on-chip communication because of the fact

that cores in different stack layers operate at different voltage reference planes. There-

fore, efficient on-chip signaling for inter-layer communication is required for the adop-

tion of voltage stacking in future many-core systems.

This thesis explores voltage stacking as an efficient power delivery solution and ad-

dresses these key issues associated with voltage stacking. The thesis presents hardware

techniques to tackle the challenges of internal voltage noise mitigation and inter-layer

communication to enable the application of voltage stacking in future chip multipro-

cessors.

1.1 Organization

Chapter 2 presents background on the inefficiencies and challenges related to power

delivery in modern chip multiprocessors, and describes the significant benefits that

4
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can be achieved by voltage stacking. The chapter then reviews the main challenges

associated with voltage stacking, namely voltage noise due to inter-layer activity

mismatch, and inter-layer communication. The chapter concludes by presenting a

thorough literature review of the prior arts in the area of voltage stacking.

Chapter 3 explores the key attributes of voltage noise in voltage stacking based

on a test chip prototype implementing a 3-layer voltage stacked system. The results

illustrate the basic properties and dependencies of internal voltage noise in voltage

stacking, and shows that unlike conventional power delivery schemes, supply rail

impedance in voltage stacked systems depend on aggregate current flow through the

voltage stack, leading to better noise immunity for high-throughput (or high-power)

workload scenarios for many-core processors.

Chapter 4 presents the application of an adaptive frequency clocking scheme with

an efficient switched-capacitor (SC) DC-DC converter to mitigate noise on the stack

layers and to improve system performance and efficiency in the context of high-

throughput multicore systems. Experimental results from a 16-core test chip demon-

strate robust voltage noise mitigation and showcases voltage stacking as a high ef-

ficiency power delivery scheme. By efficiently recycling charge through the stack

layers, the system achieves peak efficiency of >99% and achieves better than 94%

power delivery efficiency even when SC converter efficiency is limited to only 68%.

This chapter also illustrates that augmenting the hardware techniques with intelli-

gent workload allocation, which exploits the inherent properties of voltage stacking,

can preemptively reduce inter-layer activity mismatch and further improve system

efficiency.
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Chapter 5 describes pulse-mode coupled communication techniques to address

the issue of efficient inter-layer communication in voltage stacked systems. The layer

shifting communication circuits transmit pulsed signals across capacitors and induc-

tors to isolate stacked voltage domains and reliably shift signals across stack layer

boundaries. These schemes also enable efficient broadcasting of signals from one to

multiple stack layers with minimal overhead. Measurement results from a test chip

prototype implementing a 3-layer voltage-stacked inter-layer communication system

demonstrate efficient inter-layer communication from one to three layers at 3.4Gb/s.

Finally, Chapter 6 concludes with future directions that can further improve volt-

age noise mitigation and power delivery efficiency of voltage stacked systems to fully

realize voltage stacking as high efficiency power delivery solution for future chip mul-

tiprocessors.
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Chapter 2

Overcoming the Challenges facing

Microprocessor Power Delivery

using Voltage Stacking

For decades, the semiconductor industry reaped the benefits of process scaling

that provided simultaneously faster and lower power transistors. While transistors

continue to scale smaller, traditional Dennard scaling, which was at the heart of

process scaling of previous years, has all but ended. Furthermore, while traditional

supply voltage scaling in accordance with Dennard scaling has also stopped, voltage

scaling in process technology continues, albeit at a slower rate, spurred by the progress

in the advanced technology nodes. ITRS projections for supply voltage scaling of

process technology, which are presented in Figure 2.1 [1] and which closely track

actual industry trends, show that supply voltage will continue to scale down to 0.65V

by year 2022. As supply voltage continues to scale, the overall current draw of a
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Figure 2.1: 2009 ITRS projection of supply voltage scaling, and project current draw
of 165W processor [1].

chip increases for a fixed power budget. As shown in Figure 2.1, a high-performance

microprocessor with maximum power consumption of 165W currently draws in excess

of 200A and is projected to draw more than 240A in 2022. Furthermore, there

is growing interest in scaling the voltage even further to operate transistors more

energy-efficiently in the near-threshold or sub-threshold regime. The idea behind this

is that lost performance due to voltage scaling can be reclaimed through an increase in

aggregate throughput via a higher number of simultaneously active cores [15, 27, 44].

Therefore, the maximum current draw of future high-performance microprocessors

projects to be even larger than that shown in Figure 2.1.

In addition to voltage scaling, modern processors employ aggressive power man-

agement techniques to reduce power consumption and improve energy efficiency. Dy-
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Figure 2.2: Block diagram of (a) microprocessor power delivery network and (b)
schematic illustrating parasitics of the power delivery path.

namic voltage and frequency scaling (DVFS) adapts both the voltage and frequency

of the system with respect to changes in workloads [68, 30]. Furthermore, clock gat-

ing and power gating mitigate unnecessary switching and leakage power of idle logic

blocks. While these power management techniques can drastically reduce the power

consumption of a system, they increase fluctuations in the current consumption of

the chip because of changes in processor activity.

The continued increase in overall current consumption, coupled with increases in

current fluctuations, present significant challenges to efficient power delivery. These

challenges are further magnified because of the magnitude of a current that must
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Chip Package Board

Figure 2.3: Waveform illustrating di/dt noise.

be supplied to the chip through the off-chip power delivery network. This chapter

provides a detailed explanation of the inefficiencies associated with power delivery in

modern microprocessors and how these inefficiencies threaten to drain performance

and power gains of modern chip multiprocessors (Section 2.1). This chapter then dis-

cusses how voltage stacking can provide a scalable solution to alleviate the identified

issues and to provide a path for continued gains in performance and power (Sec-

tion 2.2). The chapter concludes with a thorough review of the prior arts in voltage

stacking (Section 2.4).

10



Chapter 2: Overcoming the Challenges facing Microprocessor Power Delivery using
Voltage Stacking

2.1 Inefficiencies of Delivering Power to Modern

Microprocessors

To fully understand the challenges associated with power delivery, Figure 2.2(a)

presents a block diagram illustration of a conventional microprocessor power delivery

network. For desktop and server type systems, power is converted from the wall plugs

(typically 110VAC or higher for datacenters), to 12V DC and is delivered to the off-

chip voltage regulator module (VRM). This conversion stage is not shown in Figure

2.2 for sake of brevity. The VRM then steps down the 12V supply to the voltage

required by the chip. Then the VRM delivers the power via the PCB board, socket,

package, and finally through the Controlled Collapse Chip Connection (C4) bumps

to the silicon die.

These off-chip components along the power delivery path have parasitic resistances

and inductances, as shown in the schematic representation presented in Figure 2.2(b).

These component parasitics interact with the current driving through the off-chip

connections, which in turn causes inefficiencies in the power delivery that reduces the

overall system efficiency.

• IR drop: As supply current increases, the IR drop due to off-chip parasitic

resistance increases. As supply voltage continues to scale, maintaining the IR

drop within a manageable margin becomes critical, as it eats into the processors

operating voltage. For a 165W processor operating at 0.8V, keeping the worst-

case IR drop to within 10% of the operating voltage requires the overall power

delivery resistance to be less than 0.4mΩ.
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• I2R power loss: In addition to IR drop, a power delivery network incurs I2R

power loss because of off-chip parasitic resistance, where the voltage margin

percentage for a set IR drop determines the worst-case I2R power loss. For a

165W processor, a 10% IR drop margin translates into 10% of maximum power

wasted on the power delivery network at full load, which is equivalent to an

excess of 16W.

• di/dt noise: di/dt voltage noise is caused by fluctuations in current consump-

tion of the chip interacting with parasitic inductances along the off-chip current

delivery path, which causes a voltage drop across the inductors. The magnitude

of the di/dt noise (∆V ) is determined by:

∆V ∝ ∆I ·
√
L/C (2.1)

where, ∆I is the magnitude of the change in current, L is the loop inductance

of the components in the power delivery networks, and C is the decoupling

capacitance. As shown in Figure 2.2(b), to mitigate di/dt noise, decoupling

capacitors are placed at various stages of the power delivery network to re-

duce the impedance of the power delivery network across a wide range of target

frequencies. These capacitors act as a charge reservoir providing the instanta-

neous charge required by the processor locally so that the charge does not need

to come through the inductance of the power delivery network. As decoupling

capacitors at each stage are depleted, the change in current flow through the

inductors cause successive voltage drops as shown in the example voltage noise

waveform for a step current load presented in Figure 2.3. To ensure correct
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functionality, designers must impose a sufficient voltage margin for the worst-

case voltage noise, limiting the maximum operating frequency and degrading

overall performance and efficiency.

• Electromigration: Rising current levels can also cause electromigration (EM),

which causes long-term reliability issues because of the degradation of the C4

bumps over its lifetime [67, 12]. To avoid EM issues, more C4 bumps must be

allocated for power to counteract the increase in current. However, with the C4

bump density expected to remain relatively constant for the foreseeable future

[1], chip designers must carefully balance the increasing I/O demands with the

reliability requirements of future microprocessors.

One way to address the inefficiencies related to voltage noise and power loss in

power delivery is to force stringent off-chip impedance requirements to satisfy the volt-

age noise margin and power loss demands of future computing systems. As supply

voltage scales, power delivery impedance requires a quadratic reduction to maintain

IR drop and di/dt noise within the same percentage margin. In addition, reducing

I2R power loss may require further reduction in resistance. However, the off-chip

components, such as off-chip decoupling capacitance, PCB trace, package and sock-

ets, has ostensibly not scaled and are projected to remain relatively constant. This

exacerbates the power delivery inefficiencies and challenges ahead.
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Figure 2.4: Block diagrams of (a) Conventional Power Delivery Scheme, (b) Voltage
Stacking

2.2 High-voltage Power Delivery via Voltage Stack-

ing

An alternate method by which to alleviate the inefficiencies in the power delivery

network is to reduce the chip current draw that interacts with the parasitics, as

opposed to reducing the impedance of the off-chip components. A simple solution to

reducing the chip current draw is to supply power to the chip at a higher voltage.

This reduces the current draw given the same power consumption.

Voltage stacking is an energy efficient approach to high voltage power delivery

which stacks voltage domains in series to provide a single high voltage to the chip

instead of delivering power to parallel loads [46, 24, 11, 33, 28, 73, 57, 38, 34, 63, 5].

Figure 2.4 presents a conceptual block diagram of voltage stacking for a three core

example. Instead of supplying power to the cores in parallel at VDD, the cores are

stacked on top of one another and a three-times higher voltage is applied across the
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entire stack. For the same total chip power, the average current flowing through

the power-delivery network is reduced by a factor of three. An n-way stacked system

would reduce the current draw of the chip proportionally by n. By delivering a higher

voltage to the chip and reducing the chip current draw, voltage stacking addresses

the key challenges facing power delivery for future microprocessors:

• IR drop across the power delivery subsystem caused by board and package

resistance is reduced by a factor of n. In a conventional power delivery scheme,

IR drop across the power delivery subsystem affects all cores equally. However,

in a voltage stacked design, the effect of the IR drop across the voltage stack is

distributed across the n-stack layers. Therefore, IR drop across a core operating

voltage (VCORE) is ultimately reduced by a factor of n2.

• I2R power loss is also reduced by a factor of n2 compared to conventional power

delivery scheme as seen in Figure 2.4(a), which significantly reduces the power

wasted through the power delivery subsystem. For a three-layer voltage stacked

system shown in Figure 2.4(a), I2R power loss reduces by a factor of nine.

• Assuming identical off-chip power delivery network, di/dt noise is reduced by

√
n, despite accounting for reduction in on-chip capacitance by a factor of n

caused by the series connected voltage domains.

• Reduction in current alleviates long-term reliability concerns related to electro-

migration in C4 bumps.

