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Abstract

The continued advance of society and emerging markets requires functionally
diverse semiconductors. The future of heterogeneous, high performance systems
is strongly dependent upon the power delivery system, and deeply affected by the
quality of on-chip power, availability of fine grain dynamically controlled voltage
levels, and the ability to manage power in real-time. To satisfy evolving power
delivery requirements, an effective power delivery solution is required.

In this dissertation, a platform for scalable power delivery and management is
proposed. The key concept of this platform is to manage the overall energy budget
with fine grain distributed on-chip power networks, providing local feedback paths
from the billions of loads to multiple, locally intelligent power routers. Essential
information such as timing slacks, voltages, currents, and temperatures sensed within
the individual power domains is used to locally manage power in real-time. The

overall energy budget is also adjusted in a near real-time manner by communicating
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local power management decisions among the individual power routers within the
proposed platform.

A computationally efficient methodology to co-design different types of power
supplies within different levels of hierarchy has been proposed, and key circuits for
distributed voltage regulation and dynamic voltage scaling have been developed. A
distributed power delivery system with six ultra-small fully integrated low-dropout
regulators has been fabricated in a 28 nm CMOS process and exhibits a fast transient
response with excellent load regulation. To evaluate stability in a distributed power
delivery system, a passivity-based stability criterion has been proposed. To provide
a circuit level means for dynamically scaling the voltage in adaptive systems, a
digitally controlled pulse width modulator has been developed including closed-form
duty cycle expressions.

The proposed power network on-chip provides a means to efficiently deliver and
intelligently manage high quality power in complex heterogeneous ICs. The issues of
design complexity and scalability are addressed by providing a modular architecture
that supports integration of diverse functional blocks and adapts to specific power

demands without requiring re-design of the power delivery system.
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Chapter 1

Introduction

It was in 1947 when John Bardeen and Walter Brattain in the Solid State Physics
Group led by William Shockley in AT&T’s Bell Labs applied two gold contacts to
a crystal of germanium and observed power amplification of a signal [1] (see Figure

1.1). The first point contact transistor was born and a new era of technological

Figure 1.1: The first transistor, (a) the inventors John Bardeen, William Shockley,
and Walter Brattain, and (b) their point-contact transistor.



growth began [2]. The three men received the 1956 Nobel Prize in Physics for "their
researches on semiconductors and their discovery of the transistor effect” [3]. A series
of fundamental research in quantum mechanics during the early 1920’s and 1930’s was
achieved that preceded the success of the experimental result of Bardeen and Brattain
in 1947. Julius E. Lilienfield invented and patented the concept of a field effect
transistor (FET) in 1926 [4]. In 1935, Oskar Heil patented a mechanism to control
the resistance in a semiconducting material with an electric field [5]. These inventions
were important milestones to understanding and applying solid state physics.

In the early 1950s, Bell Labs licensed the invention of the transistor and sold it
for the price of $25,000, and a network of high tech companies, such as Fairchild
Semiconductor, Intel, National Semiconductor, Texas Instruments, and Sony began
to grow across the world, led by former employees from Bell Labs [2]. Intensive
semiconductor research produced novel technologies and important milestones. In
1957, Jack Kilby of Texas Instruments built the first discrete integrated circuit (IC),
shown in Figure 1.2(a), by connecting a single transistor, capacitor, and resistor with
discrete wires. Kilby is acknowledged as the inventor of the microchip and won an
inventor’s "Triple Crown” for his accomplishments: the Nobel Prize in physics, the
National Medal of Science, and the National Medal of Technology. Immediately after

the invention of the IC, Jean Hoerni invented the planar process for manufacturing



transistors on a substrate [6], [7]. This process was used by Robert Noyce of Fairchild
Semiconductor to build the first completely monolithic IC in 1959, as shown in Figure
1.2(b). Five decades later, this technology is still used today to manufacture modern
ICs with several billions of transistors monolithically integrated onto the same layer

of silicon [§].

Figure 1.2: Photograph of the first integrated circuits, (a) discrete IC built by Jack
Kilby of Texas Instruments in 1957, and (b) monolithic IC built by Robert Noyce of
Fairchild Semiconductor in 1959.

Technology miniaturization according to Moore’s law [9] has been driving the ex-
ponential growth of the semiconductor market over the last five decades, increasing
integration levels, speed, compactness, and functionality while lowering power con-
sumption and cost per function. Continued scaling of the physical feature size of dig-

ital circuits has increased pre - 1995 yearly sales by 15% to 17% and post - 1995 sales



by 6% [10], [11], maintaining the virtuous circle of market growth and investment
in research for next generation technologies. The future of the More Moore (MM)
virtuous circle has recently been challenged by a decrease in revenue growth and
increase in the cost of research, development, and engineering (RD&E) of the world-
wide semiconductor market [10], [11]. In addition, novel market segments such as
intelligent transportation, revolutionary health care, sophisticated security systems,
and smart energy applications have emerged, requiring increasingly diverse function-
ality such as RF, power control, passive components, sensors/actuators, biochips,
optical communication, and MEMs. These non-digital heterogeneous functionalities
do not scale with Moore’s law (as shown in Figure 1.3), yet provide significant value
to the end customer. To support future societal needs, functional diversification
(More-than-Moore (MtM)) has been recognized as a primary objective of semicon-
ductor RD&E [11]. Integration of non-digital functionalities at the board-level into
system platforms such as systems-in-package (SiP) [12], systems-on-chip (SoC) [13],
and TSV-based 3-D systems [14], [15] is a primary near and long term challenge of
the More-than-Moore semiconductor reality. These integration trends and research
opportunities are illustrated in Figure 1.3 with respect to the key bottleneck issues
in high performance ICs.

Communication, synchronization, and power delivery are three essential aspects
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Figure 1.3: Evolution of functional communication, synchronization, and power de-
livery based on the MtM concept of functional diversification.

of integrated circuits. To facilitate the integration of these diverse functions, archi-
tectural, circuit, device, and material level solutions are required for each of these
issues. The evolution of signaling, clock distribution, and power delivery is illustrated

in Figure 1.3, exhibiting a roadmap for system solutions that scale while providing

functional diversification.



Figure 1.4: Core clock distribution of the IBM POWER7™ multi-processor [19].

To cope with synchronization challenges in SiP and SoC applications, clock distri-
bution networks have evolved from different tree topologies to non-tree mesh topolo-
gies [16], as illustrated in Figure 1.3. Clock meshes are characterized by low clock
skew and effective mitigation of process, voltage, and temperature (PVT) variations
at the cost of higher power [17], [18]. As ad hoc clock network design approaches had
become ineffective for controlling skew variations in modern high performance sys-
tems, systematic scalable methodologies and architectures have emerged. The clock
distribution network within the IBM POWER7™ multi-core processor is shown in
Figure 1.4 to illustrate the effectiveness of hierarchical clock distribution networks

for skew mitigation within 23 clock domains. The global clock signal within the



POWERT™™ is distributed from eight digital phase-locked loops (DPLLs) to each of
the clock domains through a binary clock distribution tree. Top level metal layers
are utilized at this high level of distribution to minimize global skew. Alternatively,
within each clock domain, the clock skew is locally mitigated with a non-tree mesh
network at the expense of higher area and power consumption. Dynamically control-
lable programmable delay segments are integrated on-chip to manage mesh-to-mesh
skew variations, satisfying the skew budget. Clock networks with global and local
networks and inter-domain skew controllers deliver high quality clock signals at up
to 14 GHz, exhibiting a scalable solution for high end microprocessors [19].

In functional communication, the interconnect network has progressed through
several evolutionary stages from a ”spaghetti” of nets and data busses to the emerg-
ing network-on-chip (NoC) paradigm [20], as depicted in Figure 1.3. The evolution
of functional complexity and routing solutions is illustrated in Figure 1.5 with tra-
ditional interconnect wiring, bus-based routing, and network-on-chip, respectively,
in the Intel 4004, IBM POWER4, and IBM POWERY7 microprocessors [19], [21],
[22]. The SoC paradigm shift is based on the ”separation of different concerns” - a
fundamental and cost effective approach for increasing performance and design pro-
ductivity as the complexity of ad hoc solutions has become excessively high. Specifi-

cally, NoC separates computation from communication, enhancing the performance,
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Figure 1.5: Evolution of functional complexity and routing methodology in micro-
processors. (a) Intel 4004 processor with 2,300 transistors routed in a traditional
manual way, (b) Vertical and horizontal buses in the IBM POWERA4 processor with
174 million transistors, and (¢) IBM POWER7 SoC with 1.2 billion transistors routed
with a network-on-chip.

scalability, and control of quality of service (QoS), while increasing engineering pro-
ductivity in the development of heterogeneous integrated systems.

For decades the semiconductor market had been driven by speed-centric concerns.
To maintain integration trends, in the late 1990’s and early 2000’s, different design
objectives have been separated and the design flow systemized in the functional and
communication domains, as shown in Figure 1.4. Today, existing scalable method-
ologies and architectures in these domains are being integrated into 3-D technologies.
Alternatively, integrated in-package and distributed on-chip power delivery is under
development, as shown in Figure 1.3, although power delivery is still currently dom-
inated by ad hoc approaches. The lack of a methodology, architectures, and circuits

for scalable on-chip power delivery and management is at the forefront of current



MtM problems. An overview of power management in nanoscale electrical circuits is

presented in Section 1.1. An outline of the proposal is provided in Section 1.2.

1.1 Power delivery in integrated circuits

The delivery of high quality power to the on-chip circuitry with minimum energy

loss is a fundamental requirement of all ICs. In a modern SoC, the power supplies

provide the required voltage for the ICs within the overall system (CPUs, GPUs, hard

disks, storage, sensors, and others), as exemplified by the 25 power domains within

the Toshiba microprocessor shown in Figure 1.6. A regulated 12 volt output voltage
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Figure 1.6: Toshiba full high definition (full HD) multiprocessor with 25 power do-

mains [23].
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is typically derived off-chip from a 48 volt battery [24]. The on-chip DC voltages are
significantly lower and range from a fraction of a volt in the low power digital blocks
to several volts in the input/output buffers, high precision analog blocks, and storage
ICs [25]. To supply sufficient power, a higher unregulated DC voltage is typically
stepped down and regulated within the power delivery system [24]. As the physical
feature size of the digital circuits has scaled, on-chip integration has scaled from
small scale integration (SSI) with tens of transistors to very large scale integration
(VLSI) and beyond with several billions of transistors [10]. The total current load
and power delivery losses have also increased with scaling of the on-chip devices,
increasing power consumption and degradation in the quality of the supplied power.
The quality of power and efficiency of the overall power supply system are primary
concerns in high performance ICs.

Switching and linear DC-DC converters are common topologies for DC-DC con-
version and regulation [24]. The operating principle of switching converters is based
on storing and retrieving energy during, respectively, the on and off phases of the
switching operation. Alternatively, linear power converters dissipate excessive power
as heat. Historically, power was converted off-chip with large and power efficient

switching mode power supplies (SMPS) and delivered on-chip via interconnect wires
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Figure 1.7: Current consumption in Intel microprocessors over the last four decades.

from the input/output (I/O) pads. Evolution of the on-chip current in Intel micro-
processors is illustrated in Figure 1.7 [21], [26]-[40]. With the increasing number of
on-chip devices and greater current demand, the voltage drop (proportional to the
current consumption) and power dissipated by the interconnect and I/O pads (pro-
portional to the square of the current consumption) have also increased, degrading
the efficiency and quality of the on-chip power. The limited number of 1/O pads is
an additional concern. To provide high quality power to the loads while decreasing
parasitic losses and the number of dedicated power pins, the power supply in a pack-
age (PSiP) with partially off-chip yet in package power supplies and on-chip power

supply approaches have recently been developed [41].
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While in-package and on-chip power integration has become a primary objective
for systems integration [12], [42]-[50], research has remained focused on developing
more compact and efficient power supplies, lacking a methodology to effectively inte-
grate and manage the in-package and on-chip power delivery system. The challenge
becomes greater as the diversity of modern systems increases, and dynamic voltage
scaling (DVS) and dynamic voltage and frequency scaling (DVFS) become a part
of the power management process. Recently, hundreds of on-chip power domains
with tens of different supply voltage levels have been reported, and thousand-core
ICs are being considered [23], [51]-[55]. Scalable power delivery systems, and the
granularity of power management in DVS/DVFS multicore systems are limited by
existing ad hoc approaches. To cope with this increasing design complexity and the
quality and overall efficiency challenges of next generation power delivery systems,
enhanced methodologies for designing scalable, hierarchical power management and
delivery systems with fine granularity of dynamically controlled voltage levels are

required.

1.2 Outline

Power delivery and management are fundamental to all nanoelectronic systems

and have become primary concerns in high performance integrated circuits. On-chip
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power supply techniques and circuits are reviewed in Chapter 2. Design objectives
and the challenges of specialized power delivery circuits, microcontrollers, and ultra-
small power supplies are reviewed. Switching and linear power supply topologies are
also discussed.

Computer-aided design (CAD) for power delivery is reviewed in Chapter 3. Exist-
ing automated design techniques for the co-design of distributed power supplies are
discussed. The architectural aspects of power delivery and management in portable
mobile electronic systems are also reviewed.

To provide a high quality power delivery system, the power needs to be regulated
on-chip with ultra-small locally distributed power efficient converters. Different types
of power supplies are reviewed in Chapter 4. To exploit the advantages of existing
power supplies, a heterogeneous power delivery system is proposed. The power effi-
ciency of the system is shown to be a strong function of the clustering of the power
supplies - the specific configuration in which the power converters and regulators are
co-designed.

The co-design of power supplies to maximize overall power efficiency is computa-
tionally inefficient and impractical with exhaustive clustering approaches in real-time
systems. A recursive clustering algorithm with polynomial computational complex-

ity is proposed in Chapter 5 for an optimal real-time power distribution system with
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minimum power losses. The proposed algorithm is evaluated on IBM power grid
benchmark circuits and two multi-power domain circuits, demonstrating up to a
21% increase in power efficiency and orders of magnitude speedup in run time with
the proposed recursive clustering algorithm.

The stability of a distributed power delivery system with multiple power supplies
driving a single power network is an additional concern. A fully integrated power
delivery system with distributed on-chip low-dropout (LDO) regulators developed
for voltage regulation in portable mobile devices is described in Chapter 6. The
circuit is fabricated in a 28nm CMOS process. Each LDO employs adaptive bias
for fast and power efficient voltage regulation, exhibiting 0.4 ns response time of the
regulation loop and 98.45% current efficiency. An adaptive compensation network
is also employed within the distributed power delivery system to maintain a stable
system response. The proposed system is the first successful silicon demonstration
of a stable fully integrated system of parallel analog LDO regulators.

With hundreds of power domains and thousands of cores, DVS and DVFS within
each core are primary design objectives for efficiently managing a power budget.
In addition, line regulation will become more important when hundreds of power
supplies operate together on a single monolithic substrate. FEfficient design tech-

niques and circuits for adaptive control of power lines are therefore important. A
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digitally controlled current starved pulse width modulator for adaptively changing
the voltage of a power converter is described in Chapter 7. Analytic closed-form
expressions for the operation of a pulse width modulator are provided. The accu-
racy and performance of the proposed pulse width modulator is evaluated with 22
nm CMOS predictive technology models under PVT variations. The proposed pulse
width modulator is appropriate for dynamic voltage scaling systems due to the small
on-chip area and high accuracy under PV'T variations.

A multi-feedback system with parallel connected power supplies delivering current
to a single grid exhibits significant design complexity and degraded stability due to
complex interactions among the power supplies, power distribution network, and
current loads. While the design complexity of these power delivery systems can be
addressed with analog integrated circuit techniques, no straightforward method exists
to evaluate the stability of these multi-feedback systems. A criterion for evaluating
the stability of a distributed power delivery system is therefore needed. A passivity-
based criterion is proposed in Chapter 8 for maintaining a stable power delivery
system composed of multiple regulators. A distributed power delivery system with
parallel connected LDO regulators is evaluated, exhibiting a stable multi-feedback
response if and only if the proposed passivity-based criterion is satisfied. Application

of the proposed stability criterion to automating the power delivery design flow is
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also discussed.

Centralized power delivery systems have recently been used to dynamically man-
age power in heterogeneous high performance multicore systems, requiring a long
feedback path from the individual power domains to a single power management
controller. Additional power is dissipated in centralized power delivery systems due
to unnecessary data transport, the slow response from the long feedback path limits
real-time control over the energy budget, and all of the power management functions
in one or a few locations may not scale. Alternative power management approaches
should therefore be considered to efficiently manage the power budget in real-time
in these distributed power delivery systems. The concept of a power network on-
chip (PNoC) is introduced in Chapter 9 as a systematic methodology for on-chip
power delivery and management that provides enhanced power control and real-time
management of resource sharing. The proposed PNoC utilizes a modular architec-
ture with intelligent distributed on-chip power routers to address the issues of design
complexity and scalability.