• Off-chip voltage regulators benefit from lower step-down ratio requirements of

voltage stacking, which leads to higher regulator efficiency and reduction in
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Sanders et al, TPEL 2013 [54]

Figure 2.5: Performance of fully integrated voltage regulators in production CMOS
and in processes where extra steps allowed.

design complexity. For high-power systems that draw power from a high-voltage

rail (e.g., 12V), lower step-down ratios can improve off-chip regulator efficiency.

For battery-powered applications, there is an opportunity to power the chip

directly off of the battery, eliminating all together the losses caused by off-chip

voltage conversion and saving precious board space.

High voltage power delivery, however, requires efficient voltage conversion on-

chip, from the high input voltage to the core voltage. There has been growing inter-

est in integrating DC-DC converters on-chip to perform explicit voltage conversions

[29, 3, 32, 62, 25, 54]. In this scenario, the overall power delivery efficiency de-

pends wholly on the conversion efficiency of the integrated voltage regulator (IVR),

but IVRs usually suffer from inferior conversion efficiency compared to their off-chip

counterparts due in part to poor quality inductors and capacitors available on-chip.
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Currently, peak conversion efficiency of IVRs are limited to approximately 80%, un-

less special process technology such as deep trench capacitors or ultra-thick metal

for inductors are available. This is illustrated in Figure 2.5. At such low conversion

efficiency, the use of on-chip IVRs is problematic as it negates all the power savings

achieved by high voltage power delivery.

Voltage stacking, on the other hand, achieves implicit DC-DC conversion by stack-

ing voltage domains and recycling a charge through the stack layers to divide the high

input voltage among the series connected voltage domains. This is illustrated in Fig-

ure 2.4(b). By obviating the explicit voltage conversion stage, voltage stacking has

the potential to achieve high efficiency power delivery unconstrained by the limits of

IVR conversion efficiency.

2.3 Challenges of Voltage Stacking

While voltage stacking has the potential to alleviate the inefficiencies related to

power delivery, it also introduces additional concerns caused by the series connected

power delivery structure. This thesis addresses two main concerns associated with

voltage stacked systems.

2.3.1 Voltage Noise due to Inter-layer Activity Mismatch

As mentioned in the previous section, voltage stacking achieves DC-DC conversion

by recycling charge through the stack layers and dividing the high input voltage

among the series connected voltage domains. Due to the series connected power

delivery structure, Kirchhoff’s Current Law (KCL) dictates that identical current
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system using two workload scenarios: (a) Balanced workload across all cores (b)
Higher activity in SL2

must flow through all stack layers. Ideally, if the power consumption of all stacked

layers perfectly match, the layer voltages evenly subdivide the high input voltage,

and voltage stacking achieves optimal implicit step-down conversion with no loss. In

practice, inter-layer switching activity mismatch exists and results in fluctuations in

the internal nodes that are necessary to maintain identical current through the stack

under activity mismatch conditions. Figure 2.6 illustrates inter-layer voltage noise in

voltage stacking using a simple 4-core, 4-way voltage stacked system. For simplicity,

we assume ideal off-chip connections and assume synchronous digital loads with no

leakage current. The system operates off of a fixed VIN of 4×VNOM, where VNOM is
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Figure 2.7: Block diagram illustration of the inter-layer communication needs of a
3-core voltage stacked system.

the nominal operating voltage of the cores.

Since identical current must flow through the series-connected cores in the stack,

if the power consumption of each stack layer (SL) perfectly matches, the stack layer

voltages VSL{1:4} will subdivide VIN evenly. This is illustrated in Figure 2.6(a), where

all four cores execute the same workload L with the same activity factor, α. However,

when there is an imbalance in workload activity across the stack layers, layer voltages

deviate from VNOM to maintain identical current flow through the stack. Figure 2.6(b)

illustrates such a scenario where the core in SL2 executes a higher activity workload

H with an activity factor of (α+∆α). To maintain identical current flow through the

stack in this scenario, VSL2 decreases, causing voltage droop in SL2, while VSL1, VSL3,

and VSL4 increase as all stack layer voltages must add up to VIN. With VIN fixed, the

droop in VSL2 equals the sum of voltage increases in VSL1, VSL3, and VSL4, satisfying
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KVL [33]. Note that VSL1, VSL3, and VSL4 all increase by the same amount ∆VU1 as

the cores in these layers all execute the same workload L.

This simple example illustrates that any inter-layer activity mismatch manifests

itself as voltage noise in the stacked voltage layers. This susceptibility to voltage noise

negatively impacts system performance and energy-efficiency, and furthermore, it

increases system reliability concerns. This is a critical issue because it can potentially

negate any benefits of voltage stacking as an efficient power delivery solution.

2.3.2 Inter-layer Communication

Modern chip multiprocessors require efficient on-chip communication to maximize

performance and throughput of the system, whether such communication be for cache-

coherency protocols or for core-to-core message passing communication [9, 55, 58, 59,

65, 64, 31, 48, 10, 7]. As process scaling continues to allow for more transistors and

greater integration of more cores on a single chip, efficient on-chip communications is

critical for future chip multiprocessors. Voltage stacking results in an additional level

of complexity for communication between stacked voltage domains that do not share

the same reference plane. Figure 2.7 illustrates the communication requirements of a

simple 3-core voltage stack as an example. Direct communication between different

stack layers requires isolation to avoid DC current paths between stacked voltage

rails. Furthermore, direct communication between stacked voltage domains not in

close physical proximity requires efficient repeater-less long-distance signaling because

repeater placement may not be possible en route.
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2.4 Prior Works in Voltage Stacking

With continued supply voltage scaling, voltage stacking has been gaining traction

as an alternative on-chip power delivery solution which can alleviate inefficiencies

in power delivery caused by increasing current levels. Voltage stacking borrows its

core idea from charge recycling. This concept was previously demonstrated in series

stacked bus capacitance for ultra high data rate bus architecture [69] and in highly

capacitive lines of memories to reduce power dissipation [37, 70].

Rajapandian et al. first applied the concept of charge recycling to logic domains

in order to achieve implicit DC-DC conversion. They demonstrated voltage stacking

within a single 16-by-16 carry-save-array multiplier by partitioning the multiplier and

configuring the partitions in a 2-way voltage stacked array [47]. This work was then

expanded on to a voltage stacked system consisting of multiple 16-by-16 multipliers

with a single multiplier in each stack layer [46]. The latter work demonstrated 2-way

and 3-way voltage stacked systems with level shifter circuits that utilized full-swing

capacitive coupled inter-layer communication via MOS capacitors, and implemented

linear regulators to regulate the internal nodes. However, level shifters based on

MOS capacitors suffer from reliability issues caused by device overstress and prohibits

direct communication between non-adjacent stack layers. Furthermore, while linear

regulators are easy to integrate with low area overhead, they suffer from inherently

low efficiency which limits the overall efficiency of the system.

Prior works have focused on various voltage regulation schemes to regulate the

internal voltage rails and to overcome the inefficiency of linear regulators. Chang et

al. [11] demonstrated a 2-to-1 switched-capacitor (SC) converter using deep trench
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capacitors and proposed its use in supplying power to two stacked voltage domains.

To extend voltage stacking beyond two stacked layers, Zhang et al. [73, 74] proposed

using multiple 2-to-1 SC converters to support more than two stacked layers at the

expense of higher complexity and overhead. On the other hand, Shenoy et al. [57]

and Kesarwani et al. [28] demonstrated off-chip inductor based switching regulators

for voltage stacking applications. However, the inherent difficulty of integrating high-

quality inductors on-chip hinders full integration of inductor-based regulators.

In addition to voltage regulators, researchers have also explored internal voltage

regulation at the system level using software techniques. McClurg et al. [38] proposed

voltage stacking datacenter servers to remove the per-server conversion losses. To

regulate the internal nodes of the stack, the work relied entirely on software techniques

to manage the server workloads for purposes of balancing power consumption. Ueda

et al. [63] demonstrated a battery powered system that used a simple tank cap

connected to the intermediate node which would temporarily store energy caused by

mismatch current, while also relying on task scheduling to regulate the intermediate

voltage of a two stack system. However, relying entirely on software techniques limits

the application scope of the system because software techniques cannot guarantee

voltage regulation over all possible workload scenarios.

There has also been efforts to extend the application of voltage stacking beyond

the traditional on-chip power delivery. Jain et al. [24] proposed voltage stacking for

delivering power to 3D ICs to reduce voltage noise by voltage stacking 3D ICs and

using additional off-chip power supplies to supply the differential power between the

stacked chips. Meanwhile, McClurg et al. mentioned above, demonstrated voltage
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stacked datacenter servers.

This thesis builds upon the prior works on efficient voltage noise mitigation, by not

only implementing a fully-integrated voltage regulator but by also exploring system-

level techniques including adaptive frequency clocking schemes and intelligent work-

load allocation schemes to provide a holistic approach to mitigating voltage noise in

voltage stacking. In addition, this thesis also explores efficient inter-layer communi-

cation schemes to overcome the limitations of level shifter circuits proposed in prior

works.

With the understanding of the basics of voltage stacking and its main challenges,

we now take a step back to understand the inherent properties of voltage stacking

and the characteristics of internal voltage noise.
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Evaluation of Voltage Noise in

Voltage-Stacked Multicore Systems

Characterizing and managing voltage noise is crucial for synchronous digital sys-

tems, as the clock frequency must be chosen to ensure correct operation under even

the worst-case voltage noise conditions. Typically in conventional systems, voltage

noise is caused by the interaction between the load current and the parasitic induc-

tance and resistance of the power delivery network. Voltage stacking alleviates these

conventional voltage noise issues by reducing the chip current draw. However, se-

ries stacked voltage domains are susceptible to voltage noise with inherently different

attributes that is orthogonal to conventional voltage noise.

In voltage stacked systems, KCL dictates that identical current must flow through

each of the series connected stack layers. However, power consumption of cores can

fluctuate as a function of workload, various power-saving schemes (e.g., clock gat-

ing) and data, leading to inter-layer activity imbalances. There is an implicit self-
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Figure 3.1: Block diagram of the test-chip prototype with a 3x3 voltage stacked array
of power-consuming blocks

regulating loop built into the stack that distributes the internal voltage levels to

compensate for any activity imbalances between the stack layers. For example, if a

stack layer has lower activity compared to other layers, its voltage increases to com-

pensate at the expense of reducing the voltage across the other stack layers. Hence,

any aggregate inter-layer core activity mismatch manifests itself as internal voltage

noise. Therefore, balancing workload activity across the layers is a key challenge

facing voltage stacking.

Given the understanding of the potential problems of voltage stacking, this chapter

describes the design of a test-chip protoytpe that evaluates the key attributes and

challenges of voltage stacked multicore systems and presents experimental results
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from the test chip. The overview of the test chip is presented in Section 3.1, and

Section 3.2 presents the evaluation of voltage noise due to static inter-layer activity

mismatch. Building upon this voltage noise characterization, Section 3.3 explores the

supply rail impedance characteristics of voltage stacked systems that has significant

impact on voltage noise.

3.1 Overview of Near-threshold Voltage Stacked

Test Chip Prototype

Block diagram of the test chip prototype comprising a 3x3 array of power-consuming

cores is presented in Figure 3.1. The test chip is organized as three voltage stacked

layers with three cores per layer with a total of four voltage rails for the array. Only

VDDH and VSSC connect to an external voltage source (VDD,EXT ) while internal

rails VDDM and VDDL settle to levels dictated by the aggregate power consumption

of the cores. Peripheral support circuitry, containing level shifters and voltage moni-

toring circuits, feeds signals into and reads signals out of the array, and operates off

of separate rails VDDIO and VSSIO connected to a separate external source. The

test-chip operates at VDDH=1.5V with each core nominally operating at 0.5V.

Each core contains two sets of power-consuming blocks shown in Figure 3.2. The

logic load block contains three sets of four independent logic paths, all roughly 15

fanout-of-4 (FO4) inverter delays long. The logic paths operate at one of three clock

frequencies (LCLK{0, 1, 2}), with input data fed by pattern generators comprising a
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Figure 3.2: Detailed block diagrams of power-consuming current load and logic load
blocks within a core

bank of linear feedback shift registers (LFSRs), programmable via scan chain. This

enables configurations to (i) measure logic delay sensitivity to voltage and (ii) inject

fixed or pseudo-random patterns of switching noise into the array at different layers.

The current load block contains a bank of nMOS switches operating as programmable

4-bit binary-weighted current sources, resulting in a total of 45 current load settings

per stack layer. This block models average current consumption of processor logic and

the switches (operating in saturation) approximate the impedance across the rails of

digital CMOS circuits. Separate pattern generators allow the cores to mimic larger

magnitudes of current fluctuations and coarser-grained switching activity (e.g, clock
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Figure 3.3: Block diagram of voltage monitor circuit for real-time voltage
measurements

gating) at one of three clock frequencies (ICLK{0, 1, 2}).

Voltage monitor circuit, shown in Figure 3.3, is used to capture the internal rail

voltages in real time. The voltage monitor circuit consists of a source follower (SF)

stage that senses the rail voltage followed by a transconductance (Gm) stage that

converts the source follower output voltage into IOUT [41]. The test-chip contains

four separate voltage monitor circuits for each internal voltage rail (VDDH, VDDM,

VDDL, VSSC).

The test chip was fabricated in MIT Lincoln Laboratory’s (MITLL) 150nm FDSOI

CMOS process. An annotated die photo of the chip is shown in Figure 3.4. Not only is

voltage stacking easier with SOI process due to the absence of body effect, ultra-thin

28



Chapter 3: Evaluation of Voltage Noise in Voltage-Stacked Multicore Systems

CORE 0 CORE 1 CORE 2

CORE 3 CORE 5

CORE 6 CORE 7 CORE 8

S
C

A
N

 C
H

A
IN

 /

P
A

T
T

E
R

N
 G

E
N

L
O

A
D

 

B
L

O
C

K
S

3 x 3 CORE ARRAY

V
O

L
T

A
G

E
 M

O
N

IT
O

R
 C

IR
C

U
IT

S

Figure 3.4: Annotated die photo of test chip prototype fabricated in MIT Lincoln
Lab’s 150nm FDSOI process.

body SOI technologies are one of the candidates for future aggressively scaled process

nodes beyond 32nm. Hence, this test-chip encompasses key attributes to evaluate

the potential of using voltage stacking in future designs. The MITLL FDSOI process

was optimized for sub-threshold operation, with the nominal threshold voltage of the

transistor at 0.4V. Hence, the test chip was designed to explore voltage stacking in

the context of near-threshold multi-core computing at the intended core operating

voltage of 0.5V. However, the findings presented in this chapter applies equally well

to super-threshold and sub-threshold designs.
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Figure 3.5: (a) Current load block’s measured current and (b) logic load block’s FMAX

vs voltage

3.2 Voltage Noise due to Static Activity Mismatch

Measured current versus voltage relationship for the 8x nMOS switch of the cur-

rent load is presented in Figure 3.5(a). The maximum operation frequency (FMAX)

of a logic path in the logic load versus voltage across the stacks is shown in Figure

3.5(b). Exponential dependence of FMAX on voltage (Figure 3.5(b)) clearly illustrate

that the cores operate in the near-threshold regime at the intended core operating

voltage of 0.5V.

Under static conditions, balanced inter-layer current consumption evenly dis-

tribute the stack voltage across the stack layers as dictated by KCL. Figure 3.6 plots

the measured static array current (IARRAY ) and the voltage levels that the internal

stack voltages settle to, all versus identical inter-layer static current load settings, as

the current load setting is increased from 0 to 45. For identical current load settings,
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Figure 3.6: Measured static array current and voltage levels of voltage-stacked array
for balanced current load setting

the array evenly splits VDDH (at 1.5V) into ∼0.5V levels. Inherent mismatches be-

tween the layers cause small disparities between core voltages. Furthermore, close

examination of core voltages at low current load settings (shaded in gray) show that

voltage deviations are larger at low current load setting; the largest difference seen

when all blocks only leak (settings of 0). This is due to the characteristics of the

internal rail impedance, which is further explained later on in the paper.
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Figure 3.7: Measured static array current, voltage levels and FMAX of voltage-stacked
array for skewed current load settings with current increased only in (a) middle layer
(b) top and bottom layers (c) top and middle layers

Figure 3.7 plots the measured static array current, the voltage levels and FMAX

of logic paths in the top and bottom layers, all versus various static skewed current

load settings. A bug in the level-shifter circuit prevented measurement of FMAX for

logic paths in the middle layer. Figure 3.7 shows that skewed current load settings
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between layers leads to uneven distribution of voltages. For example, as current load

settings in the middle layer increase relative to the top and the bottom, held at a

setting of 3 (Figure 3.7(a)), voltage across the middle layer decreases. The results

show that to maintain balanced voltage distribution across the stack layer as shown in

Figure 3.6, inter-layer activity difference must be absorbed using an active regulation

scheme, such as push-pull regualtors [2], linear regulators [46] or switched-capacitor

circuits [11]. However, using voltage regulators to absorb large inter-layer activity

difference can be costly for sustained mismatches, as it incurs voltage regulator losses

that degrade the system energy efficiency, .

Conversely, Figure 3.7 also demonstrates how processor cores within a layer could

operate at different voltage/frequency settings from cores at different layers by in-

tentionally skewing inter-layer power consumption. This could be achieved by en-

abling/disabling different number of cores per layer, essentially trading off core count

for higher performance in a particular layer. Voltage stacking shows the potential to

achieve workload heterogeneity while obviating voltage regulators.

To fully understand how internal voltages change with current mismatch, we inves-

tigate voltage deviation versus current mismatch relationship using a simple two-stack

layer case illustrated in Figure 3.8, where external voltages V DDEXT and GNDEXT

are fixed and only VINT change with activity mismatch. Starting from a balanced

current load setting (VTOP = VBOT = VBAL and ITOP = IBOT = IBAL), if current

load setting of the top layer increase as shown in Figure 3.8(a), internal voltage VINT
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Figure 3.8: Diagram modeling voltage deviation for a simple two stack layer system

increases by ∆V to balance the current flow through the stack. Assuming power

consuming blocks in each layer are nMOS switches like in the test-chip prototype,

the current versus voltage relationship can be modeled using generalized alpha-power

law

I = K · (V )α (3.1)

where K represents aggregate width of the transistor and we have ignored VTH

for simplicity. Increase in workload activity in the top layer as shown in Figure 3.8(a)

can be modeled as

(K +∆K) · (VBAL)
α (3.2)

where ∆K is the increase in aggregate nMOS device width in the top layer, which

represents increase in activity. ∆V due to activity mismatch ∆K can then be calcu-
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lated by solving the KCL equation

(K +∆K) · (VBAL −∆V )α = (K) · (VBAL +∆V )α (3.3)

and substituting ∆I expression for VBAL, which results in

∆V =
α
√
K +∆K − α

√
K

α
√
K +∆K + α

√
K

· α

√
∆I

∆K
(3.4)

Equations (3.1)−(3.4) can easily be expanded to other voltage stacked cases with

more layers. Equation (3.4) illustrates how internal voltage deviations in voltage

stacked systems relate to mismatch in current. For nMOS switches of with quadratic

current versus voltage relationship (α ≈ 2) (Figure 3.5(a)), the shape of VDDM and

VDDL curves result in square root shape as seen in Figure 3.7.

The equations also apply to synchronous CMOS logic blocks (I ∝ CV F ), where

K in equation (3.1) corresponds to aggregate switched capacitance of the logic block,

rather than transistor width. Therefore, for synchronous digital logic Equation 3.3

becomes:

ISTACK = α · C · f · (VBAL +∆V ) = (α +∆α) · C · f · (VBAL −∆V ) (3.5)

where α · C is the total switched capacitance, α is the activity mismatch, f is the

clock frequency, ∆V is the magnitude of voltage deviations in the stack layers, and

ISTACK is the current flow through the stack layers.

Equations (3.3)-(3.5) reveal intuitive yet important insights into the determining

factors of noise in voltage stacked systems:
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• Activity mismatch (∆α): Layer voltages deviate from VBAL to compensate

for the activity mismatch between stack layers and maintain identical current

through the stack. Equation (3.5) shows that larger activity mismatch ∆α

results in larger voltage deviations. For nMOS current loads implemented in

the test chip, mismatch in transistor width (∆K) corresponds to the activity

mismatch in digital systems.

• Current dependence on voltage: In addition to activity mismatch ∆α,

inter-layer voltage noise also depends on the magnitude of the nominal current

flowing through the stack (I
STACK

), set by α (or K for the test chip). Hence,

smaller values of ∆V can neutralize the same ∆α (or ∆K) when overall activity

and power is higher. Moreover, if clock frequency, f, of each layer can vary pro-

portionally with voltage, dynamic current has a quadratic, rather than linear,

dependence on voltage similar to nMOS loads, which further reduces voltage

noise. In other words, the overall power consumption and the choice of clocking

strategy can both impact voltage noise on the stack layers.

3.3 Characteristics of Supply Rail Impedance in

Voltage Stacked Systems

Voltage noise dependence on the current versus voltage relationship described in

the previous section reveals an important underlying attribute of voltage stacking.

Unlike traditional power delivery schemes where circuitry has low-impedance con-

nection to fixed off-chip supply rails as shown in Figure 3.9 (a), circuitry in voltage
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Figure 3.9: Comparison of power delivery impedance between (a) conventional power
delivery system and (b) voltage stacked system

stacking suffer from relatively high impedance paths for one or both rails, depending

on the layer, as illustrated in Figure 3.9 (b), because all cores connect to the external

low impedance rails through the cores in other layers. For instance, for the core in

the bottom layer, only the ground rail is connected directly to a low impedance path,

while the VDD rail is connected to the ground rail of the core in the middle layer.

As such, the impedance of the power supply rails of the core in the bottom layer

depends on the power consumption of the core in the middle. Hence, the impedance

of the internal supply rails of a stack layer depends on the power consumption of the

other stack layers, and thus, the total current flowing through the stack determines

the supply rail impedance of the stack layers. Therefore, the aggregate power con-

sumption of the cores across the stack, represented by the overall current flow, has

direct impact on voltage noise. At higher overall power (higher current flow through

the stack), the supply rail impedance of the stack layers is lower. Therefore, any
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Figure 3.10: Measured VTOP values for various initial power consumption conditions
for inter-layer activity skew (current load setting increased only in top layer)

inter-layer activity mismatch between the layers, which would cause change in the

overall current flow, results in smaller voltage deviations, as the incremental change

in current occurs through a lower impedance path.

To demonstrate this property, Figure 3.10 plots the voltages that VTOP settle to

versus the normalized differences in inter-layer current load settings when the current

load settings are skewed by increasing only the setting of the top layer, for three

different values of balanced current IBAL. Higher initial IBAL values (higher chip

power consumption), result in smaller voltage deviation for the same inter-layer ac-

tivity mismatch, due to lower impedance of the internal supply rails. This can also

be seen from equation (3.4) and (3.5), where higher K (or higher α) value translates

to higher current consumption (for the same voltage conditions), leading to a smaller

∆V for the same mismatch ∆I (∆K). This suggests that voltage stacked systems

become more immune to inter-layer activity mismatch as overall power consumption
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Figure 3.11: Measured VDDM and VDDL voltage traces (top) and histogram of
VTOP , VMID and VBOT when pseudo-random fixed-magnitude noise is injected in all
three stack layers for balanced current load setting of (a) 3, (b) 8, (c) 15, and (d) 31

is increased.