Finally, directions for future work are proposed in Chapter 10. Specifically, a
heterogeneous power management architecture is described based on the PNoC sys-
tem, where the energy budget is distributed and locally managed with intelligent

power routers. In addition, prescheduled DVS/DVFS operations are controlled by
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a centralized power management circuit. Algorithms and specialized controllers for
distributed power management should therefore be investigated. Integration of pre-
ventive techniques for power attacks within the PNoC platform is also proposed
to secure the operation of the information and performance in sensitive ICs. The

research presented in this dissertation is concluded in Chapter 11.
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Chapter 2

Power Converter /Regulator
Circuits

Compromises in speed and power are the new semiconductor reality of the 21°°
century, as illustrated in Figure 2.1 describing the lead Intel processors, Bloomfield,
Lynnfield, Sandy Bridge, Ivy Bridge, and Haswell (the codenames for Intel processor
microarchitectures launched between 2007 and 2013) [39]. To support the demand for
decreasing cost per function, novel design concepts of functional diversification, on-
chip integration, parallelism, and dynamic control have recently been adopted, posing
significant circuit and system level challenges on power delivery and management in
modern ICs. To cope with these challenges, traditional power delivery needs to be
revised at the architectural, circuit, device, and material levels. Existing circuit level
techniques to convert and regulate power are reviewed in this chapter in terms of

the advantages, drawbacks, and compatibility, with a focus on on-chip integration of
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Figure 2.1: Speed and power consumption in recent Intel microprocessors [39].

heterogeneous systems.
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One of the basic building blocks of converting and regulating power within a power

delivery system is a DC-DC power converter. Power supplies step voltage signals

either up (boost) or down (buck) and supply the required current to the load, while

regulating the output voltage under PVT, line, and load variations. Historically,

the power efficiency of the conversion process has been the defining characteristic

of a power supply. With increasing on-chip noise and demand on the quality of the

dynamically controlled power, load regulation of the power supply has also become
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critical. With on-chip integration, the physical area of these power supplies is an
additional concern.

Two typical strategies to convert power are to utilize passive storage elements
for energy conversion (switching topologies) or to dissipate the excess energy within
a resistive element (linear topologies). Two switching topologies, switching mode
power supplies (SMPS) and switched-capacitors (SC), are discussed, respectively, in
Sections 2.1 and 2.2. A linear topology is reviewed in Section 2.3. A comparison of
these types of power supplies is provided in Section 2.4, followed by a brief summary

of the chapter in Section 2.5.

2.1 Switching mode power supplies

To convert and regulate voltage under different load conditions, a typical SMPS
transfers power from a voltage source to multiple current loads in two steps. The
energy from the input is stored in an inductor L and capacitor C', and delivered from
these elements to the load in alternating phases. A switching network reconfigures
the LC connections into different phases, as illustrated in Figure 2.2, for a step up
(boost) and step down (buck) converter.

The principle of energy conservation is key to understanding the operation of an

SMPS converter. Assuming lossless SMPS components, the energy supplied from the
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Figure 2.2: An SMPS, (a) boost, and (b) buck converter.

input is equal to the energy delivered to the load. The voltage at the output, noted
as Vour, is, therefore, the average of the input voltage over the switching period T,

yielding

Vin
Ty -
Vour = 77 | Vs(t)dt =
0
D -V;y in buck converter, (2.2)

in boost converter (2.1)

where 0 < D < 1 is the duty cycle of the switching signal. The DC voltage at the
output of a boost (buck) converter Vour is, therefore, higher (lower) than the input
voltage Vin, and increases with the duty cycle D in both of the boost and buck
topologies. Due to the nonideal characteristics of the filter, some of the high fre-
quency harmonics also propagate to the output, generating a voltage ripple AVoyr(t)
at the output and a current ripple Al (¢) in the inductor current. In modern ICs, a
small ripple or linear ripple approzimation (AVoyr(t) < 1%) is typically maintained
[56]. Assuming ideal switch network characteristics and the linear ripple approxima-

tion, the current and voltage ripple in both the boost converter and buck converter
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increases with smaller area and lower switching frequency f; = 1/7Ts of the SMPS,

D
D
AVOUT 0.8 ]_6L—Cyf‘92 (24)

The peak currents of the switching devices increase with higher peak current of the
inductor, increasing the size and cost of the switching converter. Large values of Al
are, therefore, undesirable. The current ripple is typically significantly smaller than
the total current, not exceeding 20% of the maximum load current [56]. The expres-
sions in (2.3) and (2.4) with the design criteria AVppr(t) < 1% and AIL(t) < 20%
impose important constraints on the inductor and capacitor characteristics, limiting
the minimum size of the LC filter and minimum switching frequency of the converter.
SMPS converters have historically been designed with large LC filters to satisfy these
design criteria. The physical size of a power converter is a primary concern for on-
chip integration which limits the effectiveness of large SMPS converters in distributed
on-chip power delivery systems. Alternatively, compact switching converters can po-
tentially be designed to operate at higher switching frequencies. The effectiveness of
these converters is discussed in Chapter 4.

Power efficiency is another important characteristic of a power converter. The
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power efficiency of an SMPS converter is primarily limited by the parasitic impedance
of the inductors, capacitors, and switches, approaching the theoretical limit of 100%
with ideal circuit elements. In a practical switching converter, power losses due to
switching activity and resistive parasitic impedances are unavoidable, limiting typical
SMPS efficiencies to 85% to 95% [57], [58]. The overall power dissipated within an
SMPS is the sum of the switch related power loss Psy/, inductor related power loss
Prnp, and capacitor related power loss Poap. The switching losses increase with the
total parasitic capacitance of the circuit elements and with the switching frequency,
and are proportional to the square of the input voltage. The resistive losses increase
with the total parasitic resistance of the circuit elements and are proportional to the

square of the output and ripple currents, yielding
Psyps = Psw + Pinp + Poap = Y i (Rpara) ID + Y Bi (Cpara) £V, (2.5)

where «a; and f; are power coeflicients for a specific converter, Rpar; and Cpar;
are, respectively, the parasitic resistance and capacitance of the inductors, capaci-
tors, and switches, and I; and V; are, respectively, the current flowing through the
parasitic resistors and the voltage across the parasitic capacitors within the con-
verter. These parasitic impedances are illustrated in Figure 2.3 for a buck converter

with an inductor, capacitor, and two MOSFET switches. In this example, a buck
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Figure 2.3: A buck converter composed of a spiral inductor L, MOS capacitor C,
and MOSFET switches.

converter is comprised of two MOSFET switches with an equivalent series resistance
Rpar1 = Ro and total capacitance Cpar1 = Csw, a spiral inductor L with parasitic
series resistance Rpagr2 = ESR;yp and stray capacitance Cpago = ESCiyp, and a
MOS capacitor C' with a series parasitic resistance Rpar3 = ESRcap. The overall

power dissipated within a buck converter is therefore

1
PBuck = (OQRO —+ OéQESRIND) (IgUT -+ gAIi> + agESRCApAIi

(2.6)
(B1Csw + B2ESCrnp) fsViv-

The effect of the parasitic capacitance Csyy and ESCryp on switching power losses

increases with higher values of f,. Alternatively, the inductor current decreases with
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higher values of f;, lowering the resistive power losses. Note that E'SR;yp also varies
with the switching frequency [59], affecting the resistive losses of an SMPS. The power
efficiency of an SMPS is, therefore, a strong function of the switching frequency fs,
and depends upon the specific converter [24], [41]. An SMPS converter should switch

at a frequency that maximizes the overall power efficiency of the specific converter.

2.2 Switched-capacitor converter

Another type of switching power supply is a switched-capacitor converter, also
referred to as a charge pump (CP) [60]. SC converters utilize capacitors and switches
to step up or step down the input voltage, based on the principles of charge conser-
vation [24], [41]. The power is typically converted in two non-overlaping time phases,
1 and 9. In each phase, capacitors are connected in a different configuration, af-
fecting the distribution of charge across the switched capacitors. The operation of
a simple one stage CP is illustrated in Figure 2.4 [60]. During the first phase of
the period Ts (1 : 0 < t < Tg/2), switches S; and S, are, respectively, closed and
open, and the Vpwy signal is low, charging capacitor C' through the input source
Vin = Vpp and discharging the output node by the load current Ioyr (see Figure
2.4(a)). At the end of ¢y, capacitor C' is charged to Viy, and the output node is

discharged by Iopr - Ts/2. During the second phase (yo : Ts/2 <t < Tg), switches
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Figure 2.4: Single stage switched-capacitor converter, (a) phase 1 (¢1 : 0 <t < Tg/2)
operation, and (b) phase 2 (¢y : Ts/2 <t < Tg) operation.

S; and S, change state and the signal Vpwy switches from low to high, as shown in
Figure 2.4(b)). The charge stored on C' during ¢; is redistributed between capacitor
C and capacitive load C7,, and supplies the load current /oy during phase ;. As a
result, the voltage at the output increases during each subsequent cycle up to a final

asymptotic steady state value [60],

1
Vit =2Vop — AV = 2Vpp — —;lgy (2.7)

where AV is the voltage drop due to charge sharing, and f; = 1/Ts is the switching
frequency of the converter. The capacitor C' behaves as a charge pump in the SC
converter and, for sufficiently high switching frequencies, the output voltage in steady
state is maintained close to 2Vpp [60]. The voltage drop at the output increases with
higher values of Ipyr (see (2.7)), making load regulation difficult in SC converters

with high load currents. To limit the voltage drop at the output of an SC converter,
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a minimum switching frequency f; sy is determined. This voltage drop can be
also reduced by increasing the size of the capacitors, trading the larger physical
size of the SC for improved output voltage regulation. Large power supplies are,
however, ineffective for on-chip integration. To enhance the ability of a SC converter
to regulate the load, feedback circuitry is added at the expense of lower efficiency
of the power conversion process. Alternatively, low current applications that require
a low-to-high voltage conversion, but not necessarily excellent load regulation (such
as wireless monitoring systems, non-volatile memory, and mixed-signal systems [61]—
[64]) are natural applications for switched-capacitor converters.

The power efficiency of a typical switched-capacitor DC-DC converter is primarily
limited by heat losses incurred when transferring charge between the switched capac-
itors Prrans, losses in the power switches Psyy, and dynamic power dissipated in the
parasitic resistance Ppyy. While the theoretical power efficiency of other switching
converters (e.g., SMPS) is 100%, the power loss due to charge transfer Prray is
unavoidable in switched-capacitors, degrading the maximum power efficiency of an

SC converter by [24]

o cc
Prrans = L L

2
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The switching and dynamic components of the total power loss are strongly depen-
dent upon the design of the SC switches and are comparable with switching and
dynamic power losses in other switching converters. Alternatively, power losses due
to the parasitic resistance of the wire Prrang are specific to the switched-capacitor
topology and increase with switching frequency, as described by (2.8). Intuitively,
to increase the power efficiency of an SC converter, the capacitors should switch at
a lower frequency. This solution is however limited by the minimum frequency con-
straint fs > fsarn determined from (2.7) which is related to the voltage drop and
physical size of the converter. To increase the efficiency of an SC converter at over a
range of frequencies dynamically reconfigurable topologies should be considered [65].
The size, load regulation, and power efficiency characteristics are all important de-
sign criteria for integrating on-chip power supplies. Due to the unfavorable tradeoff
among these characteristics in an SC converter, switched-capacitor converters are
not preferred for distributed on-chip integration in modern heterogeneous systems.
An alternative topology that exhibits small area and excellent load regulation is

described in the following section.
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2.3 Linear voltage regulator

Linear regulators convert a source of DC current from one voltage level to a
lower voltage level by dissipating the excess energy as waste heat in the output
device. This output device acts as a variable resistor (varistor) and is controlled
through a feedback loop, maintaining a steady voltage at the output. This concept
is illustrated in Figure 2.5. No passive inductors and capacitors are required, as
shown in Figure 2.5, making linear regulators particularly appealing for on-chip
integration. Due to the low output resistance, linear regulators exhibit fast load
regulation, an important characteristic for on-chip power regulation. Although the
output impedance is low, high power is dissipated in the output varistor at high load

currents, limiting the efficiency of the linear power conversion to the output-to-input

Vv Vin
———>
Control
VDD
Load
v v

Figure 2.5: Linear DC-DC regulator.
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Figure 2.6: LDO regulator with a power transistor controlled in a negative feedback
loop with an error amplifier.

voltage ratio Voyr/Vin. In addition, stepping up the input power is not possible in
linear regulators.

Among these limitations, low power efficiency is the primary drawback of a linear
power converter [24]. To enhance power efficiency, a linear DC-DC regulator is
typically operated as a low-dropout voltage regulator (LDO) with a small difference
between the input and output voltage. A block diagram of an LDO regulator is shown
in Figure 2.6 with a control block and varistor with, respectively, an error amplifier
and a common source connected power transistor. The total power efficiency of an
LDO is a product of the voltage efficiency ¢y and current efficiency ¢; of the linear

regulator,

p=Qv o (2.9)
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The power dissipated within an LDO regulator is composed of dynamic losses in the
output power transistor and static losses in the error amplifier that limit, respectively,

the voltage efficiency ¢y and current efficiency ¢y,

Vour
_ Your 2.10
'A% Vin ( )
Tour
_ _four 2.11
Al — (2.11)

where I is the quiescent current flowing through the error amplifier to ground. Mod-
ern LDO regulators typically achieve excellent current efficiencies, ranging between
98% and 99.99% [?], [66]-[68]. Thus, the voltage drop Viy — Vour across the power
transistor is the primary cause of lower efficiency in a linear power converter. As the
difference between high performance and low power voltage levels decreases [25], the
typical Voyr/Vin ratio increases, enhancing the effectiveness of linear power sup-
plies. While limited power efficiency and the inability to step up the voltage make
linear power converters inappropriate for certain applications, the small size and ex-
cellent load regulation of LDO regulators are particularly appealing for distributed

integration of on-chip power supplies.
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2.4 Comparison of monolithic power supplies

As previously mentioned, the on-chip integration of multiple low voltage power
supplies is a primary concern in high performance ICs. An integrated power system
should deliver high quality power to multiple loads in an energy efficient manner.
The load regulation and power efficiency of individual power supplies within a power
delivery system are particularly important and affect the overall performance of
the power delivery process. The physical size of a power supply is also critical for
integrating multiple power supplies on-chip. The power efficiency, physical size, and
load regulation characteristics are compared in this section for the three classical
power supply topologies.

The operation of both switching mode power supplies and switched-capacitor
converters is based on a two-phase principle. In both topologies, the energy is stored
in passive circuit elements during one phase and restored at the output during the
other phase. The capacitors and inductors both increase the physical area of the
converter, making integration of an on-chip SMPS more problematic. Alternatively,
SC converters are comprised of only capacitive elements, and therefore require less
area, and are more suitable for on-chip integration. The high power efficiency and
good load regulation characteristics of an SMPS converter are, however, significantly

degraded in an SC topology, making switched-capacitor converters inefficient for
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Table 2.1: Comparison of SMPS, SC, and LDO topologies for power conversion.

Power Converter ‘ SMPS ‘ SC ‘ LDO
Step up conversion | Yes Yes No
Power efficiency High Medium Limited to %
Load regulation Good Poor Good
Physical area Large Medium Small
Historical Microprocessors, | EEPROM,
applications DSPs, SRAMS, DRAM, ﬂasb, DRAM
and hard disks and mixed-signal

certain applications.

Linear regulators exhibit small size due to the lack of capacitors and inductors,
and excellent load regulation characteristics due to the small output impedance.
The power efficiency of a linear regulator is limited by the voltage drop across the
output power transistor, making this topology power inefficient when converting large
differences between the input and output voltages. To maintain reasonable efficiency,
low-dropout LDO regulators should be utilized for on-chip integration.

The primary electrical characteristics of SMPS, SC, and low-dropout linear topolo-
gies are summarized in Table 2.1. Switched-capacitor converters are not preferred
for high performance applications due to the limited power efficiency and difficulty
in regulating the output voltage under load variations. The high power efficiency
and good load regulation of SMPS converters have made this topology particularly
effective for power conversion in high power, high performance applications, such as

microprocessors, DSPs, SRAMs, and hard disks [24]. The large physical area and
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difficulty to integrate inductive elements on-chip degrade the effectiveness of SMPS
converters as the need for high quality, distributed on-chip power delivery increases.
Alternatively, small LDO regulators are a natural choice for on-chip integration.
With continuous scaling of the physical feature size and advanced circuit solutions,
thousands of ultra-small LDO regulators can potentially be distributed on-chip, close
to the loads [69]. Nevertheless, novel design solutions are required to enhance the
overall efficiency of LDO based power delivery systems.

To better exploit the electrical characteristics of existing power converters, dif-
ferent topologies have recently been combined into hybrid power supplies [70]-[72].
For example, linear power supplies can be utilized on-chip for local voltage regula-
tion, whereas off-chip or in-package SMPS can mitigate power losses caused by large
voltage drops [70]. In this scheme, the small size and excellent regulation characteris-
tics of an LDO are combined with the high power efficiency of a switching converter,
enhancing both performance and quality. Hybrid topologies not only exhibit promis-
ing qualities for heterogeneous on-chip power delivery, but also pose new research
challenges. The co-design of different power converters, overall system-wide power
efficiency, dynamic control, and scalability of heterogeneous power delivery systems
are topics of growing importance which are discussed throughout this research pro-

posal.
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2.5 Summary

Well known switching and linear power supply topologies are reviewed in this
chapter. Switching mode power supplies, switched-capacitors, and linear regulators
are compared with respect to power efficiency, physical area, and load regulation
characteristics. Based on the electrical and physical characteristics of these convert-
ers, the preferred applications for each topology are discussed. The effectiveness of
SMPS, SC, and LDO regulators as distributed power supplies within a heterogeneous
on-chip power delivery system is reviewed.

A heterogeneous power delivery system should exhibit high power efficiency and
excellent load regulation characteristics. In addition, the integration of multiple
on-chip power supplies poses tight limitations on the size of monolithic converters.
Existing power converter topologies exhibit an undesirable tradeoff among power
efficiency, load regulation, and physical size. To exploit the advantages of certain
power supply topologies, a heterogeneous power delivery system with different in-
tegrated power supplies should be considered. Novel methods to co-design on-chip

power regulators and converters are required.
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Chapter 3

Modeling, Analysis, and
Optimization Techniques for
Power Delivery

As the power delivery system transforms from a lumped system with a few off-chip
converters into a distributed, dynamically controlled system with many thousands
of on-chip electrical components, the design, synthesis, and control objectives of the
power delivery process need to be rethought at the system level. To cope with the
complexity of system-wide power optimization, a scalable platform for efficient power
delivery and management is required that addresses the issues of design complexity
with novel circuit, firmware, methodology, and architectural level solutions. Existing
techniques to model, analyze, and optimize a power delivery system are reviewed
in this chapter in terms of different physical objectives (such as quality of power,

physical area, and power efficiency), and design complexity with a focus on on-chip
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integration of distributed heterogeneous real-time systems.

The generation and distribution of high quality power to the load circuitry are two
primary issues in the power delivery process. The interconnect network distributing
power within a modern microprocessor typically contains many million (to several
billion) nodes. Accuracy and computationally efficiency are critical in the modeling,
analysis, and optimization of these complex power delivery systems. To cope with
the high complexity of modern power delivery systems, iterative analysis and opti-
mization techniques are often utilized to enhance system accuracy. A spiral model
of a power delivery design process with iterative analysis and optimization stages
[73] is illustrated in Figure 3.1. Design variables, constraints, and objectives need to
be determined in advance. Examples of design variables in power delivery systems
are the type, number, and location of the passive and active power supplies. The
objectives of the power delivery process vary from enhancing quality of power and
energy efficiency to lowering on-chip area and computational run time in dynamically
controlled systems. The variables and constraints of the power delivery process are
related to the design objectives through the models, trading off fidelity of the power
delivery process with analysis time. Once the variables, constraints, objectives, and
models are determined, an iterative process of analysis and optimization of a power

delivery system begins, increasing the accuracy and run time with each subsequent
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Figure 3.1: Spiral model of typical iterative power delivery design process.

iteration. Models that exhibit both high accuracy and low computationally complex-
ity are important for designing complex power delivery systems. Existing modeling
approaches for power delivery systems are reviewed in Section 3.1. Design techniques
for analyzing and optimizing the power delivery process are discussed, respectively,

in Sections 3.2 and 3.3. The chapter is summarized in Section 3.4.
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3.1 Modeling power delivery systems

A typical power delivery system is a complex hierarchical structure that generates,
regulates, and distributes power at the PCB, package, and IC levels. The current
from the power supplies is delivered to the load via interconnect networks at the
printed circuit board (PCB), package, and IC, referred to as a power distribution
network, as illustrated in Figure 3.2. With the increase in current consumption
and operational frequencies, the power and ground noise has become significant,
degrading the quality of the distributed power. A typical approach for modeling a
noisy power distribution network is discussed in this section. Existing solutions to
enhance the quality of delivered power are reviewed. A model of the power network
with the proposed solutions is also discussed.

The quality of the distributed power is characterized by the voltage drop AV in
the power network (see Figure 3.2), due to the resistive R and inductive L network

impedances, total load current /(t), and rate of change in the power network current

di(t) /dt,

AV:J@R+L%%. (3.1)

While the total power and ground noise increases with both the ohmic voltage drop

IR, and inductive simultaneous switching noise (SSN) L di/dt, the peak noise is not
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Figure 3.2: Power distribution network of the printed circuit board, package, and
integrated circuit.

necessarily the sum of the greatest individual IR and L di/dt drops. Pessimism in

tolerating the maximum peak noise is avoided when simultaneously analyzing these
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Figure 3.3: Trends for target output impedance of power distribution networks [74].

two types of noise.

Power and ground noise has increased with each technology generation with
higher I(t) and faster di/dt. The target power network impedance (Zigger) con-
tinues to drop for each technology generation [74], adding complexity to designing
the power delivery system, as shown in Figure 3.3. Accurate modeling techniques
are required to satisfy these stringent impedance constraints.

A power delivery system with an off-chip power supply and power distribution
networks at the PCB, package, and IC levels is typically modeled as a series power
and ground plane composed of RL impedances and parallel interplane capacitances,
as illustrated in Figure 3.4. The output impedance of a typical power delivery

system with total resistance Rror and total inductance Lror is Rror + jwlror,
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Figure 3.4: Circuit level representation of a system-wide power network with an
off-chip power supply.

assuming the parasitic interplane capacitances are negligible [24]. The power de-
livery system exhibits resistive behavior at low frequencies w < Rror/Lror, and
inductive behavior at high frequencies w > Rror/Lror, increasing at a constant
rate for w > Rror/Lror and exceeding the target power network impedance at
W > Zyarget/ Lror. The operational frequency of a power delivery system comprised
of off-chip power supplies and a power distributed network is, therefore, limited to
W < Wmaz = Ztarget/ Lror.

To increase the operational frequency range, decoupling capacitors have tradi-
tionally been used at multiple levels of the power distribution network [75], [76]. To
model the behavior of these capacitors over a wide range of frequencies, the decou-
pling capacitance C' is typically connected in series with an effective series resistance
(ESR) and effective series inductance (ESL) [77], as illustrated in Figure 3.5. The
RLC components of the decoupling capacitors form series and parallel connections

with other resistive and inductive components within the power delivery network.
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Figure 3.5: Circuit level representation of a system-wide power distribution network
with off-chip power supply and decoupling capacitors at the board, package, and
circuit levels.

The resonant and antiresonant behavior of, respectively, series and parallel RLC
circuits is important to understand the effects of decoupling capacitors on the power
delivery system [24]. The total impedance of a series RLC' circuit, R+ jwL+1/jwC,
exhibits resonance with a pronounced maximum at the resonant frequency wyes.
Alternatively, the total admittance of a parallel RLC circuit, 1/R + 1/jwL + jwC,
contributes to the antiresonant behavior of the power network impedance with a pro-
nounced minimum at the antiresonant frequency wg,.s. The magnitude of the output
impedance is, therefore, constrained by the resonant and antiresonant behavior of
the decoupling capacitors at the board, package, and circuit levels, as illustrated in
Figure 3.6. To mitigate high frequency power and ground noise, the effective output
impedance of the power network is determined by the least inductive, shortest loop

at a sufficiently high frequency. The maximum power delivery frequency with the
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Figure 3.6: Impedance characteristics of a power delivery system with an off-chip
power supply, and board, package, and integrated circuit level decoupling capacitors.

board, package, and circuit level decoupling capacitors is, therefore, limited by the
impedance between the circuit level decoupling capacitor and the switching circuit,
Wmaz = Ztarget/ (Laie + ESLgie), yielding a wider operational frequency range than
without decoupling capacitors.

The size and parasitic impedance of the decoupling capacitors play an important

role in the design of an efficient hierarchical power delivery system. In modern ICs,
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the decoupling capacitors are sized and placed to satisfy the target impedance over
a broad range of frequencies. To maintain power integrity in high performance ICs,
many tens of thousands of decoupling capacitors are distributed on-chip [78]-[81].
Another approach to mitigate power and ground noise is to regulate the power
closer to the load by integrating active power supplies in the package and/or on-chip.
To integrate a power converter in-package or on-chip, advanced passive components,
packaging technologies, and circuit topologies are essential. In-package and on-chip
power converters have recently been considered with respect to cost, complexity, and
performance [42], [66], [68], [71], [82]-[98]. With these power converters integrated
on-chip, a power supply system with multiple on-chip power converters can be de-
veloped to improve the quality of the power delivered within an IC. Power delivery
systems with tens to hundreds of power supplies integrated at different hierarchical
levels will someday be integrated on-chip for delivering high quality power in high

performance 1Cs.

3.2 Analysis of power delivery system

In a typical hierarchical system, the number of nodes increases exponentially at
lower hierarchical levels, complicating the design and analysis process. Specifically,

in power delivery systems in large scale ICs, power grid analysis at the circuit level is
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highly complicated, and straightforward nodal analysis of equations with more than
many millions or billions of components is computationally infeasible for multiple
power supplies and billions of highly nonlinear loads [99]. The challenge becomes
greater as requirements on the granularity of the power management process in
DVS/DVFS real-time multicore systems increase. Specialized techniques are, there-
fore, applied to provide accurate, computationally efficient power delivery analysis.
While direct solvers (e.g., SPICE) are deterministic and robust, these techniques
require huge storage and computational resources, and are inefficient for real-time
power delivery systems. Alternatively, with numerical techniques that produce itera-
tive methods, a partial solution is determined after each subsequent iteration, finally
converging to a useful result. The special characteristics of practical power grids,
such as spatial locality, smoothness of the voltage differences, and symmetry of the
power grids, are exploited to ensure fast convergence with iterative analysis tech-
niques. Approaches that exploit hierarchy and statistical methods to improve the
computational complexity of the numerical analysis process are reviewed, respec-
tively, in Sections 3.2.1 and 3.2.2. A computationally efficient method to analyze
power grids based on the effective resistance between circuit components is discussed

in Section 3.2.3.
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3.2.1 Hierarchical power grid analysis

Hierarchical partitioning is inspired by the divide-and-conquer approach and is
commonly used to speed up the power grid analysis process [100], [101]. The key
idea behind hierarchical analysis is partitioning a power grid into local sub-grids of
reduced size, generating macromodels for the local partitions, and connecting these
macromodels to a global grid with a specialized interface [100], [101]. The size of
the power grid analysis problem can be significantly decreased by applying hierarchy.
In addition, multiple sub-grids are analyzed in parallel with existing iterative tech-
niques, enhancing the overall speed of the power network analysis process. Changes
within a specific partition affect only the macromodel of the modified partition, en-

hancing the flexibility and scalability of the hierarchical analysis process.

3.2.2 Statistical power grid analysis

Random walk is another approach for computationally efficient power grid anal-
ysis [102]-[105]. In this approach, the power grid is modeled as a weighted graph,
where the impedance between adjacent nodes determines the transition probability
between these nodes. The power supplies and current loads are represented as nodes
within a graph with, respectively, positive (reward) and negative (cost) values. The

magnitude of these positive and negative node values depends upon, respectively,
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Figure 3.7: Power grid with a single power supply and two current loads, (a) circuit
level representation, and (b) weighted graph representation.

the level of the voltage and the current sunk at a node. A power grid with a single
power supply and two current loads is illustrated in Figure 3.7 with the correspond-
ing weighted graph. Based on the weighted graph, a random walk solver is applied to
determine a path from any arbitrary node to a reward node. The value of the original
random node and the voltage at the corresponding circuit node are determined based
on the path to the reward node and the reward value [102], [103]. The average node
values over a sufficiently large number of iterations represent the solution of the power
grid, according to the central limit theorem [106]. The computational efficiency of
random walk-based analysis increases with the number of reward nodes, exhibiting
fast power grid analysis with a sufficiently large number of power supplies. Alterna-
tively, for large grids with few power supplies and real-time power management, this

technique is less preferable due to the long computational run time.
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3.2.3 Effective resistance-based power analysis

Practical power grids in high performance ICs can be treated as locally uniform,
globally non-uniform resistive meshes. IR voltage drop analysis for practical resis-
tive power grids with multiple power supplies and current loads have recently been
proposed in [107], [108], exploiting the principle of spatial locality [109]-[113]. Intu-
itively, most of the current is provided to a node by those power supplies located in
close proximity with that node [112]. The current contribution decreases significantly
with increasing distance between the load and power supply. To illustrate an effective
power supply region, consider a current load connected to a power grid, as exempli-
fied in Figure 3.8. The current from the four power supplies within the first ring and
the twelve power supplies within the second ring exhibits, respectively, 60% and 30%
of the total current supplied to the load, as in Figure 3.8 [107]. Alternatively, each
power supply within the third ring contributes less than 1% of the total current [107].
The size of the power grid partition that effectively supplies power to an individual
node can therefore be significantly smaller for each node, reducing the overall compu-
tational complexity of the power grid analysis process. Distant partitions of a power
grid can be analyzed in parallel, further reducing the computational run time of the
analysis process. An effective resistance-based analysis exhibits high accuracy as

compared with SPICE, and significant computational speedup when compared with
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Figure 3.8: Portion of power supply network with three rings of power supplies and
a single current load.

other iterative and random walk-based techniques [107]. The proposed technique is

a promising approach for accurate, efficient analysis of power delivery systems.

3.3 Optimization of power delivery systems

To mitigate power and ground noise in high performance ICs, the concept of
distributed power delivery and management should be adopted in next generation
power delivery systems, providing local real-time conversion, regulation, and dy-

namic power control. Distributed power delivery requires the co-design of hundreds
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of power converters at the board, package, and circuit levels with many thousands of
decoupling capacitors, and billions of nonlinear current loads within multiple power
domains, significantly increasing the design complexity of existing power delivery
systems. Several techniques have recently been proposed for efficient power delivery,
focusing on optimizing the physical area of the power network [114], [115], and plac-
ing on-chip decoupling capacitors [81], [116], [117], and on-chip power supplies [118].
The effect of the individual components (e.g., decoupling capacitors, on-chip voltage
regulators, and power networks) on noise levels and physical area have been inves-
tigated in these works [81], [114]-[118], and the computationally efficient co-design
of power networks with on-chip decoupling capacitors and power supplies has been
proposed. A recent approach that considers the combined effects of on-chip regula-
tors and decoupling capacitors, optimizing the power delivery process for a variety
of design objectives, is reviewed below.

A facility location optimization algorithm [119]-[121] is exploited in [69] to deter-
mine the optimum location of the on-chip voltage regulators and decoupling capac-
itors, subject to different optimization goals (e.g., minimum voltage drop, physical
area, response time, or power consumption). This algorithm provides a means to

optimize a power delivery system at the circuit level. The optimization function
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F(n,m, k) for a power delivery system with n power supplies, k decoupling capaci-
tors, and m load circuits is proposed in [69] that considers the parasitic impedance
of the power network, output impedance of the power supplies, effective series resis-
tance of the decoupling capacitors, load current characteristics, and response time
requirements. A closed-form expression of the effective resistance Rprpp between
two power grid nodes node; and nodes located, respectively, at (z1,y1) and (x2,y2)
is proposed in [107] and utilized in [69] to analyze individual power grid partitions

under the assumption of spatial locality,

Rprr(nodey, nodes) = 2L [ln ((:cl — 1:2)2 + (y1 — y2)2) + 3.44388} —0.033425, (3.2)

™

where r is the unit resistance within the power grid. The optimum location of
the power supplies and decoupling capacitors is determined from F(n,m, k) based
on specific design objectives, such as the minimum voltage drop, response time,
on-chip area, and/or power consumption, exhibiting a flexible application-specific
power grid analysis process. The proposed optimization of power delivery systems is
demonstrated in [69] with ISPD’11 benchmark circuits [122], where the local voltage
fluctuations within a system is minimized in feasible run time (e.g., less than three
hours).

The efficiency of the overall power delivery system is a significant concern in high
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performance integrated systems, and is primarily determined by the interactions
among different types of power supplies. To address system-wide power efficiency,
the hierarchical structure of the power delivery system and interactions among the
power supplies at different hierarchical levels should be considered. A power effi-
cient methodology to co-design different types of power supplies is discussed in this
proposal in Chapters 4 and 5.