This dependence is also illustrated in Figure 3.11 by measuring the internal volt-

age variation in the test chip when pseudo-random noise is injected into the array for

different balanced current load settings. Noise is injected by toggling the remaining

current load bits. Real-time internal voltage trace of V DDM and V DDL, along with

histogram plots of VTOP , VMID and VBOT are shown. Pseudo-random noise of fixed

magnitude was injected into all three stack layers for four different balanced current

load settings. Figure 3.11 clearly shows that as power consumption is increased, volt-

age stack becomes more robust to noise, demonstrating that the voltage variation
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depends on activity mismatch and overall power, and not the absolute value of ac-

tivity mismatch. This attribute suggests that as we continue to integrate more cores

on a single chip, the power fluctuation of a single core due to architectural events

such as cache miss will have lesser impact on internal voltage for the same power in

future voltage stacked many-core systems. Furthermore, for many-core systems, the

worst case voltage noise scenario in which all cores in a stack layer experience power

fluctuations at once, can be easily avoided by workload scheduling via software. This

suggests that for many-core voltage stacked systems, coordinated workload schedul-

ing could provide efficient voltage regulation during high-power states while on-die

regulators may only be relied on during low-power states.

The experimental results presented in this chapter explored the basic character-

istics of voltage noise due to inter-layer activity mismatch in voltage stacking, and

demonstrated that the internal supply rail impedance in voltage stacked systems de-

pends on aggregate power consumption of the stack layers unlike conventional power

delivery schemes. Thus voltage noise depends on the activity mismatch to overall

aggregate activity ratio rather than the absolute magnitude of the mismatch. Based

on this characteristics, we can deduce that voltage noise can be mitigated by either i)

reducing the inter-layer activity (power) mismatch or ii) by operating the system at a

higher overall power. These results suggest that voltage stacking will scale well with

future high-throughput many-core systems, where power fluctuations in a single core

has less impact on voltage noise for the same overall power consumption, and there

is more opportunity for software-level workload balancing between the stack layers.
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Chapter 4

Mitigating Inter-layer Voltage

Noise using Adaptive Clocking and

Fully-Integrated Voltage Regulator

As shown in the previous chapter, voltage noise in voltage stacked systems de-

pends on how well the workloads are balanced across the stack layers, suggesting

that software-level workload balancing can be an effective deterrent against voltage

noise, especially for high-throughput systems. However, the timescales of such soft-

ware techniques to mitigate inter-layer activity mismatch are usually too long. It

is also infeasible to rely wholly on software techniques to provide operating voltage

guarantees necessary to avoid noise-related failures such as SRAM instability or tim-

ing violations. Moreover, software techniques cannot easily address situations where

entire layers must be powered down. Hence, we explore using efficient voltage regu-

lators to neutralize activity mismatch and mitigate internal voltage noise in voltage
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Figure 4.1: Block diagram illustration of voltage regulation in voltage stacking. The
integrated voltage regulator (IVR) provides additional power to support the higher
activity in the core in stack layer 2.

stacked systems. Fig. 4.1 illustrates how an on-chip integrated voltage regulator can

neutralize inter-layer voltage noise in voltage stacking. In this scenario, the core stack

layer 2 (SL2) executes a higher activity program H compared to the cores in the other

three layers (all running a lower activity program L). To mitigate the voltage droop in

SL2, voltage regulator provides the additional current required to support the higher

activity workload in the higher-activity core. Notice the IVR only provides the dif-

ferential current (∆I
IVR

). Therefore, voltage regulator losses only apply to a small

fraction of the overall power delivered to the stack, and the overall on-chip power

delivery efficiency is not limited by the IVR efficiency.

This chapter explores efficient voltage noise mitigation via an integrated volt-

age regulator (IVR) with processor cores operating in adaptive frequency clocking

mode, demonstrated using a 16-core test chip prototype that integrates industry-
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grade microprocessor cores with a symmetric-ladder switched-capacitor (SC) DC-DC

converter. Building upon prior works on voltage regulators for voltage stacking ap-

plications presented in Section 4.1, Section 4.2 presents the implementation details of

a test chip prototype fabricated in TSMC’s 40G process. Next, Section 4.3 presents

measurement results that demonstrate robust noise mitigation benefits of adaptive

frequency clocking and the IVR, and the impact on system performance and energy-

efficiency. Section 4.4 then takes a step back to understand the improvements in

system-wide power delivery efficiency made possible by voltage stacking. Finally,

Section 4.5 explores how intelligent workload allocation at the software-level can aug-

ment the hardware techniques to further improve the system efficiency by exploring

the impact of wider workload diversity and the impact of workload allocation strate-

gies in a multi-core voltage-stacked system.

4.1 Prior works on Noise Mitigation in Voltage

Stacking

There has been several examples of prior work that have proposed different voltage

regulator topologies to regulate the stacked layers in a voltage-stacked system. Push-

pull linear regulators have been proposed to handle the inter-layer activity mismatch

[47, 46]. Although linear regulators have small area overhead and are easy to integrate,

they suffer from inherently low conversion efficiency, especially for high step down

ratios. For n−way voltage-stacked system, the power delivery efficiency is less than

1/n in the worst case scenario. Off-chip inductor based switching regulators have
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been shown for voltage stacking applications [57, 28], but the inherent difficulty of

integrating high-quality inductors on-chip hinders full integration of inductor-based

regulators.

On the other hand, high quality capacitors are much easier to integrate, making

switched-capacitor (SC) converters attractive. For example, [11] demonstrated a 2-to-

1 SC converter that regulates the intermediate voltage of two stacked layers. Multiple

2-to-1 SC converters have been used to support more than two stacked layers [73, 74]

at the expense of higher complexity and overhead. Building on prior works, this

chapter proposes using a symmetric ladder topology to implement a fully-integrated

4-to-1 SC converter that mitigates voltage noise on four stack layers simultaneously.

The remainder of the chapter presents the design of a 16-core voltage-stacked test

chip that demonstrates efficient voltage noise mitigation using not only a switched-

capacitor integrated voltage regulator, but by exploring adaptive frequency clocking

(AFClk) scheme for the cores in the voltage stack, thereby providing a holistic ap-

proach to mitigating voltage noise in voltage stacking. We evaluate the noise mitiga-

tion and performance advantages the IVR and AFClk provide, and demonstrate the

advantages of voltage stacking for efficient power delivery in multicore systems.

4.2 Overview of 16-core Voltage Stacked System

Architecture

Figure 4.2 presents an overview of the test chip implemented in TSMC’s 40G pro-

cess [34]. It comprises 16 processor cores organized into a 4x4 stacked array. The core
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Figure 4.2: Block diagram of the voltage-stacked system showing the 16 4-way stacked
cores and symmetric ladder switched-capacitor IVR.

array operates off a single 3.6V VIN, with cores in each stack layer (SL{1:4}) operating

nominally at layer voltages (VSL{1:4}) of 0.9V, which is the nominal operating voltage

for this process. Each layer relies on triple wells to isolate nMOS transistors in each

layer from body-bias effects. As described in the previous chapter, when power con-

sumption in all layers perfectly matches, voltage stacking evenly distributes internal

voltage rails to 0.9V per layer. However, as only VIN is connected to a fixed external

supply rail, the internal rails VUPP, VMID, VLOW fluctuate when there is inter-layer

activity mismatch between the cores occupying different layers, resulting in voltage

noise. The test chip implements adaptive frequency clocking (AFClk) for the cores
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Figure 4.3: Annotated die photo of the test chip implemented in TSMC 40G process.

in each layer and integrates an IVR on the same die to reduce inter-layer voltage

noise. The test chip also integrates additional circuitry for testing and debug pur-

poses: layer-shifting circuits for signaling between different stack layers; scan chain

to configure the digital blocks; and voltage monitoring circuitry to probe internal

voltage rails and measure real-time voltage noise. An annotated die photo of the test

chip is shown in Figure 4.3.

4.2.1 Integrated Voltage Regulator

The test chip integrates a 4-to-1 switched-capacitor (SC) IVR with the core array

to neutralize voltage noise due to activity mismatch between the stack layers, as shown

in Figure 4.2 [34, 61]. The IVR implements a symmetric-ladder topology consisting of
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Figure 4.4: Illustration of two-phase operation of the IVR: (a) Phase 1 (b) Phase 2.

10 SC ladder units, each controlled by one of 10 phase-interleaved switching signals to

reduce voltage ripple. The symmetric-ladder topology is a natural choice for voltage

stacking, because in a sense, it too employs voltage stacking. By connecting to the

internal rails VUPP, VMID, and VLOW, the 4-to-1 symmetric-ladder converter becomes

a multi-output regulator that pushes and pulls current to and from the stacked core

array to smooth out imbalances and reduce voltage noise in the four stacked layers

simultaneously. Because the IVR only neutralizes activity mismatch between the

layers, the maximum power the IVR would ever need to provide is the power consumed

by four cores in a single layer. It is important to note this is one quarter of the power

a conventional single-layer, 16-core system would require from an IVR.

Powered from the external 3.6V VIN, the SC ladder unit operates with respect
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to two non-overlapping clocks Φ1 and Φ2, as shown in Figure 4.4. In phase Φ1, the

left capacitor ladder is connected to VIN while the right capacitor ladder is connected

to ground (Figure 4.4(a)), while in phase Φ2, the right ladder is connected to VIN

and the left ladder is connected to ground in a symmetric fashion. The operation of

the IVR is similar to other SC based converters: the flying capacitors are charged in

one phase and discharged in the other in symmetric fashion while current flows from

the input to the output nodes through the capacitors and the power switches. Due

to the ladder structure, The power switches and the flying capacitors in the main

SC ladder can be implemented with thin-oxide NMOS or PMOS transistors, as the

voltage across them are always around the nominal operating voltage.
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Rather than regulating the internal rails to a specific voltage, the IVR implements

a single-bound feedback control to keep each layer voltage above a prescribed reference

voltage, as illustrated in Figure 4.5. Each layer implements a 2.5GHz digital clocked

comparator circuit that compares the layer voltages VSL{1:4} to a reference voltage

VREF generated on-chip for each layer. If any of the layer voltages fall below VREF,

the associated comparator generates a pulse signal that is processed by the feedback

control logic to produce the clock signals Φ1 and Φ2 for each of the 10 SC ladder units,

which switch at a maximum frequency of 250MHz. As a result, the IVR operates to

keep the lower bound of each layer voltage at VREF for all stack layers. The reference

voltage VREF is created on-chip by reference current flowing through a resistor, as

shown in Figure 4.5, so that

VREF = IREF ·RREF (4.1)

IREF is tuned using an off-chip voltage source VBIAS, which creates a stable refer-

ence voltage. The parallel coupling capacitor C couples high-frequency noise of the

internal rails to the input of the comparators to overcome the slow slew rate limits of

the resistor.

One thing to point out, however, is that SC converters cannot regulate the stack

layers to an exactly even distribution of VIN. This is because the SC converter

relies on a certain amount of voltage difference between the output and the flying

capacitors to deliver charge to the output. N-to-1 SC converters typically regulate

the output voltage to (VIN/N - ∆V), and the converter efficiency and it’s ability to

deliver charge diminishes as ∆V approaches zero [32]. To overcome this limitation
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with 4KB SRAM and two modes of clocking.

and augment the SC converter to improve system efficiency, this chapter also explores

per-layer adaptive frequency clocking (AFClk), where clock frequency of cores in each

stack layer tracks the fluctuations in layer voltage. Adaptive frequency clocking is

particularly a good fit with voltage-stacked systems. By having the per-layer clock

frequency track voltage fluctuations, current consumption has a stronger dependence

on voltage, which further alleviates voltage noise.

4.2.2 Core Design

Figure 4.6 presents a block diagram of the core design. Each core contains an

Intel Siskiyou Peak processor with 4KB SRAM for both instruction and data. Our

version of the Siskiyou Peak processor is a 5-stage, single-issue, integer pipeline that

implements a subset of the IA instruction set architecture and system software model.

Each core can be independently programmed for multi-program operation. To inves-
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tigate the interaction between voltage noise and clocking schemes in voltage-stacked

systems, the cores can operate in one of two clocking modes: (i) fully synchronous

global fixed-frequency clocking(FFClk) or (ii) per-layer adaptive frequency clocking

(AFClk). For fixed-frequency clocking, an external clock source drives all 16 cores.

Per-layer adaptive frequency clocking utilizes a digitally configurable ring-oscillator

(DCRO) in each layer to generate the per-layer clock, whose frequency tracks the

fluctuations in the stack layer voltage.

4.2.3 Adaptive Frequency Clocking

Prior works have demonstrated numerous adaptive frequency clocking schemes

that utilize critical path tracking circuitry to change the clock frequency with voltage

fluctuations [13, 18, 35, 76, 60]. The DCRO shown in Figure 4.7, comprises a pro-

grammable array of delay cells configured via an 8-bit control code with 125ps per

bit delay resolution. DCRO clock period acts as a proxy for the critical path delay
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of the cores, and similar designs have been shown to deliver good tracking accuracy

[66, 8, 75, 23]. The DCRO is configured such that the cores operate at the maximum

frequency without timing violations across the entire operating voltage range of 0.65

to 1.15V. The frequency versus voltage relationship of the DCRO at the setting cor-

responding to the maximum core frequency is presented in Figure 4.7. The DCRO

runs at a nominal frequency of 250MHz and consumes 2.31mW at 0.9V.

4.2.4 Clock-phase Interleaving

In addition to adaptive frequency clocking, each layer implements clock-phase

interleaving (ClkInt) that provides each of the four cores in each layer with 90◦ out-

of-phase clock signals to smooth out high-frequency within-cycle voltage noise/ripple.

4.2.5 Layer-shifter circuit

While the cores do not communicate with each other in this test chip, inter-layer

communication is still required to transmit clock signals to and from the cores, and

to send scan signals across the stack layer boundaries. The test chip implements a

capacitively-coupled, initializable, layer-shifter circuit to communicate between dif-

ferent stack layers. Figure 4.8 presents the implementation of a layer shifter circuit

that shifts signals from SL2 to SL3 as an example. To enable domain crossing be-

tween any two stack layers without breakdown concerns, the coupling capacitors are

implemented using metal-oxide-metal (MoM) capacitors. The sizing of the coupling

capacitors provides a trade-off between power, reliability, area, and speed. Larger

capacitors provide stronger coupling between layers, but also lead to larger area and
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Figure 4.8: Implementation of initializable capacitively-coupled layer shifter circuit.
Schematic illustrates layer shifter circuit conmmunicating data from SL2 to SL3.
frequency (Right).

Table 4.1: Instruction power characterization

Instruction Description Power per core(@250MHz/0.9V)

IMUL Signed multiply 14.27 mW

ADC Add with carry 10.02 mW

XCHG Exchange data 5.65 mW

power penalties. The insertion delay of the layer-shifter is less than 100ps. Similar

circuitry was demonstrated in [46] using MOS capacitors.

4.3 Measurement Results: Voltage Noise Mitiga-

tion

This section provides the measurement results from the test chip fabricated in

40nm CMOS. The section begins with a brief discussion of the various workloads that

were characterized to run on the cores and used for all of the subsequent measure-
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ments. The remaining subsections analyze voltage noise in the 4x4 voltage-stacked

test chip and evaluate the noise mitigation offered by the IVR and adaptive clocking.

Section 4.3.2 characterizes the inherent inter-layer voltage noise for balanced and un-

balanced workload scenarios assuming a single clock domain for all 16 cores and the

IVR disabled. Section 4.3.3 then evaluates the noise mitigation provided by turning

on the IVR, which reduces worst-case voltage droop. To further improve efficiency,

Section 4.3.4 explores the benefits of adaptive frequency clocking.

4.3.1 Stressmark Generation

As discussed in Chapter 3, noise in voltage-stacked systems is a direct result of ac-

tivity mismatch between the stack layers. The magnitude of voltage noise ultimately

depends on: (i) workload behavior, (ii) the ISA and microarchitecture of the cores,

and (iii) the underlying process technology that determine the leakage and dynamic

power consumption of the cores in the system. Therefore, to profile the worst-case

voltage noise of the test chip, the first step is to generate the power usage profile of

the instructions in the ISA to find the maximum and minimum power instructions,

and determine the worst-case nominal power difference that can be generated by the

cores. This is done by generating a power-profiling micro-benchmark for each instruc-

tion that runs an endless loop of a 4KB code block that runs each instruction in the

ISA continuously with no dependencies between instructions. Table 4.1 presents the

measured dynamic power consumption per core for the maximum (IMUL), minimum

(XCHG), and medium (ADC) power instructions of the ISA. It should be noted that

the power usage changes depending on the operand type for each instruction. There-

54



Chapter 4: Mitigating Inter-layer Voltage Noise using Adaptive Clocking and
Fully-Integrated Voltage Regulator

Table 4.2: Micro-benchmarks used for noise profiling

Micro-benchmark Description

MAX-CONT IMUL instructions with random inputs in endless loop

MIN-CONT XCHG instructions with random inputs in endless loop

MAX-MIN-n n IMUL instructions and n XCHG instructions in endless loop

MID-MIN-n n ADC instructions and n XCHG instructions in endless loop

fore, different operand types were also profiled to find the maximum and minimum

power instructions.

Using this instruction power profile, we generate several micro-benchmarks to

stress the voltage stack. The micro-benchmarks used for instruction profiling are

utilized to generate static activity differences between the cores. We also generate

several simple micro-benchmarks that generate oscillatory activity behavior by pe-

riodically switching between two different instructions. The micro-benchmarks used

for testing are summarized in Table 4.2.

4.3.2 Voltage Noise in Fixed-Frequency Clocking Operation

To demonstrate the inherent properties of voltage stacking in the context of high-

throughput multicore systems, we first characterize voltage noise with all 16 cores

active, running synchronously off of a fixed-frequency clock (FFClk), and with the

IVR and clock-phase interleaving (ClkInt) turned off. Figure 4.9 presents snapshots of

measured VSL2 for various workload scenarios as well as per-layer box plots (which de-

lineates a distribution’s minimum, first quartile, median, third quartile, and maximum

values) of all four layer voltages. The box plots show voltage distribution measured

over a 1ms execution window. To ensure all cores operate correctly with no timing
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Figure 4.9: Measured transient waveforms of VSL2 and boxplots of VSL1-VSL4 for
balanced and unbalanced workload scenarios. (a) Balanced: All cores running MIN-
CONT microbenchmark (b) Unbalanced: Cores in SL2 running MID-MIN-50 (c)
Unbalanced: Cores in SL2 running MAX-MIN-50. (d) Unbalanced: Cores in SL2
running MAX-MIN-100. (e) Unbalanced: Cores in SL2 running MAX-MIN-200.

errors, the worst-case voltage noise, the corresponding minimum stack layer voltage

VMIN, and maximum operating frequency FMAX were characterized for all cores. For

all test results in this section, cores were run at the worst-case FMAX=130MHz that

guaranteed correct functionality under worst-case voltage noise.

Figure 4.9 compares the resulting voltage noise between a balanced workload

scenario and multiple unbalanced scenarios. In the balanced scenario (Figure 4.9(a)),

all cores ran the MIN-CONT micro-benchmark in lockstep. The VSL2 waveform and

the boxplots show that all layers evenly subdivide to 0.9V, as expected, since all layers

have identical activity. Figure 4.9(b)-(e) presents results for four unbalanced workload

scenarios with the four cores in SL2 running a higher power micro-benchmark while

all other cores ran MIN-CONT, demonstrating significant voltage droop in VSL2.
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Comparison of Figures 4.9(b) and (c) show worse voltage noise for larger inter-layer

activity mismatch. Scenarios (c)-(e) present noise profiles for worst possible activity

mismatch (MAX vs. MIN instructions), but with varying periodicity. Figure 4.9(c)-(e)

show comparable noise magnitude for the three scenarios, while longer periods of

activity mismatch results in longer periods of voltage droop akin to IR drop. The

scenarios shown in Figures 4.9(c)-(e) all correspond to worst-case voltage noise when

all 16 cores are active, as they generate: (i) the maximum possible activity mismatch

between stack layers, and (ii) only a single layer has higher activity.

Since the voltage across a capacitor cannot change instantaneously, the rate of

voltage transition due to inter-layer activity mismatch for any layer voltage depends

on the time it takes to discharge the capacitance of the stack layers, which includes
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the intrinsic capacitance of the digital logic, decoupling capacitance, and the non-

switching flying capacitance of the IVR. The capacitance is discharged through the

power grid and the switching digital logic which represents a resistive path to ground.

Therefore the transition time for any layer voltage is dictated by the RC time constant

due to the capacitance of the stack layers and the resistive discharge path to ground.

Figure 4.9 shows that in the case of the test chip presented in this chapter, it takes

∼300ns for the voltage to transition from 0.9V to the worst-case minimum voltage

shown in Figures 4.9(c)-(e). Adding more decoupling capacitance to each layer will

decrease the rate of voltage transition, but for static activity mismatch, it ultimately

cannot alleviate voltage droop. Typically, inductance of on-chip power grid is small

enough that inductive effects are negligible for inter-layer noise in voltage stacking.

In voltage stacking, all layer voltages must add up to VIN and, therefore, all

layer voltages are inherently interdependent. Box plots of Figures 4.9(b)-(e) show

that voltage droop in VSL2 results in increase in other layer voltages. To present a

complete picture of how activity mismatch affects layer voltages, Figure 4.10 presents

waveforms of VSL2 for a variety of other activity mismatch conditions. Box plots of all

four stack layer voltages are also presented for completeness. As discussed previously,

a comparison of Figures 4.10(a) and (b) shows that voltage droop reduces when more

layers execute higher activity workloads. Other scenarios, in Figure 4.10(c)-(e), lead

to increases in VSL2 due to higher activity workloads running on cores in other layers.

We can infer the general behavior of voltage noise in all layers from the measured

noise profiles presented in Figure 4.9 and Figure 4.10.
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4.3.3 Mitigating Voltage Noise for Fixed-Frequency Clocking

Operation using an IVR

The worst-case voltage noise observed in Figure 4.9(c)-(e) is especially problem-

atic for global fixed-frequency operation (FFClk), because the global clock frequency

must be chosen to ensure correct operation for all cores at the minimum operating

voltage (VMIN) under worst-case voltage noise conditions, requiring large voltage mar-

gins. Moreover, there are additional constraints on VMIN. For example, it must be

high enough to ensure reliable operation of voltage-sensitive circuits such as on-chip

SRAMs, which can exhibit SRAM read/write failures under low voltage conditions.

Consequently, the test chip includes an IVR to provide certain VMIN guarantees.