Distributed dynamic power management is an additional concern in DVS/DVFS
real-time multicore systems, and is impractical with existing ad hoc approaches. A
distributed architecture and systematic methodology for scalable heterogeneous on-
chip power delivery are required to provide real-time, efficient control of the quality
of power. A fine grained power management framework comprising a variety of
circuits, algorithms, and architectural level techniques is described in this proposal
to dynamically control the power delivery process, while optimally allocating power
among different power domains at run time. The development of these novel capabil-
ities will fundamentally change the manner in which power is delivered and managed

in complex, high performance heterogeneous systems.
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3.4 Summary

The generation and distribution of power by different types of power supplies and
power networks are two primary issues in the power delivery process. To mitigate
power and ground noise within power distribution networks, multiple active (such as
power converters) and passive (such as decoupling capacitors) sources of charge are
typically integrated at different levels of hierarchy within a power delivery system,
increasing overall design complexity. The number of nodes in a typical power delivery
system may exceed many millions (or billions) of nodes. To cope with this design
complexity while maintaining high quality power in these complex power delivery
systems, accurate and computationally efficient models, and effective analysis and
optimization techniques are required. Existing modeling, analysis, and optimization
techniques for power delivery systems with multiple power supplies and decoupling
capacitors integrated at the board, package, and circuit levels are the subject of this

chapter.
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Chapter 4

Heterogeneous Power Delivery

To supply high quality power with minimum energy losses within multiple on-chip
voltage domains, power conversion and regulation resources should be efficiently man-
aged [41]. The design complexity of a power delivery system increases with greater
requirements on the quality of the power supply, limitations of the passive elements,
board and package parasitic impedances, and limited number of I/O pins. Further-
more, to effectively exploit the power delay tradeoff, additional power management
techniques such as dynamic voltage scaling and dynamic voltage and frequency scal-
ing are employed, further increasing the design complexity of the power delivery
system. Thus, to efficiently manage the power delivered to a modern system-on-
chip, a methodology to distribute and manage the power supplies is required.

Traditionally, power is managed off-chip with energy efficient power converters

(see Figure 4.1(a)), delivering high quality DC voltage and current to the electrical



26

grid that reliably distributes the on-chip power. The supply voltage, current density,

Figure 4.1: Power delivery system with four voltage domains, (a) off-chip, (b) inte-
grated on-chip, and (c) distributed point-of-load power supplies for voltage conversion
and regulation.

and parasitic impedance, however, scale aggressively with each technology genera-
tion, degrading the quality of the power delivered from the off-chip power supplies
to the on-chip load circuitry. The power supply in a package (PSiP) approach with
partially off-chip yet in package power supplies has recently been considered as an
intermediate power supply technology with respect to cost, complexity, and perfor-
mance [42]. The power is regulated on-chip to lower the parasitic impedance of
both the board and package (see Figure 4.1(b)). To fully integrate a power converter
on-chip, advanced passive components, packaging technologies, and circuit topologies
are essential. Recently, several power converters suitable for on-chip integration have
been fabricated [66], [68], [71], [82]-[98]. Based on these power converters, a power
supply system with several on-chip power converters can be developed to improve
the quality of the power delivered within an IC.

On-chip power supply integration is an important cornerstone to the power supply



o7

design process. A single on-chip power converter is however not capable of supplying
sufficient, high quality regulated current to the billions of current loads within the
tens of on-chip voltage domains. To maintain a high quality power supply despite
increasing on-chip parasitic impedances, hundreds of ultra-small power converters
should ultimately be integrated on-chip, close to the loads within the individual
multiple voltage domains [71], [82]-[84]. A distributed point-of-load (POL) power
supply system is illustrated in Figure 4.1(c).

While the quality of the power supply can be efficiently addressed with a dis-
tributed multi-voltage domain system, the limited power efficiency of the on-chip
converters is a primary concern for the POL approach. The high power efficiency of
the off-chip power converters is traded off for small area and locally regulated cur-
rent and voltage. To address the concerns of a POL power supply system, existing
power converter topologies are described and compared in Section 4.1. Heteroge-
neous power delivery is introduced in Section 4.2 to both decrease the noise and
increase the efficiency of the overall supplied power. The chapter is summarized in

Section 4.3.
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4.1 Power converter topologies

Switching and linear DC-DC converters are commonly used topologies for DC-
DC conversion and regulation. Historically, a large switching mode power supply
(SMPS) is preferred over a compact linear power supply due to the high, ideally
100 %, power efficiency of an SMPS. With on-chip power converters, strict area
constraints are imposed on the DC-DC converters, affecting the choice of power
supply topology. Compact switching power converters can potentially be designed
at higher switching frequencies. The parasitic impedance in these converters however
increases, degrading the power efficiency of the power delivery system. The physical
size and power efficiency of switching and linear topologies are discussed, respectively,
in Sections 4.1.1 and 4.1.2. Some conclusions reviewing the preferable choice of on-

chip power supply topology are provided in Section 4.1.3.

4.1.1 Switching converters

A typical switching mode power supply converts an input voltage Viy to an out-
put voltage Vpp, supplying the required current Ipp to the load circuitry. These
converters are operated by a switching signal fed into passive energy storage compo-
nents through a power MOSFET controlled by a pulse width modulator (PWM). A

common step down SMPS converter operating as a buck converter is shown in Figure
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4.2. The stored input energy is restored at the output at the required voltage level,

( i Low Pass Filter
ﬁ# [: ESRynp L A
| PWM \/\/\/\—W VDDa Ipp
1T i
——H F | Tesc.,  com

\ Load
Power “----------1 == ESRCAP
MOSFET
\Y v

Controller Sensor

Figure 4.2: Buck converter circuit.

maintaining high power efficiency up to a frequency f, of a few megahertz [56]. The
operational mode of a buck converter, output voltage, output current, and transient
performance are affected by the output LC filter and controller in the feedback loop,
as illustrated in Figure 4.2. The on-chip integration of SMPS converters is greatly
complicated due to I/O limitations, and constraints related to the physical size of
the passive elements [48]. The area required by the passive components to achieve a
specific impedance is inversely proportional to the frequency, and can be reduced in
on-chip converters by operating at ultra-high switching frequencies. Conversely, an
SMPS operating at a high frequency is more affected by the parasitic impedances,

degrading the power efficiency of the converter. The area of a buck converter is
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dominated by the size of the passive elements and is

L C
ABuck & o + o (4.1)

where Lp and Cq are, respectively, the inductance and capacitance per square mi-
crometer of the LC filter. Voltage regulation is a primary concern for POL power
delivery. In Discontinuous Conduction Mode (DCM) [123], the current ripple v;/pp
within the inductor L exceeds the output current Ipp, and the voltage Vpp at the
output of a converter becomes load dependent, degrading the quality of the delivered
power. To support high load regulation, the buck converter is assumed to be loaded
with an output current Ipp that exceeds the current ripple (v;Ipp < Ipp), yielding
expressions for the inductor and capacitor operating in the Continuous Conduction

Mode (CCM) [85], [124],
_Vin—=Vbp Vop

. , 4.2

2fsvilpp Vin ( )
Yilpp

C=——7"57"—7-, 4.3

8fs7 VoD ( )

where v, Vpp is the voltage ripple at the converter output, and Vpp is the voltage at
the load. To satisfy the tight load regulation specifications, the output voltage ripple

is assumed to range up to 10 % of Vpp (7, = 0.1). Substituting (4.2) and (4.3) into
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(4.4), the area of a buck converter is

(Vin — VDD)VDD> 1 ( 1 )
Apuer ~ + Ipp. 4.4
Buck ( 2LoVin fs Yilpp 8CuvVpp fs TibD (4.4)

At low values of current ripple, the area of a buck converter is dominated by the
inductor and increases with smaller values of v;Ipp. Alternatively, at larger values
of v;Ipp, the area of a buck converter is dominated by the size of the capacitor and
is proportional to the current ripple. An optimum ripple current v; oprIpp therefore
exists that minimizes the area of a buck converter for a target output voltage ripple

Y.Vpp, and input and output voltage levels,

24/ (1 - %’—jj)f—g -Vop = 76G - Vop, 76G - Vop < Ipp (4.5)

Yi,oprIpp =
-[DDa ’YGG . VDD > IDD, (46)

where oG is the output conductance ripple and depends upon the technology pa-
rameters, converted voltages, and regulation specification. The minimum area of the

buck converter is therefore

(
\/Viv (1 - “//?_]?> Lglcg’ veG -Vpp < Ipp (4.7)
1
~ Y, L. Vop 4 (L1 Vop)|
Aoy = 554 [(1-422) & 22 + (£ 4 42| =

{
X (1—VD—D) 22 v¢G - Vpp > Ipp. (4.8)
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Thus, in CCM at low current loads (Ipp < 7¢G - Vpp), the minimum area of a buck
converter is dominated by the inductance characteristics and increases with smaller
values of Ipp. However, for values of Ipp larger than oG - Vpp, the minimum size
of a buck converter does not strongly depend on Ipp. Alternatively, both the power
MOSFET losses and power dissipated in the LC filter are dominant at different
frequencies, conversion voltages, and current levels in CCM. The power dissipated
in the power MOSFET comprises the MOSFET switching power (ox fV7), and the
resistive power (o< RonI% ) dissipated by the effective resistor Roy of the MOSFET,
yielding
12 4 Vbbb

i - fViy + zRon——17} 4.9
pRon(Vin — Vr) ! L NV PP (4.9)

PBuck,MOS’ =

where [,,;, is the minimum channel length, p is the MOSFET carrier mobility, and
Vr is the threshold voltage [125]. From (4.9), increasing the effective resistance of
the MOSFET reduces the switching power dissipation, while increasing the resistive
orT

loss. Thus, an optimum MOSFET resistance Rpy exists that minimizes the power

dissipated in an MOSFET, yielding

3 2. Vi Vin
ROPT — e min - . 410
ON \/4 w(Vin — Vr) / Vop Ipp’ (4.10)
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and

4 2.
PJ%ICJIXMOS = 2[DD\/§m - fsVinVop. (4.11)

The power dissipated in an LC filter [125] comprises the power losses due to the

resistive (ESR;yp) and capacitive (ESCyp) parasitic impedances of the inductor,
4 2 2
Ppuck,iNnp = gESRIND Ipp +ESCinpfs - Vins (4.12)
and the power losses due to the parasitic resistance of the capacitor (ESRcap),

Pguck.cap = ESRoap(vilpp)®. (4.13)

The total power dissipation and power efficiency % of the buck converter

are, respectively,

4
Ppycr = (gESRIND + ESRCAP> I3p+ ESCinp - fs - Viy

(4.14)
+o,/2 bnin fsVinVop - 1
Proq IppV,
OBk = Load DDVDD (4.15)

Proad + Puc  IppVpp + Ppuck
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Typical passive component parameters, represented by [126]-[128] and technology
parameters [25], are assumed to demonstrate power and area tradeoffs and trends
in buck converters. Current load levels from a few milliamperes to several amperes,
and input and output voltages of, respectively, 1 volt and 0.7 volts, are considered.
The physical area [see (4.7)] and power efficiency [see (4.15)] trends are depicted in

Figure 4.3 for moderate (10 MHz), high (100 MHz), and ultra-high (1 GHz) switching

frequencies.
766G Vop L 766G Vpp
. — ok ) v
= z
75 - -5 10°
Ng g 101 Buck (f, = 10 MHz)
¥ g f~a Buck (f, = 100 MH
& €102 TT=—eoooo_ 2 vk .20
108 T e Buck (= 16Hz)
10+
0.04 0.4 4

Figure 4.3: Buck converter (a) physical area, and (b) power efficiency vs. load current
for moderate, high, and ultra-high switching frequencies.

At low current loads, the power losses of a buck converter in CCM are dominated
by the parasitic capacitance of the inductor (ESCjyp), decreasing the power effi-
ciency at lower Ipp and larger converter size (Agyer < 1/Ipp for Ipp < v¢G - Vpp).

Alternatively, at high current loads, the power efficiency is dominated by the parasitic
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resistance of the inductor (ESR;yp) and capacitor (ESRcap), increasing the power
losses of a buck converter at higher values of Ipp. Thus, a buck converter exhibits
a parabolic shaped power efficiency with current in CCM, while the physical size of
the converter is reduced at higher currents. Therefore, by targeting high switching
frequencies, the preferred current load can be determined to convert a voltage with
minimum power losses and area for a specific value of switching frequency f,. For
example, as shown in Figure 4.3, a preferable current exists for f, = 100 MHz and f;
= 1 GHz since the maximum power efficiency is reached at Ipp > v¢G - Vpp, but not
at f, = 10 MHz. The minimum power loss in (4.15) is proportional to \/f, signifi-
cantly degrading the power efficiency at high frequencies. Alternatively, the size of
the power supply converter is proportional to 1/ f,, and decreases at higher frequen-
cies, exhibiting an undesirable tradeoff between the power efficiency and physical
size of a buck converter. The high power efficiency of traditional large power con-
verters operating at low frequencies is therefore traded off for smaller physical size

at ultra-high switching frequencies.
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4.1.2 Linear converters

To supply a specific voltage Vpp and current Ipp to the load circuitry, a linear
power supply converts an input DC voltage V;x using a resistive voltage divider con-
trolled by feedback from the output. The primary drawback of a linear topology is
the resistive power losses that increase with a larger Viy — Vpp voltage drop, which
limit the power efficiency to Vpp/Viy. Alternatively, linear converters exhibit a rela-
tively small area, an important characteristic for on-chip integration. A low dropout
(LDO) DC-DC regulator, depicted in Figure 4.4, is a standard linear converter that
operates with a low V;y — Vpp voltage drop. The total current that flows through

the linear converter is I7y.

Vv
Iy
Reference
generator Power
Error transistor
l amplifier
Vb, Ipp
Load

¢

Figure 4.4: LDO circuit.

The total current supplied by a linear converter comprises the useful LDO current
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Ipp that flows to the load, and the short-circuit I;y — Ipp current dissipated in
the bandgap voltage reference and error amplifier. Power and area efficient voltage
references have recently been reported [66], [68], [87], [88]. The total LDO current
is, therefore, dominated by the error amplifier and power transistor currents. To
mitigate transient voltage peaks while supporting fast changes in the load current,
larger currents should be utilized within the error amplifier, increasing the short-
circuit current. Alternatively, to satisfy the current load requirements in modern
high performance circuits, high currents of up to several amperes are required by the
load circuitry. The current flow within an LDO is therefore dominated by the load
current Ipp. In this case, both the area and power dissipation of a linear converter
are primarily dictated by the size of the output power transistor and the dissipated
power. Thus, the area of an LDO is proportional to the width W of the output
transistor, yielding

Ipp - L
wCox(Vin — Vaup — Vir)?’

ALinear X Wlmm X (416)

where l,,;, is the minimum channel length, u is the MOSFET carrier mobility, Cox
is the gate oxide capacitance, and Va,p is the output from the error amplifier. To
accommodate the effect of the line and load specifications that may significantly affect

the physical size of an LDO, a typical area per 1 mA load [66], [68], [71], [82]-[8§]
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(see Figure 4.5) is considered for those LDOs with a high current load, exhibiting a

parabolic trend of area with minimum technology length (Azinear/Ipp o< I2,;,). The

min

103
‘.-,.0
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Figure 4.5: LDO physical area per 1 mA load.

ratio Arinear/Ipp = 5 x 1075mm?/mA corresponds to the 28 nm technology node
considered in Figure 4.6. Typical 28nm CMOS technology parameters [25], and
input and load voltages are assumed in this analysis to demonstrate the need for a
large power transistor to supply high current to the load (see Figure 4.6). The size of
the linear converter ranges from 60 x 60 pm? for Ipp = 0.5 amperes to 150 x 150 pm?
for Ipp = 3.5 amperes (see Figure 4.6), which can be further reduced with technology
scaling (Apinear < [2,;,) and advanced design solutions [66], [68], [71], [82]-[98]. The

current can therefore be supplied to the load with an LDO that is orders of magnitude
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Figure 4.6: LDO area for typical current loads.

smaller than a corresponding buck converter. The power dissipation of an LDO is

Prinear = (Vin — Vpp) Ipp. (4.17)

Thus, the power loss in a linear converter increases with a higher Viy — Vpp drop,
degrading the power efficiency of the converter. Recent supply voltage trends are
illustrated in Figure 4.7 for the internal core primary voltage V;y, and typical high
and low Vpp levels [25], yielding efficiency bounds within the 70 % to 90 % range
of the Vpp/Vin ratio shown in Figure 4.7. Thus, a moderate LDO power efficiency
OrLinear = Vpp/Vin of at least 70 % can be predicted. Sub/near threshold computing

is a promising technique to reduce the power consumed by an IC [129], [130]. To
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nal core primary (V;y) voltage supplies, and (b) voltage conversion ratios (Vyp/Vin)
and (VLP/‘/IN)-

provide a stable supply voltage at sub/near threshold levels, tunable low noise voltage

regulation below 0.5 volts is required. To provide these output voltages with sufficient

power efficiency, analog LDO regulator should operate with low input voltages (e.g.,

Vin i 0.7 volts to provide Vpp of 0.5 volts with at least 70 % power efficiency). A

conventional analog LDO, however, fails to operate at these low input voltages due

to the insufficient voltage drop across the individual transistors within the current

mirror of the LDO. A digital LDO can be used to suppress the analog nature of a

conventional LDO [131], [132].
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4.1.3 Comparison of power supply topologies

The physical area and power efficiency of an LDO and buck converter is shown

in Figure 4.8. Buck converters that are more power efficient than an alternative

100 10t

e
= z =
75 - s 10 Buck (f, = 10 MHz)

3 S Buck (, = 100 W)
% 50 g 103 [, Buck (f, = 1 GHz)
< 25 = 105
/
0 107
0.04 0.4 4 0.04 0.4 4
Ipp [Amp] Ipp [AMp]
(a) (b)

Figure 4.8: LDO and buck converter (a) physical area, and (b) power efficiency for
moderate, high, and ultra-high switching frequencies.

LDO can operate at lower switching frequencies. These buck converters are, how-
ever, inappropriate for on-chip power conversion due to the large physical size and
technology constraints of the passive elements that make on-chip integration even
more difficult. Alternatively, compact buck converters can operate at high switching
frequencies. These buck converters, however, exhibit a lower power efficiency and are
therefore less effective for on-chip integration. Thus, to deliver high quality power

to the load circuitry under typical area constraints, on-chip linear regulators should
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be considered. The moderate power efficiency of an LDO becomes a significant con-
straint when the power consumption at the load increases. For example, converting
2 volts into 1 volt while delivering 1 pAmp to the current load results in a 50 % power
efficiency and 1V - 1 pA = 1 pWatt power loss that can possibly be absorbed by the
power delivery system. Alternatively, converting 1.25 volts into 1 volt while deliver-
ing 1 mA to the current load results in 80 % power efficiency and a significant 0.25V
- 1mA = 250 pWatt power loss that is difficult to mitigate. Thus, linear regulators
are preferable to switching power supplies, mainly for small input-output voltage dif-
ferences. A heterogeneous power delivery system that efficiently exploits the power
and area characteristics of linear and switching converters is desirable to enhance the

power supply quality and efficiency while satisfying on-chip area constraints.

4.2 Heterogeneous power delivery system

Both linear and switching power regulators are characterized by an undesirable
power-area tradeoff, exhibiting either high power in compact linear regulators or
large area in power efficient SMPS, as depicted in Figure 4.9. Thus, the overhead of a
power delivery system composed of only switching or linear regulators is significant.
Several power delivery solutions exist that exhibit intermediate power losses and

area as compared to either linear or traditional SMPS systems. For example, in
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a PSiP system, lower power losses as compared to a linear system, and smaller
area as compared to a traditional off-chip SMPS system, are traded off for greater
design complexity. A desirable power delivery system minimizes power losses while
satisfying on-chip area constraints, yielding both high power efficiency and small
area, as depicted in Figure 4.9.

To exploit the advantages of switching and linear converters, a heterogeneous
power delivery system is considered that converts the power in off-chip switching
power supplies and regulates the on-chip power with compact linear power supplies,
minimizing LDO voltage drops and on-chip power losses. In a heterogeneous power
delivery system, the area overhead is primarily constrained by the compact LDOs
that regulate the on-chip power, while the power overhead is dictated by the power

efficient switching converters. Power conversion is therefore decoupled from power

Figure 4.9: Power and area overhead of a linear, SMPS, PSiP, and preferred power
conversion system.
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regulation, lowering the power and area overhead of the overall power delivery system.
A heterogeneous power delivery system moderates the drawbacks and exploits the
advantages of the historically power efficient power supplies that both convert and
regulate the power off-chip with more recent trends for area efficient distributed
power supplies that both convert and regulate the power on-chip. Off-chip, on-chip
distributed, and heterogeneous power delivery topologies are illustrated in Figure
4.10.

Consider a heterogeneous power delivery system with L on-chip LDOs and S
off-chip SMPSs that deliver power to N voltage domains {(Vg}), IS)D)}Z»]L with an
operating voltage Vg}, and current IS)D. To supply the required voltages, Vg}, #
V[(,]}, Vi # j, the number of on-chip power supplies L should be equal to or greater

than the number of voltage domains N < L. Alternatively, each SMPS drives one or

more LDOs, yielding the relation, S < L. The effect of the number of on-chip power

Power converter SV
Power regulator = #

A

Figure 4.10: Power delivery system with four voltage domains, utilizing (a) off-chip
power supplies, (b) distributed POL power supplies, and (c) a heterogeneous system
with off-chip converters and on-chip regulators.
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regulators, off-chip power converters, and distribution of the on-chip power supplies
in a heterogeneous power delivery system is described, respectively, in Sections 4.2.1,

4.2.2, and 4.2.3.

4.2.1 Number of on-chip power regulators

The area of an LDO is proportional to the current load [see (4.16)], and the power
efficiency is primarily dictated by the current load and voltage drop Vp,,, across the
power transistor within the LDO [see (4.17)]. Thus, a single LDO that provides a
specific current and voltage to a load consumes approximately the same area and
dissipates similar power as numerous LDOs providing the same total current and
voltage to a load. Consider [, on-chip distributed LDOs to maintain a regulated
voltage Vpp and load current Ipp within a specific voltage domain (Vpp, Ipp). Let
I; (i=1,...,l;) be alocal current load supplied by a single LDO within the domain,
such that > I; = Ipp. The LDO area A; is assumed here to be linearly proportional
to the supply current I; within a specific current range [see (4.16)], 4; = « - I,.
The [, LDOs form a distributed on-chip power regulation system with a total size,
A=> A;=a-> I; = «a-Ipp. Thus, the total area of the distributed regulation
system does not strongly depend on /i, the number of LDOs. To maximize the power

efficiency of a system, all of the LDOs operate at the minimum voltage drop Vp,op,
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exhibiting a total power loss Vprop - Y. Ii = Vpyop - Ipp which is independent of [j.
Alternatively, the distance between an LDO and a current load is reduced at higher
values of [, decreasing the on-chip voltage drops and increasing the quality of the

supplied power.

4.2.2 Number of off-chip power converters

Intuitively, the number of off-chip voltage levels increases with the larger number
of off-chip converters, increasing the granularity of the voltage levels supplied to
the on-chip regulators and lowering the voltage drop across the hundreds of ultra-
small regulators distributed on-chip. To minimize the voltage drop across an on-chip
linear regulator, each off-chip SMPS converter should drive a single on-chip LDO.
In practice, however, the number of power converters that can be placed off-chip is
limited. Thus, each off-chip SMPS supplies power to several on-chip LDOs within an
SMPS cluster. As a result, the voltage drop across the on-chip regulators is greater,
degrading the overall power efficiency of the system. The upper and lower bounds
of the power efficiency of a heterogeneous system for a specific number of SMPS are
described in this section.

Given N power domains {(V[()%, ]g)D) N | sorted by the supply voltages Vl()% <

. k=N
V]gjl)) Vi < j, and I}, power supplies in the k* power domain, L = > I linear power
k=1
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supplies should be distributed on-chip to deliver high quality power to the load
circuitry. To explore the area-power efficiency tradeoff in a heterogeneous power
delivery system, a single linear regulator is assumed capable of providing sufficient
high quality current within a power domain, yielding /[, = 1 Vk and L = N. The
voltage supplied by an LDO to a power domain cannot be stepped up by an LDO.
The output voltage of each SMPS is therefore higher than the voltage within the
individual power domains, increasing the voltage drop across the LDOs within an
SMPS cluster, degrading power efficiency.

An expression for determining the optimal LDO clustering within the SMPS
clusters is presented below. Consider a system with S off-chip or in-package SMPS
converters and L on-chip LDOs, delivering power to L power domains with /N differ-
ent supply voltages {(V[(,%, I g)D) N . Intuitively, LDOs that regulate power domains
with similar supply voltages should be assigned to the same voltage cluster. Thus, to
explore the power efficiency of a heterogeneous power delivery system, L = N > §
is assumed. The " SMPS supplies power to I; LDOs (XI; = L = N), forming the i

voltage cluster. The proposed heterogeneous system is illustrated in Figure 4.11 with

off-chip converters. Note that the SMPS, LDO, and supply voltages are assumed to
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Figure 4.11: Heterogeneous power delivery system with S off-chip switching convert-
ers, L = N = Yl; on-chip linear regulators, and N on-chip power domains.

be ordered such that

ngj\)/IPS < ngg\glPS if {i < j}, (4.18)
LDO LDO g} or {i =j,m <n},
Vi <Vih o if{i <} (4.20)

where Vs% pg is the output voltage of the SMPS in the i cluster, VL(%%) is the output
voltage of the m' LDO in the i** cluster, and ngg is the voltage supplied to the j*
power domain.

To increase the power efficiency of a heterogeneous power delivery system, the
voltage drops across the distributed on-chip LDOs should be reduced. The gran-

ularity of the converted voltage levels supplied on-chip increases with additional
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off-chip SMPS converters, reducing the power losses within the on-chip LDOs. At
the limit, S = L = N switching power converters are placed off-chip, providing volt-
ages {Vs(j\zps}z’]\il at the I/O power pins. In the configuration with S = L = N, the

on-chip LDOs operate with a minimum output voltage drop Vp,p, yielding
ngj\)/IPS = VD(Z%) + VDrop; Z = 1, ceey N, (421)

where Vp,,, is the voltage dropout of the output transistor within the LDO. Assuming
ideal power efficiency of the off-chip SMPS, the power efficiency of a system with the
maximum number of SMPS converters (S = L) is

N N

> VobIpp > Vinlop

PS=L=N = =<5 ‘ == . —. (4.22)
Z Vé?\bps]é%zas Z (VL()% + VDmp) Il(;)D

i=1 =1

In this case, the power efficiency is only limited by the dropout voltage of the tran-
sistor, and exhibits a high power efficiency for low Vp,,, devices.

Area and I/O power pin constraints exist, however, that limit the number of off-
chip power supplies, degrading the overall power efficiency. Let S be the maximum
number of off-chip switching power converters in a heterogeneous power delivery

system. To minimize the voltage drop across the on-chip LDOs for the worst case
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power efficiency scenario where S = 1, the off-chip SMPS produces a voltage VS(JI\; P

that is higher than the maximum domain voltage by one dropout voltage Vp,op,

VS('MPS = Inax {ng)j} + VDrop; (423)

1<i<N

exhibiting a power efficiency,

N @ 1) N (4) 7(9)
s Z Voolpp Z Voolpp
DSt LN = Load _ i=1 — =1 (4 24)
S=1,L=N Py V(l) 1—(1) (i) (3) . |
SMPS*SMPS lglf%}]{v {VDD + VDrap} y ]DD

—_

1=

In a system with a single off-chip SMPS, the power loss within each domain,
in addition to the Vp,,, drop, is determined by the difference between the domain
voltage and maximum voltage in the system. Those power domains with lower
voltages exhibit greater power losses, significantly degrading the power efficiency of
a heterogeneous system. The upper and lower bounds of the power efficiency of a
heterogeneous system for a specific number of switching power converters are given,
respectively, by (4.24) and (4.22), yielding
Vi

<p< = . (4.25)
max {V[()lz) + VDTop} IS)D (VD(Z%) + VDrop) IS)D

I<isN i=1 i=1

M=

N . .
S VM)
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Thus, the power efficiency of a heterogeneous system is a strong function of the

number of off-chip power converters.

4.2.3 Power supply clusters

In a practical heterogeneous power delivery system, the number of SMPS convert-
ers is smaller than the number of on-chip LDO regulators (S < L). Several options
therefore exist to include the on-chip LDOs within SMPS clusters, affecting the power
efficiency of the overall power delivery system. To illustrate the effect of the clustering
topology on the power efficiency of a power delivery system, a heterogeneous system is
considered with two switching converters and three linear regulators, supplying equal
current Ipp to three power domains {V,%} = {1.8volts, 1.1 volts, 1.0 volt}. Assume
Virop = 0.1 volts. The power supply clusterings K7 = {1,2} and Ky = {2,1} for the
heterogeneous system with S = 2 and L = N = 3 are shown in Figure 4.12. The
voltage at the output of the switching converters is determined from (4.27), yielding
a power efficiency, p(K1) = Prosa/Prnv = 91% and o(Ks) = Preea/Pinv = 80 %.
Determining the optimal clustering of the on-chip power supplies is a primary chal-

lenge in a heterogeneous power efficient system.
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Figure 4.12: Power supply clusterings for a heterogeneous power delivery system
with S =2 and L = N =3, (a) K7 = {1,2}, and (b) K, = {2,1}.

The power efficiency of a general heterogeneous power delivery system, as illus-

trated in Figure 4.11, is

N . .
S VM)

Sy s e
; (VSMPS ' Z_l ILbo)

Y= (4.26)

The voltage supplied by an LDO to a power domain cannot be stepped up. The
output voltage of each SMPS is therefore higher than the output voltage of the LDOs
within an SMPS cluster, yielding VS% ps = VL(BZ), V1l <m < ;. Alternatively, the
power efficiency of a power delivery system increases with smaller LDO dropout

voltages (Véﬁ\)ﬂgs - VL%"OL), V1 <m </;). Thus, to minimize the power loss within
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the i SMPS cluster, the output voltage of an SMPS is
Vi o= max Vi 4 v (4.27)
SMPS 1<m<l; LDO TOp )

The preferred SMPS output voltage in (4.27) with power efficiency ¢ described by

(4.26) yields the optimum power efficiency for a specific choice of clusters,

N ) .
S VM)

(4.28)

1<m<l;

Y= S . l; . ’
Z:l < max VL(gg) + mep) 21 I gbnz))

For each SMPS converter, the voltage drop across the driven LDOs increases with
a wider range of voltages included within that SMPS cluster, increasing the overall
power dissipation. Intuitively, for any power supply clustering, adding a power do-
main with a specific voltage within a SMPS cluster that includes a similar voltage
range results in a lower voltage drop and power loss than including the same power
domain in a SMPS cluster with a significantly different range of voltages. Thus, the
choice of power clustering directly affects the efficiency of the power delivery system.
To minimize power losses in a heterogeneous power delivery system, a power distri-
bution network with a higher ¢ is preferred. The optimal solution with minimum

power losses can be obtained by comparing the power efficiency ¢ [see (5.2)] for all
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possible clusters {K;}, and choosing the configuration with the maximum efficiency

POPT

N

B Vi ish

T 1=
= = 4.29
@ I{nlgf{so} max Q5 . o (4.29)
max Vypo + Vorep | 22 I1po
i—1 \1<m<l; m=1

The power efficiency of a heterogeneous system is also a strong function of the cur-
rent distribution, which is not necessarily equally distributed to the individual power
domains. Optimizing the power efficiency of a heterogeneous system based on the
current distribution within the power domains requires additional assumptions re-
garding the behavior and specifications of the currents. The purpose here is to
provide a framework for an efficient system-wide power delivery methodology and

specific rules for delivering power.

4.3 Summary

On-chip power integration is necessary for delivering high quality power to mod-
ern high performance circuits. With on-chip power supplies, new design challenges
have arisen that require advanced circuit design solutions. A power delivery topol-

ogy is therefore required that minimizes power conversion and regulation losses while
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satisfying specific design constraints. The tradeoff between power efficiency and area
for switching and linear power supplies is discussed in this chapter. To convert power
with minimum power losses while avoiding area consuming on-chip passive compo-
nents, power efficient SMPS should be placed off-chip. In addition, area efficient
LDOs should be employed on-chip to regulate and deliver the converted power to
the load circuitry, reducing power losses from the low voltages dropped across the
LDOs. Thus, to maintain high quality on-chip power delivery, the power conversion
and regulation operations should be separated. Based on this separation princi-
ple of power conversion and regulation, a system-wide efficient heterogeneous power

delivery system is proposed.
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Chapter 5

Energy Efficient Adaptive
Clustering of Power Supplies in
Heterogeneous Dynamically
Controlled Systems

The delivery of high quality power to the on-chip circuitry with minimum energy
loss is a fundamental requirement of all integrated circuits. A principle of separation
of power conversion and regulation has recently been introduced [70] that addresses
the issue of power efficiency in distributed power supply systems. To optimize the
power efficiency of the overall system, power should be primarily converted with
a few power efficient switching supplies, delivered to on-chip voltage clusters, and
regulated with linear low dropout regulators within the individual power domains.