To demonstrate the IVR’s abilty to reduce inter-layer voltage noise, let us begin

with the worst-case noise scenario previously seen in Figure 4.9(c). A close-up of VSL2,
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Figure 4.12: Normalized system throughput, energy, and EDP of unbalanced testing
scenarios running FFClk under various test chip settings.

in Figure 4.11(a), shows the minimum voltage observed over a 1ms execution window

is 667mV. Based on memory BIST tests, all memories were functional down to 650mV

and, therefore, the test scenario avoids issues due to SRAM instability. However,

core performance degradation is a concern. To accommodate the worst-case voltage

noise, voltage margin in excess of 230mV is required, limiting the maximum operating

frequency (FMAX) to only 130MHz. Figure 4.11(b) first demonstrates the benefits of

clock-phase interleaving (ClkInt). Although within-cycle curent smoothing reduces

voltage ripple, the minimum voltage is still less than 700mV. In contrast, also turning

on the IVR provides much more pronounced benefits, as shown in Figures 4.11(c)-

(e) for different VREF settings. These results confirm the IVR can maintain VSL2

around VREF and provide VMIN guarantees, which then allows the cores to operate

at a higher FMAX. However, it is important to note the IVR cannot regulate the
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layer voltages to exactly VNOM. Hence, there are diminishing returns of setting VREF

too aggressively. Furthermore, Figures 4.11(c)-(e) show that cores in SL1, SL3, and

SL4 must operate at a higher power for the same performance level, due to the extra

voltage margin caused by the elevated stack layer voltages, which degrades the overall

system energy-efficiency.

To quantify the benefits gained from clock-phase interleaving and turning on the

IVR, Figure 4.12 presents the aggregate throughput, energy, and EDP of the test

chip settings shown in Figure 4.11, normalized to the baseline case when none of the

features are turned on (shown in Figure 4.11(a)). The results show that the VMIN

improvements gained from turning on the IVR mostly improves average throughput

enhancements, which then translates to large EDP reductions. Higher VMIN also

reduces voltage margins to also provide energy improvements despite incurring IVR

energy overheads. However, aggressively increasing VREF exacerbates IVR losses

without improving VMIN or throughput.

4.3.4 Adaptive Frequency Clocking with IVR

To further reduce voltage margin and thereby further improve system performance

and energy-efficiency, the test chip implements adaptive frequency clocking (AFClk).

The clock frequency of the DCRO in each layer tracks stack layer voltage fluctuations

to independently minimize voltage margins per layer. Consequently, AFClk does not

penalize stack layers for voltage noise in other layers. Fig 4.13 presents the voltage

waveform of VSL2, box plots of all layer voltages, and the per-layer DCRO clock fre-

quencies for the same unbalanced scenario presented before in Figure 4.11 with ClkInt
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Figure 4.13: Measured transient waveforms of VSL2 (top), box plots of VSL1-VSL4

(middle) and box plots of per-layer DCRO frequency distribution (bottom) for un-
balanced workload scenario running AFClk at two different test chip settings: (a)
ClkInt on, IVR off. (b) ClkInt on, IVR on (VREF=850mV).

turned on. With the IVR off (Figure 4.13(a)), AFClk results in smaller voltage droop

(higher VMIN) compared to FFClk operation. This is because per-layer dynamic cur-

rent consumption has a stronger dependence on voltage compared to FFClk since

AFClk frequency depends on voltage. Moreover, the spread in clock frequencies, seen

in Figure 4.13(a), demonstrates that rather than being limited to the worst-case fre-

quency set by noise in VSL2, cores in SL1, SL3, and SL4 ran at higher frequencies set
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by the DCRO in each layer operating at higher voltages, thereby improving overall

system performance and energy-efficiency. Figure 4.13(b) demonstrates AFClk oper-

ation with the IVR turned ON and VREF set at 850mV. The results show that AFClk

allows the cores to operate with minimal voltage margin, while the IVR maintains a

VMIN (>810mV in this case). This provides a minimum performance guarantee for

all layers and protection against potential reliability issues (e.g., SRAM instability).

Putting the measured results together, Figure 4.14 presents the resulting aggregate

throughput, energy, and EDP for AFClk. The results are normalized to that of FFClk

operation with the IVR ON and VREF set to 860mV, shown in Figure 4.12, which is

the highest performance and energy-efficiency VREF setting for FFClk. Since cores
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in each layer operate at different voltage/frequency values for AFClk due to voltage

noise, we calculate the system energy as the sum of total energy consumed by all

cores to complete the same amount of work:

E =
SL4∑

i=SL1

Piti + PIVRtSL2 (4.2)

where PSL{1:4} is the power consumption of the entire layer that includes all four cores

and the DCRO. IVR energy overhead is calculated by multiplying IVR power loss

(PIVR) with the time it takes for the cores in SL2 to complete the task, because the

IVR is supplying extra current only to the cores in SL2 in this workload scenario.

EDP is also calculated in a similar fashion as:

EDP =
SL4∑

i=SL1

Pit
2
i + PIVRt

2
SL2 (4.3)

The results show that even when compared against the best-case FFClk scenario,

AFClk provides significant improvements in throughput, energy, and EDP due to

reduction in voltage margin for all cores. Notice the aggregate throughput of the sys-

tem for adaptive frequency clocking stay relatively constant independent of whether

the IVR is ON or not. This is because in the high-throughput scenario with all 16

cores active, loss of performance (frequency) in any layer is compensated by higher

frequency in other layers. Overall, AFClk achieves reduction in energy and EDP com-

pared to the best-case FFClk, even when accounting for extra power consumed by

the DCRO and the IVR energy overhead. Setting higher IVR VREF for higher VMIN

translates to increases in energy and EDP, as expected, due to higher IVR energy

overhead.
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The results shown in Figures 4.13 and 4.14 clearly demonstrate the advantages of

AFClk over FFClk for the voltage-stacked system presented in this chapter. For all

subsequent test results, we use AFClk as the default clocking mode of operation to

achieve best possible performance and efficiency for the system.

4.4 System-wide Power Delivery Efficiency

As shown in the energy comparisons presented previously, voltage regulation using

the IVR comes with an energy overhead. Typically, IVR losses are quantified by the

IVR efficiency. For conventional systems in which the IVR provides the entirety of the

power consumed by the system, IVR efficiency represents the overall on-chip power

delivery efficiency. However, voltage-stacked systems are fundamentally different in

that they require the IVR to only supply the load current necessary to compensate

for inter-layer activity mismatch. Therefore, IVR losses only apply to the mismatch-

related power, while stack current that is common to all layers, such as leakage,

is recycled efficiently through the stack. For this reason, IVR efficiency does not

sufficiently capture the overall power delivery efficiency in voltage stacking.

To properly quantify power delivery efficiency in voltage-stacked systems, we de-

fine the metric system-wide power delivery efficiency (ηSYS) as:

ηSYS =
Power consumed by all cores

Total power delivered to test chip

Figure 4.15 presents the measured IVR efficiency (ηIVR) and the system-wide

power delivery efficiency (ηSYS) when only the cores in SL2 consume extra power.

Figure 4.15(a) illustrates the experimental setup. With all cores in SL1, SL3, and
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Figure 4.15: (a) Block diagram illustrating the test setup to characterize IVR and
system-wide power delivery efficiency. (b) Plot of measured IVR efficiency when
delivering power to SL2 for three VREF levels. (c) The corresponding system-wide
power delivery efficiency measurements with annotations of the total power consumed
by the test chip for the first and the last values of each VREF.

SL4 executing the MIN-CONT micro-benchmark, power consumption of the four

cores in SL2 was swept from minimum to maximum by executing ISA characterization

micro-benchmarks used for instruction power profiling. Figure 4.15(b) and (c) plot
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Figure 4.16: Measured IVR efficiency (left) and corresponding system-wide power
delivery efficiency (right) for two workload scenarios with VtextsubscriptREF set to
850mV.

the ηIVR and ηSYS of the test chip, respectively, for three IVR VREF settings. Total

of 20 micro-benchmarks were run on the cores in SL2, from MIN-CONT (minimum

power) up to MAX-CONT (maximum power). Progressively higher power micro-

benchmarks leads to larger voltage droop that then requires more IVR activity and

output power. The results show that higher VREF translates to wider operating range

but lower ηIVR, because the IVR must work harder to drive the layer voltage to

higher levels. Consequently, ηSYS also degrades for higher VREF. However, more

importantly, Figure 4.15(c) confirms the IVR losses only apply to a small fraction of

total power consumed by all of the cores and ηSYS is greater than 94% across all of

the experiments.

Spreading out higher activity across multiple layers leads to less inter-layer volt-
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age droop than concentrating all of the higher activity to a single layer. Moreover,

the symmetric-ladder switched-capacitor IVR implemented on the test chip is more

efficient at supplying power to multiple layers simultaneously than to a single layer.

Due to its topology, delivering power to multiple layers reduces the total amount of

charge flowing through the flying capacitors and power switches, reducing the losses

[34, 61]. To demonstrate this aspect of the system, Figure 4.16 plots the measured

IVR efficiency and system-wide power delivery efficiency when the IVR delivers power

to multiple layers simultaneously. This experiment is similar to the prior experiment

run for Figure 4.15, but with the power swept from minimum to maximum in two

layers (SL2 and SL3) and three layers (SL1,SL2 and SL3). IVR VREF is set to 850mV

for both cases. Overall, both the ηIVR and ηSYS improves when the IVR must de-

liver power to multiple layers, even when the total test chip power is higher than the

conditions corresponding to the results in Figure 4.15.

4.5 Workload and Core Allocation

The test results so far have demonstrated the IVR and adaptive frequency clocking

to be effective hardware solutions to improve system throughput and energy-efficiency

and to provide the necessary minimum voltage guarantees required by the voltage-

stacked system. We now take a step back to explore a software solution that relies on

intelligent inter-layer workload balancing to further improve overall efficiency. This

section explores the impact of workload and core allocation in multicore voltage-

stacked systems.

Recall the worst-case workload scenario presented in Figure 4.15, where all cores in
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Figure 4.17: (a) Five possible workload allocation scenarios with the same set of
workloads. (b) Normalized average per-core throughput for the four cores running
MAX-CONT and IVR loss.

SL2 execute theMAX-CONT micro-benchmark while all other cores runMIN-CONT.

Figure 4.17(a) presents five different workload allocation scenarios that are possible

for the same set of workloads running on the 16 cores. The workload allocation

becomes progressively more balanced going from configuration 1 to 5. To show the

benefits of a more balanced workload allocation, Figure 4.17(b) plots the IVR loss for

all configurations as well as the normalized average throughput of the four cores that

are running MAX-CONT. Measurement results show that better balancing workloads
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Table 4.3: Kernels used for testing

Benchmark Description

AES AES encryption

GEMM/BLOCKED Matrix multiplication

GEMM/NCUBED Matrix multiplication

KMP String matching

MD/GRID Molecular Dynamics

MD/KNN Molecular dynamics

NW DNA alignment

REDUCTION Sum reduction operation

SCAN Parallel prefix sum

SHA Cryptography hash function

SORT/MERGE Sorting

SORT/RADIX Sorting

STENCIL/STENCIL2D Sparse Matrix/vector multiplication

STENCIL/STENCIL3D Sparse Matrix/vector multiplication

TRIAD Vector dot product

VITERBI Hidden Markov model estimation

Table 4.4: Workload scenarios for efficiency tests

Workload Scenario Description

RAND-LYR Random kernel allocated per layer

RAND-CORE Random kernel allocated per core

BALANCED All cores running the same kernel

across the layers leads to lower voltage noise, higher system-wide power delivery

efficiency, and higher throughput.

To further expand the experiment beyond the worst-case scenario and demonstrate

the effect of workload allocation on the efficiency of the system running real kernels, we
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Figure 4.18: Histogram of system-wide power delivery efficiency for 616 workload
scenarios described in Table 4.4.

chose 16 kernels to run on the cores from the Machsuite benchmark suite [49]. These

kernels cover a broad range of applications including matrix multiplication, sort, string

matching, AES encryption, molecular dynamics, and Viterbi algorithm, and offer a

diverse mixture of workload behaviors (compute-intensive, memory-intensive...). The

kernels are listed in Table 4.3. To analyze the effects of different workload behaviors

on efficiency, we generate three different groups of workload scenarios using the 16

kernels to run on the system, as summarized in Table 4.4. Figure 4.18 plots the

resulting histogram of system-wide power delivery efficiency, which is greater than

95% for all workload scenarios. RAND-LYR scenarios exhibit the worst efficiency,

mainly because they have the worst inter-layer activity mismatch due to cores in

each layer running the same kernel, effectively amplifying the mismatch. When each
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Figure 4.19: Block diagram illustrating the order in which the cores are activated
when not all 16 cores are active (left), and example of the active cores (shaded) for
configuration 5 when only five cores are active and all other cores are powered down
(right).

of the 16 cores run one of 16 randomly chosen kernels (RAND-CORE), there is an

averaging effect on the per-layer core activities, which ends up reducing overall voltage

noise and IVR losses. Finally, with the BALANCED scenarios, efficiency is 99% or

better, because the IVR rarely turns on.