The separation principle with multiple voltage clusters is illustrated in Figure 5.1
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Figure 5.1: Heterogeneous power delivery with multiple power domains.

by a heterogeneous power delivery system with multiple power domains, off-chip/in-
package/on-chip SMPS power converters, and on-chip LDO power regulators.
Several schemes for heterogeneous power delivery [69], [72], [82], [118], [133] that

consider tens to hundreds of on-chip power regulators have recently been proposed.
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Optimizing the power delivery process in terms of the co-design of the on-chip volt-
age regulators, decoupling capacitors, and current loads have been proposed in [69],
[72], [82], [118], [133]. The co-design of hundreds to thousands of on-chip regulators
with multiple switching converters is a new design objective. In energy efficient sys-
tems, the voltage and current are dynamically scaled within the individual power
domains, affecting the voltage drop across the LDO regulators and the overall ef-
ficiency of the power delivery system. Optimal real-time clustering of the power
supplies decreases the voltage drop within the LDO regulators, increasing overall
power efficiency. Exhaustive approaches for clustering power supplies are computa-
tionally impractical in DVS systems with hundreds to thousands of power domains.
Other existing approaches for on-chip power delivery are ad hoc in nature and not
optimal. A computationally efficient methodology to co-design in run time switching
converters and on-chip LDO regulators within a heterogeneous system is proposed
in this chapter, achieving high quality power and efficiency within limited on-chip
area. The power savings with the proposed approach are evaluated with IBM power
grid benchmarks, demonstrating up to 24% increase in power efficiency with the pro-
posed voltage clusters [134], [135]. Significant speedup is exhibited with the proposed
recursive clustering algorithm, exhibiting polynomial computational complexity.

The rest of the chapter is organized as follows. The effects of the number of power
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supplies, on-chip power supply voltages, and clustering topology on the power effi-
ciency of a dynamically controlled heterogeneous power delivery systems is described
in Section 5.1. Computationally efficient algorithms for optimal and near-optimal
clusters of power supplies are demonstrated in Section 5.2. Separation of power
conversion and regulations in benchmark circuits is evaluated in Section 9.2. The

chapter is concluded in Section 5.4.

5.1 Dynamic control in heterogeneous power de-

livery systems

DVS is a primary objective for efficiently managing the power budget in hundred-
and thousand-core ICs, further increasing the design complexity of the power delivery
system. As the voltage supplied by an LDO to a power domain changes, the volt-
age dropout within the LDO varies. As a result, the power saved during low power
operation is dissipated within the regulators. Varying the load currents affects the
efficiency of the power supplies in a similar way. Thus, in a system with fixed power
supply clusters, the energy efficiency of the power delivery system is not optimal. To
avoid excessive dissipation of power, SMPS clusters should be dynamically reconfig-

ured in every time slot At based on the temporarily required voltage and current
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power domains.

levels within the individual power domains. A heterogeneous system for real-time

power management in modern high performance integrated circuits is illustrated in

Figure 5.2.

The optimal power supply clusters need to be determined during each control

time slot, decreasing the voltage dropout within the regulators and increasing the

overall energy efficiency within shorter time slots. Alternatively, the duration of the

control time slot At is inversely proportional to the power dissipated by a MOSFET
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switch in the " power domain,

PO = Fow - tave - Vogs - 190, (5.1)

where f5, = 1/At is the system switching frequency, ., is the MOSFET average
on/off time, Viss is the switch off voltage, and 1% LDO +1 é DO) QF ISDWCL)) Power losses
of the proposed system, therefore, increase with higher switching frequencies, and
are considered here to determine the preferred duration of the control time slot
At = 1/fq. In a power efficient system, power switching losses should not exceed

the power savings due to dynamic control over the power delivery process. The

optimal power efficiency in (4.26) with switching power losses is

> VLIS
.o 52
<VSMPS + fsw . tave : VOff) Z ISDWLO

M=

=1

Both analog and digitally controlled LDO regulators with voltage drops as low as
0.15 volts down to 0.05 volts have recently been reported [67], [136]-[138], yielding
Vibrep = Voyss. Thus, for a sufficiently long control time slot At = 1/ fg, >> tape, the
power dissipated within the switches is significantly lower than the power dissipated

within the LDO and can therefore be neglected. Modern MOSFET switches are
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capable of switching within tens of nanoseconds [139], exhibiting a practical target
for the At >> t,,. requirement in dynamically controlled heterogeneous systems.
Alternatively, a real-time power delivery management system poses a significant
computational challenge. Thus, a computationally efficient method to co-design the

on-chip power supplies in modern high performance circuits is required.

5.2 Computationally efficient power supply clus-

tering

The optimal clustering topology with minimum power losses can be obtained by
exhaustively comparing the power efficiency ¢ (see (5.2)) for all possible clusterings,
and choosing the configuration with the maximum efficiency. The number of possi-
ble clusterings, however, grows exponentially with S, producing a computationally
infeasible solution. To efficiently determine the preferable power supply clusters, an
alternative computationally efficient solution is required. Binary and linear near-
optimal power supply clusterings with, respectively, O(S) and O(N) are described
in Section 5.2.1. An optimal power supply clustering with dynamic programming

with O(N? - S) is described in Section 5.2.2.
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5.2.1 Near-optimal power supply clustering

Intuitively, to reduce the voltage drop across the on-chip LDOs, LDOs that regu-
late the voltage domains with a small difference in voltage levels should be assembled
into a voltage cluster driven by the same SMPS, minimizing the voltage range within
each cluster. A binary power supply clustering, based on a greedy algorithm, identi-
fies in each step the voltage cluster with the widest voltage range and distributes the
LDOs into two separate clusters. Pseudo-code of the algorithm is provided in Algo-
rithm 5.1. The algorithm produces a set of S SMPS voltage clusters List_of_Clusters
with a binary clustering of power supplies. The third step is executed S times, yield-
ing an algorithm that exhibits linear complexity O(S) with the number of switching
converters. The primary weakness of the binary power supply clustering is the greedy
nature of the algorithm. The number of voltage clusters S is only considered when
the algorithm is terminated, reducing the power efficiency of the overall power de-
livery system. Consider a heterogeneous power delivery system with three switching
converters and four LDO regulators that supply power to four voltage domains.
The voltage and current levels within the voltage domains are (1volt, 1ampere),
(1.49volts, 1ampere), (1.51volts, 1ampere), and (2volts, 1ampere). The optimal
and binary power supply clusterings, SMPS output voltages, and power efficiency

are listed in Table 5.1, exhibiting, respectively, 93% and 87% power efficiency for
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Algorithm 5.1 Algorithm for binary power supply clustering.

1: procedure BINARY,CLUSTERING({V[(,% |li=1...N })

2. List.of Clusters < {};

3+ Neat_Cluster < {V[()% |2':1...N};

4:  (Low_Cluster, High_Cluster) <— DISTRIBUTE_A_CLUSTER(Next_Cluster);
5. List_of Clusters < {List_of Clusters, Low_Cluster, High_Cluster};

6:  if (number of clusters in List_of Clusters < S) then

7

8

9

for all (Cluster’s in List_of Clusters) do
Find Cluster such that (max {Cluster} — min {Cluster}) is maximal;

end for
10: Next_Cluster < Cluster;
11: Return to line 4;
12:  end if

13:  return List_of _Clusters;
14: end procedure

15: procedure DISTRIBUTE_A_CLUSTER(Next_Cluster)
16:  Virean < /2 (min {Next_Cluster} + max {Next_Cluster});

17. Low_Cluster <« {V[()% € Next_Cluster | V[()% < VMCan};

18:  High_Cluster < {Vé% € Next_Cluster | VL()% > VMe(m};

19:  return (Low_Cluster, High_Cluster);
20: end procedure
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Table 5.1: Power supply clustering for a heterogeneous power delivery system with
S =3 L=N =4, Vpy, = 0.1volts and voltage domains (1volt, 1ampere),
(1.49volts, 1 ampere), (1.51 volts, 1 ampere), and (2 volts, 1 ampere).

Clustering || Power supply clustering | SMPS voltages [V] Power efficiency
Type K = {l, o, I3} {VS(ZALPS li=1,2, 3} (%]
Binary {2,1,1} {1.59,1.61,2.10} &7
Optimal {1,2,1} {1.10,1.61,2.10} 93

Vbrep = 0.1 volts.

Alternatively, a linear power supply clustering produces a topology by linearly
distributing the LDOs within S voltage clusters, as described by the algorithm rep-
resented by the pseudo-code provided in Algorithm 5.2. If less than S SMPS voltage
clusters are produced within steps 1 through 3 in the linear power supply clustering
algorithm, the linearly generated clusters are distributed into additional clusters us-
ing a binary algorithm. This algorithm produces a set of S SMPS voltage clusters
List_of _Clusters with a linear power supply clustering. In the worst case, the third
and fourth steps are executed, respectively, N and S times, yielding an algorithm
complexity that is linear with the number of voltage domains, O(NV).

To compare the power efficiency of the near-optimal and optimal power delivery

networks, a heterogeneous power delivery system with a small number of voltage
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Algorithm 5.2 Algorithm for linear power supply clustering.

1: procedure LINEAR_CLUSTERING (sorted supply voltages {Vg}, li=1... N})

2:
3:

10:
11:
12:
13:
14:
15:
16:
17:

List_of Clusters < {};
Cluster _Range <+ (maX {Vg)D |i=1...N}—min {V/é% [i=1... N}> /5;

for each (VDD € {Vlg% | i = 1...N}> do

k KVDD — min {V[()% li=1... N}) /Cluster,RangeJ +1;
Add Vpp to the k' cluster in List_of_Clusters;
end for
if (number of clusters in List_of _Clusters < S) then
for all (Cluster’s in List of Clusters) do
Find Cluster such that (max {Cluster} — min {Cluster}) is maximal;
end for
Next _Cluster < Cluster;
(Low_Cluster, High_Cluster) <— DISTRIBUTE_A_CLUSTER(Next_Cluster);
List_of Clusters < {List_of Clusters, Low_Cluster, High_Cluster};
Return to line §;
end if
return List of _Clusters;

18: end procedure
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domains is considered initially due to the computational complexity of the exhaus-
tive optimal algorithm. The exhaustive algorithm determines the most power effi-
cient clustering by comparing the power efficiency of all possible clusterings. The
efficiency of the optimal power network produced by the exhaustive algorithm is
compared here to the power efficiency of the near-optimal clustering algorithms. To
estimate the power efficiency of the optimal power supply clusters, a heterogeneous
power delivery system Sy with ten voltage domains (N = 10) and ten on-chip lin-
ear regulators (L = 10) is considered. The maximum number of off-chip switching
converters is evaluated for one to ten converters (1 < S < 10). A voltage threshold
of Vprep = 0.1volts, and domain voltages and currents of, respectively, 0.5 volts to
2volts and 0.5 amperes to 3.5 amperes, are considered. Simulation results are sam-
pled for 100 iterations. The power efficiency of a heterogeneous power delivery system
with the power supply clusters, determined by an exhaustive analysis, is presented
in Figure 5.3(a). A power efficiency above 80% is demonstrated for S > 2, and a
maximum 93% power efficiency is achieved for S = N. Thus, the power efficiency of
a heterogeneous power delivery system with an optimal power clustering exhibits a
reasonable power efficiency of 80%, using only two off-chip switching converters. The
efficiency increases rapidly with additional off-chip converters. Based on the Monte

Carlo integration technique [140], the average error in the efficiency is bounded by
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Figure 5.3: Heterogeneous power delivery system (a) standard deviation, and (b)
average efficiency using an exhaustive power supply clustering algorithm.

o/ VM, where o) is the standard deviation of a power efficiency sample and M
is the number of samples. The standard deviation of the power efficiency is shown
in Figure 5.3(b) for 2 < S < 9. Values of o), range from 3.7 for S = 2 to 0.9 for
S =9, bounding the power efficiency error for M = 100 by, respectively, 0.37% to
0.09%. Power supply clustering for S = 1 and S = N is explicit, yielding no error
in the power efficiency. To evaluate the power efficiency of the near-optimal power
supply clustering topologies described in Section IV, algorithms for binary and linear
power supply clusterings have also been evaluated in Matlab. The same heteroge-
neous system Sy is considered for both linear and binary distributed power supplies.
For a heterogeneous system with a single off-chip SMPS converter (S = 1) or max-

imum number of off-chip SMPS converters (S = L), the linear, binary, and optimal
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clustering of the on-chip LDO regulators is identical. For S = 1, all of the LDOs
are driven by a single SMPS converter, while for S = L, each LDO is driven by a
different SMPS converter. Thus, the power efficiency of a heterogeneous system with
S =1or S = L is optimal with either a linear or binary power supply clustering.
Alternatively, for S < L, a linear and binary clustering of the power supplies may
differ from the exhaustive optimal solution, exhibiting a lower than optimal power
efficiency. Due to the uniform nature of the linear approach, a linear clustering of
the on-chip LDO regulators within the off-chip SMPS converters exhibits near op-
timal efficiency for power delivery systems with near uniformly distributed domain
voltages. Alternatively, for a power delivery system with domain voltages that ex-
hibit significant deviation from a uniform distribution, the power efficiency with the
binary power supply clustering may be higher than with the linear clustering. This
behavior is due to the greedy nature of the binary approach that iteratively identi-
fies the on-chip power supply cluster with the lowest power efficiency and splits the
cluster, increasing the overall efficiency of the system. To demonstrate the power
efficiency of the binary and linear clusterings, the reduction in efficiency with both
the binary and linear power supply clustering is simulated for two different power
profiles, exhibiting a maximum 4% drop in power efficiency. The optimal solution

with zero reduction in power efficiency is demonstrated for both power profiles in
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Figure 5.4 for S = 1 and S = L. In the first power profile, the voltage levels are
assumed to be randomly distributed between 0.5 volts and 2 volts, yielding an aver-
age power efficiency generated from over 100 iterations, as depicted in Figure 5.4(a).
In this case, for 1 < S < L, the exhaustive optimal solution produces a power sup-
ply that is uniformly distributed, while the linear power supply clustering yields a
higher power efficiency. In the second power profile, the voltage levels are assumed
to be normally distributed within each of the [0.5, 1.5), [1.5, 1.8), and [1.8, 2] ranges,
prioritizing the mean value of the groups. Due to the non-uniform clustered na-
ture of the voltage domain profile, for a heterogeneous system with three off-chip
SMPS converters, intuitively, the on-chip LDO regulators should be non-uniformly
distributed into three clusters covering the ranges [0.5, 1.5), [1.5, 1.8), and [1.8, 2].
In this case, a system with uniformly distributed clusters with voltage ranges [0.5,
1), [1, 1.5), [1.5, 2) is less power efficient. This heterogeneous system is therefore
more suitable for a binary power supply clustering rather than a linear power sup-
ply clustering. The average power efficiency for the second power profile, generated
from over 100 iterations, is depicted in Figure 5.4(b). In this case, specifically for
S = 3, the optimal solution produces three non-uniform SMPS clusters, covering the
three ranges, [0.5, 1.5), [1.5, 1.8), and [1.8, 2]. The binary power supply cluster-

ing with S = 3 also produces three SMPS clusters with voltage ranges, [0.5, 1.25),
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[1.25, 1.625), and [1.625, 2], exhibiting a higher power efficiency than the efficiency
produced by a linear power supply clustering. Based on a Monte Carlo integration
technique, the error in estimating the drop in power efficiency, illustrated in Figure
5.4, is smaller than 0.63% for all values of S. Due to the greedy nature of the binary
power supply clustering, the binary algorithm is better for those voltage domain lev-
els grouped near specific voltage levels. Alternatively, the number of SMPS clusters
S is only considered at the termination of the binary algorithm, potentially reducing
the effectiveness of the binary clustering algorithm in those systems with uniformly
distributed voltage domains. As expected, for most values of S and power supply
specifications, the drop in power efficiency for the linear power supply clustering al-
gorithm is lower than with the binary approach. However, the second power profile
that forms three non-uniform voltage groups is better addressed by the binary power
supply clustering algorithm, producing a more efficient heterogeneous power delivery
system for S = 3. Thus, a heterogeneous power delivery system with a higher power
efficiency is usually produced with a linear power supply clustering. However, for
certain power profiles, a binary power supply clustering is preferable. To increase
the power efficiency of a heterogeneous power delivery system, a combined hybrid

approach should be employed. The power efficiency should be evaluated with both
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Figure 5.4: Decrease in linear and binary power efficiency from the optimal power

efficiency for (a) randomly distributed voltage levels, and (b) voltage levels grouped
within three voltage ranges.

the binary and linear algorithms, and the configuration with the higher power effi-
ciency should be employed. Analyzing the results depicted in Figure 5.4 based on
this combined hybrid approach, the drop in power efficiency from the optimal solu-
tion is reduced to 1.5%, yielding a computationally efficient, O(S + N) complexity,

near-optimal, and high fidelity power supply clustering.
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5.2.2 Power supply clustering with dynamic programming

Determining the optimal clusters of the on-chip power supplies is an important
challenge in a heterogeneous power efficient system. An optimal power supply clus-
tering algorithm with O(N? - S) is described in this section. A recursive analytic ex-
pression is provided for power supply clustering with L LDO regulators and S SMPS
in smaller power delivery systems (I < L LDO regulators and s = S — 1 SMPS).
Power supply clusters are determined recursively with dynamic programming. Re-
cursive power supply clustering, similar to exhaustive power supply clustering, yields
the optimal set of power supply clusters.

The key idea behind the proposed algorithm is determining the number of volt-
age regulators within a high voltage SMPS cluster in O(N). Once the number
of LDO regulators in a high voltage SMPS cluster is determined, the problem
of power supply clustering is reformulated for the remaining LDO regulators and
a smaller number of SMPS clusters. To exemplify the proposed solution, con-
sider a heterogeneous system with three switching converters (S = 3) and five lin-
ear regulators (L = 5), supplying equal current Ipp to five power domains (N = 5)
{Vgg} = {3.3 volts, 2.6 volts, 1.8 volts, 1.6 volts, 1.0 volt}. Dynamic programming
is used to determine the optimum set of power supply clusters. The optimum cluster-

ing Kopr(5,3) = {l1, 1,13}, Xl; = 5 is determined recursively based on the number of
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LDO regulators in the high voltage cluster [3, and lower order optimal supply cluster-
ing Kopr(4,2), Kopr(3,2), and Kopr(2,2). A single recursive step is illustrated in
Figure 5.5, demonstrating three possible alternatives for clustering with one (I3 = 1),
two (I3 = 2), and three (I3 = 3) LDO regulators within the high voltage SMPS

cluster. Given the lower order clustering Kopr(4,2), Kopr(3,2), and Kopr(2,2),

High voltage cluster " Highvoltage cluster " High voltage cluster
(I3=1) P (13=2) i (1;=3)

Q—F0:v . @ v i @ O 3av |
ST eresvsaas B 26V =@ 26v !
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Figure 5.5: A single step of the recursive power supply clustering algorithm for a
heterogeneous power delivery system with S = 3 and L = N =5, (a) a single LDO
(I3 =1), (b) two LDO regulators (I3 = 2), and (c) three LDO regulators (I3 = 3) in
a high voltage SMPS cluster.

the optimum clustering Kopr(5,3) is determined with linear computational com-
plexity by comparing the power efficiencies {Kopr(4,2),1}, o{Kopr(3,2),2}, and
©o{Kopr(2,2),3}, and choosing the clustering topology that minimizes the power
losses.

For a general clustering algorithm, consider clustering L on-chip LDO regulators

within S SMPS clusters to deliver power to L power domains with N = L different
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supply voltages. The optimal clustering topology of a system with N different supply

voltages and S SMPS Kopr(N,S) = {l;}_,, . 1l; = N is determined recursively by
Kopr(N,S) = {Kopr(N —no, S — 1), ls}, (5.3)

with the initial conditions,
Kopr(N,2) ={N —lg,ls}, (5.4)

Kopr(N,S =N) ={1,2,..., N}, (5.5)

where 1 < [g < (N — 5) is the number of LDO regulators in the high voltage SMPS
cluster. To maximize the overall power efficiency of the system, the number of LDO

regulators in the last SMPS cluster is

¢(Kopr(N, 5)) = maxp ({Kopr(N —Is,5 —1),Is}). (5.6)

Once the power supply clusters are recursively determined with dynamic program-
ming, the maximum voltage level within each SMPS cluster determines the SMPS
output and LDO input voltage based on (4.27). Pseudo-code of the algorithm for

determining the LDO input voltages based on the proposed clustering is shown in



106

Algorithm 5.3.

The LDO input voltages in a system with a single (S = 1) switching converter
and the maximum number of SMPS (S = N) are determined, respectively, at lines
2 to 4 and 5 to 7. To determine the optimal clustering of a general system with
(1 < S < N) switching converters, lines 8 through 42 are executed. The LDO
input voltages for all of the systems with s < .S SMPS and [ < L LDO regulators are
determined progressively and stored in matrix all_V;,po. The matrix is allocated and
initiated based on (5.4) and (5.5) at lines 9 to 17. The voltage levels at the LDO input
voltages are determined in a loop (see lines 19 to 20) for systems with a progressively
increasing number of power supplies. All of the high voltage cluster configurations
with a different numbers of LDO regulators are determined at lines 26 to 28. The
power efficiency of different configurations is compared at lines 29 to 33, determining
the most power efficient system. The number of efficiency comparisons required to
determine the optimal set of clusters Kppr(IV, S) given all of the optimal clusterings
of lower order Kppr(n < N,s < S)is N —S. The computational complexity to
determine the most power efficient clusters with N = L LDO regulators and S

SMPS converters is therefore

S /N
O(n—s)| =0O(N?-S), N>8&. (5.7)
5 (Sow)

s=1
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Algorithm 5.3 Dynamic programming algorithm to determine LDO input voltages
for power efficient clustering.

1:
2
3
4.
5:
6
7
8
9

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:

32:
33:
34:
35:
36:
37:
38:
39:
40:
41:

procedure DP_CLUSTERING( {Vé)%, 1D 1i=1... N},S,mep )

if S ==1 then
% There is only one cluster
Vipo(:) < max Vpp(:) + Vprop;
else if S == N then
% The number of clusters equals the number of voltage levels
Vipo(:) < Vop(:) + Vorop;
else
% Initiate a matrix to store all the clusters for lower order systems
all Vipo(:) < zeros(S,L = N, N);
% Update initial conditions based on (5.4) and (5.5)
for /=1to N do
all Vipo(1,1,1:1) <= ones(1,1) - (Vpp(l) + Vbrop);
end for
for s=1to S do
all_Vipo(s,s,1:8) < Vpp(1:s)+ Vprop;
end for
% Find all the lower order (s < S and [ < L) clusters
for (s=2to S) do
for (I=s+1to N)do
all_Vipo.opr(:) < zeros(1, N);
vopr < 0;
for (ly;=1tol—s+1)do
% ls and (I — l5) are the number of LDO regulators in, respectively,
% the highest voltage cluster and the rest (s — 1) clusters
VLDO,TMP(l = ls) — all,VLpo(S — 1, [l — ls, 2);
Vipormp(l =1+ 1:1) < Vpp(l) + Vorop;

OTMP — 100[2 VDD(l . l) . IDD<1 . l)] / [Z VLDO,TMP(l . l) . IDD<1 . l)],

if (QOTMP > SDOPT) then
% Store the clustering with the highest efficiency
Vipo,opr <= Vipo,rmp;

POPT < PTMP;
end if
end for
% Update all_V; po with the optimal clusters
all Vipo(s,1,:) < Vipo,opr;
end for
end for
VLD()(I) — all,VLDo(S, L= ]\[7 1);
end if
return V;po;

42: end procedure
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To estimate the power efficiency of the recursive power supply clustering algo-
rithm, a heterogeneous power delivery system with 25 supply voltage levels (N = 25)
and 25 on-chip linear regulators (L = 25) is considered. The number of off-chip
switching converters is evaluated for one to 25 converters (1 < S < 25). A voltage
drop of Vp,o, = 0.1 volts and 100 random profiles of domain voltages and currents
of, respectively, 0.5 volts to 2 volts and 0.5 amperes to 3.5 amperes are considered.
The maximum power efficiency with an average domain voltage and current of, re-
spectively, 1.25 volts and 2 amperes is evaluated based on (4.22), yielding 93% power
efficiency for S = 25. The power efficiency of a heterogeneous power delivery system
with the power supply clusters determined by a recursive analysis is illustrated in

Figure 5.6. As expected, a maximum 93% power efficiency is achieved for S = N. An
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Figure 5.6: Power efficiency of heterogeneous power delivery system based on a
recursive power supply clustering algorithm.



109

average power efficiency above 82% is demonstrated for S > 3. Thus, the power effi-
ciency of a heterogeneous power delivery system with an optimal voltage clustering
exhibits a reasonable power efficiency, despite only three switching converters. The
efficiency increases rapidly and saturates with additional SMPS converters. Thus,
an excessive number of off-chip or in-package converters is avoided with the pro-
posed power supplies clustering, producing a power and area efficient co-design of

the overall system of power converters and regulators.

5.3 Co-design of power delivery system in circuit

benchmarks

The optimal exhaustive power delivery network, the hybrid near-optimal, and the
recursive (based on dynamic programming) optimal solutions described in Section
5.2 are evaluated in Matlab. To determine the power efficiency with and without
power separation, several test cases are evaluated based on IBM power grid bench-
marks [141]. The test cases and simulation results with the proposed linear, binary,
and recursive clustering algorithms are described in Section 5.3.1. Power delivery
with on-chip regulation in circuits with multiple power domains [118] is considered

in Section 5.3.2.
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5.3.1 Power supply clustering of IBM power grid bench-
marks

Five test cases have been considered based on IBM power grid benchmarks [141]
to evaluate the efficiency of the power separation principle in circuits with hundreds
of power domains and tens of different supply voltages. The voltage map of a Vpp
and Vgyp M6 metal layer at normalized (z, y) locations is presented in Figure 5.7(a).
The actual voltage drop in the metal layer M6 is Vpp — Vgnp, as shown in Figure

5.7(b) for the ibmpgl benchmark. Different circuits in ibmpgl operate with different

Voltage [V]
Voltage [V]

Figure 5.7: Test case ibmpgl with (a) Vpp and Vgyp voltage map, and (b) Vpp —
Vanp voltage drop across the circuits in metal layer M6.

supply voltages, varying from 0.5 volts to 1.5 volts. A total number of 66 voltage
domains with voltage levels ranging from 0.5 volts to 1.8 volts with a 0.02 volt shift

(V¥ = 0.5V +i-0.02V}=8 is considered in this analysis. Each of the benchmarks
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Table 5.2: Power grid specifications for 0.8 volt, 1.0 volt, 1.2 volt, 1.4 volt, and 1.6
volt domains based on ibmpgl test case.

Voltage domain id 15 25 35 45 55

Supply voltage [V] 0.8 | 1.0 | 1.2 14 | 1.6

Number of nodes 636 | 820 | 1297 19 0

Area [%)] 2.12 | 2.73 | 4.320 | 0.062 | 0O

Supply current [mA] || 212 | 273 | 432 6.2 0

is partitioned into voltage domains based on the voltage maps, and the area of each
domain is determined. The current within a benchmark circuit is assumed to be
uniformly distributed. The current load of a domain is therefore assumed to be
proportional to the area of the domain. The voltage within each domain is regulated
by an LDO, ensuring that the total number of on-chip LDO regulators is the same
as the number of voltage domains. To illustrate the process in which a test case is
generated, specifications for several voltage domains in ibmpgl are listed in Table
5.2. The total number of nodes processed in ibmpgl is 30,027. A total current of
10 amperes is assumed to be consumed by the circuits represented by ibmpgl.

Test cases for the IBM benchmarks, ibmpg2, ibmpg3, ibmpgnewl, and ibmpgnew?2,
are generated in a similar way. The proposed power supply clustering algorithm is
demonstrated in Matlab and applied to all of the test cases on a multi-core sys-
tem with four Intel(R) Core(TM) i3-2120 CPU @ 3.30 GHz processors and 2.498 MB
memory. A voltage drop of 0.1volts within an LDO is assumed. The power grid

specifications and simulation results with and without power supply clustering are
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Table 5.3: Power efficiency in circuits with and without separation of power conver-
sion and regulation. CPU time for hybrid (with near-optimal efficiency), dynamic
programming (DP) based, and exhaustive clustering is provided.

Voltage domains/ Power efficiency with CPU time [s]
LDO regulators (N) S voltage clusters [%] (S =1/N)
Benchmark i
enchmar Voltage Without With power separation Hybrid DP  |Exhaustive
Number power
range [V] clusters | clusters | clusters

separation 5:2‘523‘525‘5210

ibmpgl 49 (0.50,1.46) 68.1 78.3 | 82.4 | 86.5 | 89.2 0.023 0.299 > 2,000
ibmpg?2 21 (1.12,1.52) 7.2 87.0 | 89.2 | 91.0 | 92.1 0.018 0.038 > 2,000
ibmpg3 15 (1.44,1.70) 88.6 91.9 | 92.8 | 93.6 | 94.1 0.022 0.012 > 2,000
(1.52,1.72) 90.3 929 | 935 | 94.1 | 94.3 0.022 0.011 5.537
(1.52,1.72) 90.4 92.9 | 93.5 | 94.1 | 94.3 0.020 0.011 5.477

ibmpgnewl 11

ibmpgnew?2 11

listed in Table 5.3.

Power clustering with the proposed algorithms exhibits orders of magnitude
shorter CPU time than the exhaustive approach. Those power grids with a range
of LDO output voltages up to 0.2 volts (ibmpgnewl and ibmpgnew?2) exhibit a high
power efficiency of 93% despite only two SMPS clusters. The power efficiency of
these grids increases by 2.5% as compared to a power delivery system without power
separation. Increasing the power efficiency in those power grids with a large number
of SMPS clusters (94% with ten switching converters) requires excessive area. Al-
ternatively, the ibmpgl benchmark exhibits a wider range of LDO output voltages,
0.5volts to 1.5volts, and therefore, a low power efficiency of 68% without power
supply clustering. The effectiveness of power separation is shown to be significant
in ibmpgl with a 10.2% and 21.1% increase in power efficiency with, respectively,

S = 2 and S = 10 SMPS clusters as compared to S = 1. Separation of power
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conversion and regulation is therefore particularly important in those systems with
a wide range of on-chip supply voltages and voltage drops. To provide high qual-
ity power in dynamically scaled multi-voltage circuits, the efficiency of the power
supply clustering is dynamically evaluated. The proposed power supply clustering
DP algorithm exhibits an order of magnitude smaller CPU run time as compared
with the exhaustive method, while providing identical clusters. Additional clustering
speedup is achieved with the proposed hybrid approach with near-optimal power ef-
ficiency. With the proposed approach, the switching converters and linear regulators
can be co-designed in run time for power and area efficient management of the energy

budget.

5.3.2 Power supply clustering and existing power delivery
solutions

The separation principle is illustrated in circuits C; and Cy with multiple power
domains V[()%) = 1.4 volts, V[()%) = 1.2volts, and Vl()%) = 1.0volt, and the on-chip volt-
age conversion and regulation scheme used in [118]. A maximum voltage drop (Vp,ep)
of 5% of the input voltage at the I/O interface (Vspps) is allowed at POLs within

all of the power domains (Vp,e < 0.05Vsyps). The total area of the circuits, Cy

and (Y, is similar. The area of C is dominated by the low power domain C, while
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the area of (5 is dominated by the high performance power domain A. The current
density J and normalized area per power domain are listed in Table 5.4 for both

circuits. To support on-chip voltage conversion and regulation within the power do-

Table 5.4: Parameter setup for circuits C and Cs.
Normalized area
Circuit C | Circuit Cy

Power domain || J [A/unit area]

A 2/3V 1 6
B 1/2V 2 2
C 1/3V 6 1

mains A, B, and C in C; (Cy), a single input voltage Vs ps = 1.45volts (Vsyps =
1.50 volts) is used in the original configuration without power separation [118]. Note
that the input voltage Vsyrps = 1.45volts (Vsyps = 1.50volts) is higher than the
highest supply voltage Vl(;?)) = 1.4 volts to maintain the required margin for on-chip
voltage regulation with a reasonable number of 50 (60) on-chip LDO regulators in
C1 (Cy). Alternatively, the power can be converted separately off-chip or in-package
for each power domain and regulated on-chip within each power domain. The input
voltages and power efficiency for on-chip voltage regulation with and without sepa-
ration of power conversion and regulation is listed in Table 5.5 for both circuits. In
the proposed configuration, three off-chip or in-package SMPS supply three different
voltages, VSF]’?}PS = 1.47volts, Véﬁ)ps = 1.26 volts, and VS(]?PS = 1.05volts to, re-

spectively, power domains A, B, and C, yielding a power efficiency as high as 95.2%.
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Table 5.5: On-chip voltage regulation with and without separation of power conver-
sion and regulation.

Without power With power
Circuit || separation ([118]) separation (current work)
(4) (B) (@)
Vsaps ‘ ® Vsups: Vsaips: Vanirs ‘ p

4 145V | 77.3% 147V, 1.26V, 1.05V | 95.2%
Cy 1.50V | 90.7% 147V, 126V, 1.05V | 95.2%

To regulate the on-chip voltage with the required number of LDO regulators, the
voltage at the output of each SMPS is designed with a margin of 5% of the required
on-chip supply voltage (Vl()il)) = 1.05Vl()%). Without separating power conversion and
regulation, the choice of off-chip supply voltage is determined by the supply voltage
in the high performance power domain, exhibiting a higher voltage drop (Vsups -
Vz()%) = 0.45volts in C}) and a lower power efficiency (77.3% in C}) in low power cir-
cuits. Alternatively, an enhanced choice of VS(;)/I pg voltages is possible by separating
power conversion and regulation, exhibiting a lower voltage drop (VS%PS — Vl()il)) <

0.07V in C}) and a higher power efficiency (95.2% in C).