In addition to workload differences, stack layers may also suffer imbalances due to

coarser-grained core inactivity. Further expanding on the concept of intelligent work-

load allocation, we deduce that for any number of active cores, there is an optimum

allocation that evenly distributes work to minimize inter-layer activity mismatch and

maximize efficient current recycling through the stack. Figure 4.19(a) illustrates the

optimum order that work should be allocated across the 16 cores. For example, only

the five cores labeled 1 through to 5 will be active for configuration 5, as shown in

Figure 4.19(b), while the rest are inactive. For configuration 6, Core B-SL2 (labeled

6) will be activated in addition to the cores in configuration 5. As more cores are

turned on, the principle is to activate cores vertically along a column rather than hor-
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configurations configuration.

izontally along the same layer. For voltage stacking, this achieves the most balanced

core allocation possible for any number of active cores. Note that for each column,

the cores in SL3 and SL2 are activated before turning on the cores in SL1 and SL4.

This is to take advantage of the fact that the IVR is more efficient in delivering power

to the middle two layers [34, 61]. Allocating cores this way ensures that the maximum

activity mismatch between any layers does not exceed the activity of a single core,

preemptively capping the power that the IVR has to process.
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configuration 6 in Figure 4.19.

We can now run an experiment to understand the effects of coarse-grained core

activity/inactivity and workload allocation. First, all inactive cores are fully powered

OFF so that leakage current consumption of these cores is negligible. Second, all

cores execute the MAX-CONT micro-benchmark. Figure 4.20 presents the average

operating voltage and current consumption for each stack layer for all 16 configura-

tions. Figure 4.21 presents an illustration of the current flow through the stack layers

for configuration 5 presented in Figure 4.20. Average per-layer voltage and current

are also shown for clarity. Given the extra load in SL3, VSL3 droop below VREF and

the IVR maintains the minimum VSL3 close to VREF (set to 850mV). The average

current consumption of 21.7mA common to all stack layers is recycled through the

stack, while the IVR only provides the additional 8.7mA of current that is required

to support the two cores in SL3, and the additional 1.6mA of current that is required
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Figure 4.22: Power consumption of the test chip and the corresponding system-wide
power delivery efficiency for the 16 different core activation configurations. For each
configuration, the additional core that is activated in addition to the previous config-
uration is marked with the coordinates as described in Figure 4.19.

to support the core in SL1 operating at an elevated voltage. With the IVR deliv-

ering additional current to support the extra load in SL3, the distribution of VSL1,

VSL2, and VSL4 is determined by the static behavior of the IVR, which dictates that

different amounts of charge must flow through the flying capacitors of the symmetric

ladder, resulting in higher VSL1 than VSL2 and VSL4.

The average per-layer voltage and current presented in Figure 4.20 provides insight

into the amount of power that the IVR has to process for different numbers of active

cores under this core allocation scheme. For configurations 1 to 3, where one or more

layers are powered off, no current can be recycled through the stack. Therefore, the

IVR must supply all of the power consumed by the active cores. Beyond configuration

75



Chapter 4: Mitigating Inter-layer Voltage Noise using Adaptive Clocking and
Fully-Integrated Voltage Regulator

Throughput

Energy

EDP

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Configuration

0

0.5

1.0

1.5

2.0

Figure 4.23: Normalized average per-core throughput, energy and EDP for the 16
different core activation configurations.

4, however, when at least a full column of cores are active, current consumption

common to all layers are recycled through the stack while the IVR only supplies the

additional current required to support the higher activity due to additional active

cores in the stack layers. Since all cores are running the same micro-benchmark in

this experiment, configurations 4,8,12 and 16 are balanced scenarios and the layer

voltages evenly subdivide VIN to 0.9V. A comparison of results for configurations 1,

5, 9, and 13 in Figure 4.20 confirms the earlier observation in Chapter 3 that higher

overall current flow through the stack alleviates voltage noise for the same inter-layer

activity mismatch.

Figure 4.22 presents a stacked bar chart of the power consumption for each con-

figuration as well as the corresponding system-wide power delivery efficiency. IVR

loss and periphery overhead, which includes the DCRO, clock distribution, and all

other uncore power such as layer shifter power, are shown separately. This figure
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provides a measure of the IVR losses incurred by the system in relation to the overall

power delivered. For configurations 1 through 3, where the IVR supplies all of the

power consumed by the cores, the IVR loss is substantial, and the system-wide power

delivery efficiency equals the IVR efficiency. As more cores are activated, however,

inter-layer charge recycling increases and IVR losses reduce. Overall system-wide

power delivery efficiency exceeds 95% for all configurations when four or more cores

are active.

Finally, Figure 4.23 presents the average per-core throughput, energy, and EDP

for all 16 configurations. The results are normalized to an ideal baseline scenario

where all layer voltages are losslessly driven to VNOM. For 1 to 3 active cores, energy

and EDP penalties are high due to large IVR loss and DCRO overhead, coupled with

the loss of performance. As more cores turn on, the overall energy and EDP of the

system improves due to decreasing IVR loss, amortized per-core DCRO overhead,

and more balanced voltage distribution, leading to smaller loss in throughput.
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Chapter 5

Coupled Communication Circuits

for Efficient Inter-layer

Communication

In addition to robust noise mitigation techniques shown in the previous chapter,

voltage stacked systems require efficient on-die signaling circuitry to enable commu-

nication between series-connected stack layers that do not share common voltage ref-

erence planes. Direct communication between different stack layers requires isolation

to avoid dc current paths between stacked voltage rails, while direct communication

between stacked voltage domains not in close physical proximity requires efficient

repeater-less long-distance signaling, because repeater placement may not be possi-

ble en route. Finally, deviations of internal voltage rails due to inter-layer power

consumption mismatch, as shown in Chapter 4, necessitate reliable communication

across a wide range of stack layer voltages.
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Prior works demonstrated capacitively-coupled full-swing layer shifters with cross-

coupled inverter latch receivers to shift signals across stack layer boundaries using

MOS capacitor [46]. However,the use of MOS capacitors for coupling prohibit direct

communication between non-adjacent stack layers due to device overstress issues,

requiring relay communication which incurs additional energy overhead, and these

layer shifters also suffer from start-up issues that degrade reliability. Even when

implemented using metal-oxide-metal (MoM) capacitors, as in the 16-core test chip

presented in Chapter 4 (shown in Figure 4.8), these designs incur large capacitor and

driver size overhead, required to flip the cross-coupled inverter latch, especially when

communicating between stack layers not in close physical proximity.

To address these issues, this chapter presents layer shifting communication circuits

that send pulsed signals across capacitively- and inductively-coupled passive elements

to a common differential hysteresis receiver. Capacitively- or inductively-coupled

pulse-mode communication was previously demonstrated for efficient repeater-less

long-distance on-chip communication and for efficient inter-chip communication [22,

56, 40, 39, 71, 36, 53]. Proposed layer shifters leverage the efficiency and high per-

formance of low-swing pulse-mode signaling with voltage isolating passive elements

to enable highly efficient communication between the stacked voltage domains, while

also enabling efficient broadcasting of signals from one to multiple stack layers.

Section 5.1 presents an overview of a test chip prototype that implements capacitively-

and inductively-coupled communication schemes for inter-layer signaling for a 3-way

voltage stacked system that implements 1-to-3 layer broadcast communication in ad-

dition to 1-to-1 communication between stack layers. Sections 5.2 and 5.3 provides
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Figure 5.1: Block diagram of voltage-stacked inter-layer communication test chip
prototype and test environment.

a detailed description of both communication schemes implemented on the test chip.

The experimental results presented in Section 5.5 demonstrates efficient communica-

tion at 3.4Gb/s.

5.1 Overview of 3-layer Communication Test Chip

Prototype

Figure 5.1 presents an overview of the test chip fabricated in TSMCs 40G process.

The test chip implements a voltage stacked inter-layer communication system with

three stacked layers. External voltage sources supply VHIGH, VMID, VLOW with 2.7V,

1.8V, 0.9V, respectively, with each stack layer (SL1, SL2, SL3) operating nominally
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at 0.9V. The stack layers are isolated from body bias effects using triple-wells. The

test chip implements capacitively- and inductively-coupled transmitter-receiver pairs

across stack layer boundaries to demonstrate layer shifting communication. Input

signals to the layer shifters are driven from off-chip, while the outputs from each

stack layer are driven through an off-chip DC blocking capacitor to the oscilloscope

to avoid DC current paths. The test chip implements all possible 1-to-1 inter-layer

paths between the three stack layers, including within-layer communication paths

(dotted lines in Figure 5.1), for both coupled communication schemes. The test chip

also implements 1-to-3 signal paths that combine one transmitter from a single stack

layer with three receivers one from each layer to demonstrate broadcast communi-

cation from one to multiple layers. Within-layer communication paths facilitate the

demonstration of 1-to-3 inter-layer signal broadcast without the complexity of adding

an extra stack layer in the test chip.

5.2 Capacitively-Coupled Layer Shifter

Figure 5.2 (top) presents a block diagram of the capacitively-coupled layer shifter

implemented on-chip that drives signals across stack layer boundaries using series

capacitors built with MoM caps. MoM caps provide effective isolation of the stacked

Tx and Rx voltage domains, within the inter-metal dielectric breakdown limit. The

Tx driver generates differential return-to-zero (RZ) pulses on the wires by driving the

Tx caps CC1 and CC2 (=0.3CC1) in a push-pull manner. Pulses are only generated on

data transitions and the pulse width is determined by the delay cell, whose delay is

150ps at 0.9V. A clock-less hysteresis latch receiver shown in Figure 5.2 (lower right)
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Figure 5.2: Block diagram of capacitively-coupled layer shifter (top), schematic of
the hysteresis latch receiver (lower right) and simulation waveforms (lower left).

senses the resulting differential pulse VR to recover the transmit data. Receiver

hysteresis is 75mV at 0.9V. The receiver input biases are generated on-chip using

resistor dividers. Hysteresis receivers are simpler than the clocked receivers often

used in inter-chip pulse-mode signaling and they consume no energy on idle inputs

[56]. Simulation waveforms presented in Figure 5.1 (lower left) demonstrate data

transmission from layer SL3 to SL2. Compared to the full-swing layer shifters in [46]

and Chapter 4, this approach requires smaller capacitors due to low-swing pulse-mode

signaling, reducing the driver load. The proposed layer shifter requires 10fF of series
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Figure 5.3: Block diagram of inductively-coupled layer shifter (top), and simulation
waveforms (bottom).

capacitance (CC1 + CC2) per wire, implemented with MoM caps on M1-M3. Tx caps

occupy a total area of 24um2 per link.

5.3 Inductively-Coupled Layer Shifter

Inductively-coupled layer shifters shown in Figure 5.3 (top), provide inherent gal-

vanic isolation between the stacked layers. To transmit data, the Tx driver generates

a current pulse on the primary coil on every data transition, creating a bi-phase mod-
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Table 5.1: Summary of inductor parameters for inductively-coupled communication
circuit

Metal Layers Tx Rx1 Rx2 Rx3

# Turns 7

Dimension 24um

Wire Width (pitch) 0.4um (1um)

Inductance (L) 3.93nH 3.88nH 4.44nH 4.24nH

Resistance (R) 51Ω 193Ω 333Ω 333Ω

Mutual Inductance (M) NA 2.83nH 2.17nH 1.77nH

ulated (BPM) voltage pulse VR across the secondary coil. The common hysteresis

receiver also used in capacitive layer shifters recovers the data using the second phase

of the BPM pulse. The peak and duration of VR is determined by di/dt, current pulse

width, and mutual inductance [39]. The primary (Tx) coil is implemented using thick

top level metals M10/M9 to minimize the series resistance of the inductor that de-

grades the Q factor. The secondary (Rx) coils are subsequently implemented using

M8/M7, M6/M5 or M4/M3 metal layers respectively. Inductors are implemented

using layout techniques to minimize the parasitic capacitance between the within-coil

metal layers, as proposed in [77], and patterned ground shields are used to further

improve the inductor quality [72]. While inductor alignment is an issue for inter-chip

communication [42], it is not a factor for on-chip signaling, where inductors can be

tightly coupled. The inductor parameters are summarized in Table 5.1.

5.4 Broadcast Communication to Multiple Layers

In addition to efficient voltage isolation, inter-layer communication circuits in

voltage stacked systems must also allow for efficient broadcast of signals from one
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Figure 5.4: Block diagram of 1-to-3 broadcast communication for capacitively-coupled
layer shifter (left) and inductively-coupled layer shifter with stacked inductor struc-
ture (right).

to multiple layers, especially to send global signals such as the clock throughout the

entire chip. Although multiple 1-to-1 transmitter-receiver pairs can be used to either

send signals directly to or relay the signals through multiple stack layers, these meth-

ods incur additional transmitter power, area and latency overheads. Therefore, it is

desirable for a single transmitter to efficiently transmit signals directly to multiple

stack layers. For the inductively-coupled layer shifter scheme presented, multiple Rx

coils can couple with a single Tx coil using stacked inductor structures. Figure 5.4

presents and illustration of 1-to-3 inter-layer broadcast scheme for inductive layer

shifters implemented on-chip that sends data from layer SL3 to all three stacked lay-

ers. A single Tx coil can couple to as many Rx coils as allowed by the inductor

design and metal stack of the process technology. For the capacitive layer shifters,

a single transmitter couples to three receivers by driving three Tx capacitor blocks.
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Figure 5.5: Annotated die photo of communication test chip implemented in TSMC
40G process.

The inherent characteristics of both signaling approaches make broadcast commu-

nication possible with minimal overhead compared to full-swing signaling schemes.

The inductive layer shifter can couple to multiple receivers with minimal Tx energy

overhead. For the capacitive layer shifter, the combination of small capacitive load

seen by the driver and low-swing pulses on the wires result in only a minor Tx energy

overhead due to increased driver fanout.

5.5 Measurement Results

Figure 5.5 shows the annotated die photo of the test chip prototype implemented

in TSMCs 40G process, with annotated Tx/Rx circuits as well as coupled inductors
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Figure 5.6: Oscilloscope snapshots of (a) 1-to-3 capacitively-coupled broadcast com-
munication scheme transmitting PRBS data at 3.4Gb/s at 0.9V and (b) 1-to-3
inductively-coupled broadcast communication scheme transmitting clock signals run-
ning at 1.7GHz.

and Tx capacitor banks. The coupled inductors and capacitors are placed close to the

Tx layers to minimize the driver fanout and to series resistance to the inductors. To

test the layer shifting communication circuits, 223-1 pseudo-random binary sequence
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(PRBS) and clock signal are generated off-chip by a data-timing generator and sent

directly to the transmit layer. The maximum data rate for the data timing gener-

ator is 3.4Gb/s or 1.7GHz clock frequency. Both layer shifter schemes successfully

communicate PRBS data and clock signals across the stack layer boundaries at the

maximum equipment data rates at 0.9V, and the maximum data rate was limited by

the test equipment.

Figure 5.6 (a) presents oscilloscope waveforms of 1-to-3 layer broadcast communi-

cation for the capacitively-coupled layer shifter transmitting PRBS data at 3.4Gb/s

while Figure 5.6 (b) demonstrates 1-to-3 broadcast communication for the inductively-

coupled layer shifter transmitting the clock signal at 1.7GHz, with both layer shifters

operating at nominal stack layer voltages of 0.9V. The waveforms demonstrate com-

munication from layer SL3 to layers SL1, SL2, and SL3. Note that in this case, Tx

circuits in layer SL3 must communicate directly to Rx circuits in SL1 demonstrating

repeater-less communication between non-adjacent stack layers. As mentioned pre-

viously, all output signals are driven off-chip through a DC blocking capacitor and

into the oscilloscopes 50Ω termination, which reduces the observed output voltage

swing to ∼0.5V around ground. While communication between the stack layers is

repeater-less, the signal must be buffered from the receiver to the output pads. The

latency differences between the output signals of each layer seen in Figure 5.6 are due

to the discrepancy in the distance to the output pads.

Table 5.2 presents the measured energy for both inductive and capacitive layer

shifter schemes. The energy-per-bit for 1-to-1 inter-layer communication is the av-

erage energy measured over all 1-to-1 paths measured at 3.4Gb/s at 0.9V. Average
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Table 5.2: Energy Comparison of Inductively- and Capacitively-coupled Communi-
cation Circuits

Inductive Capacitive

1-to-1 1-to-3 1-to-1 1-to-3

Transmitter 214 fJ/b 216 fJ/b 52 fJ/b 56 fJ/b

Receiver 71fJ/b (per layer)

Energy/bit/link 285 fJ/b 143 fJ/b 123 fJ/b 90 fJ/b

energy for 1-to-3 inter-layer communication is also reported. In this prototype, the in-

ductive transmitter consumes more power than its capacitive counterpart, because of

the relatively large transmit current flowing through the Tx coil required to generate

sufficient VR pulse. For 1-to-3 broadcast communication, increase in transmit energy

is less than 5fJ/bit for both schemes compared to 1-to-1 communication, illustrating

efficient multi-layer broadcast communication of the coupled schemes. Furthermore,

the Tx energy of 1-to-3 broadcast communication can be amortized across the number

of Rx layers, making the broadcast scheme more energy-efficient per bit per link.

The layer shifters must operate reliably with varying Tx and Rx layer voltages as

internal voltages of voltage stacked systems may fluctuate due to inter-layer power

mismatch [34]. Figure 5.7 presents shmoo plots obtained by testing 1-to-1 communi-

cation between layers SL1 and SL2 across a wide range of Tx and Rx layer voltages.

PRBS input with constant data rate of 3.4Gb/s is transmitted throughout. At low

Tx voltage, pulse-mode layer shifters have an inherent advantage over full-swing layer

shifters because they only have to generate pulses sufficient to be detected by the re-

ceiver. The shmoo plot demonstrates successful capacitive communication down to

0.65V Tx voltage. The inductive scheme is less robust at lower Tx voltages, however,

because generating the necessary current pulse to induce sufficient VR pulse on the
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Figure 5.7: Shmoo plots for (a) capacitively-coupled and (b) inductively-coupled layer
shifters with varying Tx and Rx layer voltages.

Rx coil becomes more challenging at low voltages. An ability to control the current

pulse shape as proposed in [39] would improve inductive layer shifter operation at

low voltages. Below 0.65V, the NMOS inputs of the hysteresis receiver cannot switch

the cross-coupled PMOS pull-up transistors to produce a data transition within the

pulse width.

Finally, area comparisons of the passive elements and Tx/Rx circuits, and average

Table 5.3: Area Comparison of Inductively- and Capacitively-coupled Communication
Circuits

Inductive Capacitive

1-to-1 1-to-3 1-to-1 1-to-3

Tx Driver 135um2 60um2

Receiver 20um2 60um2 20um2 60um2

Passives 576um2 576um2 24um2 72um2

Area/link 731um2 257um2 104um2 64um2
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area per link are presented in Table 5.3. The inductive transmitter occupies a larger

overall area than the capacitive transmitter due to large on-chip spiral inductor size

and the larger driver size required to generate the transmit current.
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Conclusion and Future Directions

Voltage stacking alleviates inefficiencies related to off-chip components that hin-

der efficient power delivery for future computing systems, while offering the potential

for highly efficient on-chip DC-DC conversion via charge recycling. However, voltage

stacking suffers from internal voltage noise issues due to inter-layer activity mismatch,

while adding the complexity of communication across stack layers. This thesis pre-

sented two effective voltage noise mitigation techniques, adaptive frequency clocking

and a fully-integrated symmetric ladder switched-capacitor voltage regulator, and

the design and implementation details of a test chip that implements a 16-core 4-way

voltage-stacked system. The experimental results demonstrate effective noise mitiga-

tion, addressing the critical issue of voltage noise, while validating the high efficiency

power delivery capability of voltage stacking. The attributes of voltage noise pre-

sented in this thesis demonstrates that voltage stacking will scale well with future

high-throughput many-core systems, where power fluctuations of a single core will

have less impact on voltage noise, while providing more opportunity for software-
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level workload balancing between the cores. The effectiveness of workload balancing

on overall power delivery efficiency was also verified using experimental data from the

test chip.

This thesis also demonstrated efficient on-chip inter-layer signaling circuitry that

leveraged coupled communication schemes previously used for chip-to-chip communi-

cation. The coupled communication scheme allows efficient communication between

any stack layers and enables repeater-less long-distance signaling, which enables the

application and adoption of voltage stacking in future many-core systems with high

communication needs, without being hampered by large communication overheads.

Moving forward, there are various areas of research that provide ample oppor-

tunities to build upon the work presented in this thesis and further improve the

performance and efficiency of voltage stacked systems:

1. Advanced process technologies for better IVR efficiency: For high-

throughput systems that run massively parallel workloads, voltage stacking

effectively hides the IVR efficiency to achieve high efficiency power delivery.

However, the IVR efficiency still constitutes the lower-bound of the system-wide

power delivery efficiency, and limits the efficiency for sub-optimal unbalanced

workload scenarios. Better fabrication technology that can provide not only

faster, more efficient transistors but high density capacitors such as deep trench

capacitors demonstrated in [3, 4, 11] and/or better magnetics [17] to improve

the power density and conversion efficiency of the IVR would improve the over-

all system-wide power delivery efficiency of voltage stacking across a wide range

of workload scenarios.
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2. Circuit design techniques: In addition to better fabrication technology, cir-

cuit advances that better regulate the voltage noise would improve the overall

system efficiency. For instance, in addition to lower-bound control implemented

in Section 4, additional upper-bound control can be easily implemented to keep

a tighter bound on the voltage rails. Different IVR topologies, such as hybrid

inductor-capacitor topologies that can overcome the regulation limitations of

switched-capacitor regulators would also further improve the system efficiency.

3. Software techniques for efficient workload balancing: While hardware

noise mitigation techniques provide the minimum voltage and reliability guaran-

tees, and sets the lower-bound for power delivery efficiency, intelligent workload

balancing to minimize the activity mismatch allows the system to approach

100% efficiency, essentially masking the hardware overheads. Using software

techniques to regulate the current consumption of the system has been shown

in numerous prior works to mitigate di/dt noise. These techniques have focused

on identifying problem code segments and predicting voltage emergency events

that cause sudden surge in current consumption, and using code transforma-

tion and scheduling to mitigate voltage noise [50, 51, 19, 21, 20, 26, 43, 45, 52].

Similar principles can be extended to the context of voltage stacked multicore

systems, to limit the activity mismatch between stack layers.

Voltage stacking has the potential to bring significant improvements in power de-

livery for future high-throughput multicore systems. Moving forward, it is important

to take a holistic approach to research, to pursue progress across multiple disciplines

from technology to circuits and software, to fully harness the benefits of voltage
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stacking as a power delivery scheme.
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