5.4 Summary

On-chip power regulation and delivery are necessary for delivering high quality

power to modern high performance integrated circuits. Dynamic power management
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is employed in modern systems to efficiently manage the energy budget. For effi-
cient adaptive power management, power should be converted with efficient power
converters and dynamically regulated with ultra-small on-chip regulators. To avoid
excessive usage of switching converters, the power efficiency as a function of the
number of SMPS clusters is determined. The preferred number of power converters
should be determined with the proposed function based on the application-specific
efficiency objectives.

Dynamically co-designing tens of power converters with hundreds to thousands of
on-chip regulators is a primary concern in an energy efficient power delivery system.
An exhaustive solution that determines the on-chip power supply clusters with the
highest power efficiency is, however, computationally inefficient and impractical in
real-time systems. Thus, algorithms to cluster a heterogeneous power supply system
with polynomial computational complexity are presented. An order of magnitude
speedup is exhibited with the proposed algorithms as compared with exhaustive
clustering. Up to a 21% increase in power efficiency is demonstrated based on the
IBM benchmarks with more than two switching converters. A dynamically controlled
heterogeneous integrated power delivery system is shown to be a computationally
and power efficient alternative to existing ad hoc methodologies that employ either

switching or linear on-chip power supplies.
To achieve a power efficient system, power should be primarily converted off-chip,
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in-package, and/or on-chip with power efficient switching supplies, and regulated
with ultra-small linear low dropout regulators at the point-of-load. To dynamically
co-design tens of power converters with hundred to thousands of on-chip regulators,
the optimal clustering of the on-chip LDO regulators within the SMPS voltage clus-
ters is determined that maximizes in run time the power efficiency of the overall
power delivery system. Additional speedup is achieved with the proposed heuristics,
yielding near-optimal power efficiency.
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Chapter 6

Distributed Power Delivery with
28 nm Ultra-Small LDO Regulator

The quality of the power supply in portable electronic systems can be efficiently
addressed with point-of-load (POL) distributed power delivery [69], [82], which re-
quires the on-chip integration of multiple power supplies. Several low-dropout (LDO)
regulators suitable for on-chip integration have recently been fabricated [66]-[68],
[88], [138], [142]-[151], exhibiting fast load regulation and high current efficiency
(i.e., the ratio of the load current and input current). Due to these characteristics,
the LDO is a key component in on-chip power management.

To achieve a fast transient response for a load current step of hundreds of mi-
croamperes, the quiescent current of an LDO is typically increased [88], [152], low-
ering the current efficiency. Dynamically biased shunt feedback, proposed in [68],

has been applied to achieve high current efficiency and system stability over a wide
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range of load currents. While the impedance-attenuated-buffer in [68] is dynamically
biased, the error amplifier in [68] is statically biased, making simultaneous optimiza-
tion of the LDO speed and current consumption difficult. Alternatively, adaptive
biasing techniques have been proposed that boost the bias current during fast out-
put transitions [67], [149], [152], yielding a promising technique for fast and power
efficient load regulation. The LDO in [67], however, utilizes a 1 pF off-chip capacitor
to stabilize the voltage regulation, significantly increasing the response time of the
regulation loop. Alternatively, a flipped voltage follower (FVF) LDO compensated
by a single Miller capacitor is proposed in [66] that achieves excellent current effi-
ciency of 99.99%, good load regulation (0.1 mV/mA), and moderate regulation speed
without an off-chip capacitor [66].

With the increasing number of power domains and high granularity of the on-chip
supply voltages [54], multiple ultra-small voltage regulators will ultimately be inte-
grated on-chip [69], [70]. The physical size of the LDO therefore becomes a primary
issue in power management ICs. A nanoscale voltage regulator is expected to exhibit
a smaller physical area and improved large- and small-signal characteristics. Alter-
natively, significant process, voltage, and temperature (PVT) variations pose new
stability challenges on the co-design of these ultra-small on-chip voltage regulators.

Parallel voltage regulation where multiple regulators are connected to the same power
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grid has recently attracted significant attention, both from academia [153]-[157] and
industry [158]-[160]. Satisfying small area, high power efficiency, and stability is
however more challenging with parallel voltage regulation. Existing on-chip voltage
regulator topologies do not simultaneously overcome these three challenges.

A power delivery and regulation system with six ultra-small 28 nm LDO regula-
tors distributed on-chip is described in this chapter. The proposed distributed power
delivery system features an adaptive current boost bias and an adaptive RC com-
pensation network controlled individually within each LDO regulator, increasing the
power efficiency and stability of the overall system over a wide range of load currents
and PVT variations. As compared to other state-of-the-art LDO regulators provid-
ing fast voltage regulation [66]-[68], [88], a single LDO within the proposed power
delivery system (including all capacitors and a bias generator) is 2.24 times smaller.
The proposed power delivery system delivers 3.9 to 15.8 times more load current,
while exhibiting a similar current efficiency. The proposed distributed power delivery
system has been tested under a wide range of PVT variations, yielding a stable and
fast loop response. Although parallel voltage regulation has previously been demon-
strated using eight digital LDO regulators with 77.5% current efficiency [159], to the
best of our knowledge, the proposed system is the first successful silicon demonstra-

tion of stable parallel analog LDO regulators without off-chip compensation, and
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exhibits 99.49% current efficiency.

The rest of the chapter is organized as follows. The proposed power delivery
system with six fully integrated LDO regulators with adaptive current boost bias
and RC compensation networks is described in Section 6.1. Measured performance

results are reviewed in Section 6.2. The chapter is concluded in Section 6.3.

6.1 Power delivery system

A power delivery system with six fully integrated LDO regulators is described
in this section. The proposed system converts any input voltage ranging from 0.9
volts to 1.1 volts into a target output voltage ranging from 0.6 volts to 0.8 volts,
supplying up to 788 mA to the load. A model of the power delivery system with
six LDO regulators and a distributed power delivery network is shown in Figure 6.1.
Current sharing is a primary concern in a distributed power delivery system. Each
LDO contributes differently to the voltage regulation of a power network based on
the position of the active current loads and the level of consumed current. Load
sharing among the LDO regulators is illustrated in Figure 6.2 with a single current
load (at the upper right corner of the power network) switching between 18 mA
and 450mA. The LDO at the upper right corner (in Figure 6.1) is located in close

proximity with the current load and supplies the largest portion (up to 160 mA) of
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Figure 6.1: Model of distributed LDO and power distribution network.
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Figure 6.2: Load sharing in distributed power delivery system.

122



123

the total current requirements, which is higher by a factor of two than the average
current load supplied by a single LDO. Alternatively, the remote LDO at the bottom
left corner supplies significantly less current (up to 40 mA), only half of the average
LDO load current. In modern high performance circuits, the load map may change
significantly over time [141] and under PVT variations. Mechanisms are required
to co-design the distributed on-chip regulators to dynamically stabilize the power
delivery system over time. Adaptive mechanisms are described in this chapter that
respond to load variations at the output of each of the LDO regulators, increasing
the power efficiency of the system and enhancing the performance and stability.

An adaptive current boost bias and an adaptive RC compensation network are
included within each LDO to, respectively, enhance the slew rate with low power
overhead, and stabilize the power regulation over a wide range of load currents and
PVT variations. The operation of the proposed dynamic mechanisms is controlled
within the individual LDO regulators, providing fine grain regulation of the power
voltage. Alternatively, both mechanisms within each LDO are adaptively triggered
by the same sensing circuit, exhibiting a more compact power delivery system. The
circuit topology of the proposed LDO is shown in Figure 6.3. The components of

the proposed power delivery system are described in the following subsections.
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Figure 6.3: LDO topology.

6.1.1 Op amp based LDO

The open loop output resistance, load capacitance, and control loop gain and
bandwidth are important criteria when developing a fast LDO. To address these
challenging transient requirements, a three current mirror operational transconduc-
tance amplier (OTA) topology [147] is used within each LDO, as shown in Figure
6.4. A linear model that considers the effects of the open loop output resistance, load
capacitance, and control loop gain and bandwidth is used to model the behavior of
the three current mirror OTA. Miller compensation is used to achieve a dominant
pole. The proposed model is shown in Figure 6.5. The open loop gain of the LDO

regulator is

A(s) = Your _ —(gmiR) - (gnaRa)(1 4 N -5)

= 6.1
‘/IN 1+D1'S+D2'82+D3'837 ( )
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Figure 6.4: Three current mirror OTA.
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Figure 6.5: Small signal linear model of LDO.

where

1
N = (Rs — —)Cs,

Im2

Dy = R1Cy + RyCs + R3C5 + R C5 + RoCs(1 + gmaRy),
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(6.2)

(6.3)
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Dy = Ry RyC1Cy + RiCyR3Cs + RyCyRsCs + RiRy(Ch + Co)Cy,  (6:4)

D3 = R101R202R303. (65)

The zero of the LDO regulator is formed by the compensation network at the fre-

quency f(z),

1 1

1) = i, = )0, 2n(ReCo)’ (6.6)

The dominant pole frequency f(p;) is assumed to be significantly lower than the

frequency of the other poles, f(p2) and f(ps) (f(p1) << f(p2), f(p3)). All of the

poles are assumed to be real and approximated over a feasible range of ¢,,;, R;, and

C; components, yielding,

1
f(pl) ~ ZW(ngRQ)(R103) 1 (67)
 2t[gmaras(Mp))[(ras (Pa) [[1as (N1)) Ce]
Fp2) & 2“67]:22 - zw?joad’ (6:8)
f(ps) = ! : (6.9)

27R;C, 27 ReCy(Mp)

The DC gain of the LDO regulator Ay = (g1 R19gm2Rs2) is listed in Table 6.1, ex-

hibiting an average gain of 57 dB and less than 1% variations over a wide range of
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127

Table 6.1: DC gain over a range of load currents at slow (SS, —30°C), typical (TT,
25°C), and fast (FF, 105°C) corners.

Process | Temperature | I1,q,4 [mA] | DC gain [dB]|

70 58.73

SS —30°C 20 60.38

1 61.20

100 56.73

TT 25°C 25 58.38

3 57.20

150 51.23

FF 105°C 100 53.40
70 54.35

To analyze the stability and the proposed compensation of a single LDO regu-

lator, the small signal transconductance and drain source resistance of the output

device are assumed to be, respectively, gma X v Ipoaa and Ry o 1/I1,44. Other pa-

rameters are assumed to be approximately independent of the load current in the

region of interest. Under these assumptions, the frequency of the first and second

poles increases with v/I1e.q4, While the zero frequency f(z) and third pole frequency

f(ps) are approximately constant under load current variations. The value of R is

chosen to ensure that the frequency of the third pole f(ps) is larger than the unity

gain frequency in the region of interest, yielding a second order system to enhance

stability.

To increase stability over a wide range of load capacitance, the dominant pole is
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determined by the compensation capacitor, yielding f(p;) < f(p2) and, therefore,

Cy

Co > ——"——
¢ 972712R231

> 3pF. (6.10)

The maximum phase margin is achieved when the second pole is canceled by the
zero, yielding a first order system under the following constraint on the compensation

network,

C:
R = —— < 3k (6.11)
Ima2CLc

Finally, the first order system exhibits a unity gain at f; &~ Ao f(p1) = gm1/27Cc <
130M Hz, fulfilling the requirement f; < f(ps) under the constraints, (6.10) and

(6.11).
Ce

Im1L1

Re < < 2KkQ. (6.12)

Under the constraints, (6.10), (6.11), and (6.12), the proposed LDO regulator is a
first order system with a phase margin between 45° and 90° (the PM is reduced over
three decades by 90° due to p; and a portion of 45° due to p3) and a bandwidth
f(p1), as shown in Figure 6.6.

The transconductance of the output device g,,» increases, however, with v/I7oqq-
Thus, under current load variations the second pole is shifted away from the zero

frequency, violating the first order assumption, and degrading the stability of the
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Figure 6.6: Frequency response of near optimally compensated LDO regulator.

LDO regulator. The behavior of the PM is, therefore, primarily determined by

the variations of the frequency of the second pole, as shown in Figure 6.7, linearly



130

decreasing with a larger | log(f(p2)/f(z)) | ratio,

PM(f(z)) — PM(f(ps))  |log (J;(éQ))) ’ (6.13)
()

Note the high accuracy of this linear approximation (R* = 0.9511).

To maximize the stability of an LDO regulator over a range of load currents, the
compensation should be modified with changing transconductance g¢,,2, maintaining
9m2RcCo/Clroaq to 1. The phase margin is shown in Figure 6.8 with two different
compensation resistors, Rc = 0.7k and Rc = 1.7k, and a compensation capacitor
of Cc = 8.5pF for a range of low load currents. At low currents of I;,,q < 3mA,
compensation with a larger resistor (Rc = 1.7k(2) results in a higher phase margin.
At higher currents of I1,,4 > 3mA, a lower compensation resistance (Rc = 0.7k(Q) is
preferred. Ultimately, the compensation network is adaptively modified with the load
current, increasing the phase margin over a wide range of load and PVT variations,
as described in Section 6.1.3.

The speed of a three current mirror OTA topology, shown in Figure 6.4, is lim-
ited by the bias current that flows into the input differential pair. To produce fast
transitions at the load, a higher bias current is preferred. Alternatively, to lower

power losses, the OTA should operate under low bias currents. To enhance the loop
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response while mitigating power dissipation, an adaptive bias is employed in the
proposed power delivery system, as described in Section 6.1.2.

Distributed power delivery is exploited in the proposed power delivery system to
regulate power close to the load, mitigating variations within the power distribution
network. Scalability of the proposed power delivery system with the number of

distributed LDO regulators is discussed in Section 6.1.4.
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6.1.2 Adaptive bias

A self-adaptive bias current mechanism is described in this section that temporar-
ily boosts the bias current to mitigate fast fluctuations while lowering power losses.
The proposed current boost circuit is composed of a sensor block that follows the
output voltage at the drain of transistor Mp, and a current boost block that controls

the current through the differential pair, as shown in Figure 6.9. The current boost

Ceomp R} comp Ry comp

CC RC1 RC2 RC3 RC4 RCS RC6 RC7 RCB

Adaptive current
boost circuit Adaptive compensation network Current sensor

Figure 6.9: Adaptive bias boost and compensation networks.

transistor Npyost is connected in parallel with the bias transistor Ng, and controlled
by the Boost line. During the boost mode of operation (the Boost voltage is high),
the current into the differential pair is raised, reducing the time response of the LDO.

Alternatively, during regular mode (the Boost voltage is low), transistor Ny is off
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and no additional current flows into the differential pair, enhancing the power effi-
ciency of the LDO. The Boost line is controlled by the sensor block. The voltage
at the Boost node follows the output voltage. When the output voltage drops, the
voltage on the Boost line in the sensor block increases. The boost mode is therefore
activated during the low-to-high load current transition, exhibiting faster regulation
and a lower voltage droop at the output of the LDO. At other times, the current
boost circuit is deactivated, increasing the power efficiency of the LDO.

To evaluate the performance of the proposed adaptive biasing technique, the load
current is switched in 10ns from 1mA to 70mA, from 3mA to 100 mA, and from
70mA to 150mA at, respectively, the slow, typical, and fast corners. The voltage
droop AVoyr and quiescent current I are recorded for three different adaptive
modes. In the first mode, the current boost mechanism is disabled. In the second
mode, the bias current is increased at a constant rate. In the third mode, the bias
current is adaptively boosted up during the load transitions, and lowered during the
steady state operation. Simulation results for each of the modes are shown in Figure
6.10 for all three corners. Due to enhanced biasing, the voltage droop is decreased
by 35% (from 43mV to 25mV) at the expense of a significant increase of 137%
in current consumption. In the proposed network, the bias current is adaptively

enhanced under light loads, exhibiting an 18.6% decrease in voltage droop while
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Figure 6.10: Voltage droop and quiescent current with and without adaptive biasing
at (a) slow corner, (b) typical corner, and (c) fast corner.

avoiding excessive power loss over time.

The proposed power delivery system is designed for modern high performance
circuits that draw significant leakage current from the power regulators. Minimum
load currents of 1mA, 3mA, and 70mA are assumed for a single LDO regulator
for, respectively, the slow, typical, and fast corners. Quiescent current simulations
for different load currents are listed in Table 6.2 with and without adaptive biasing.

Without adaptive biasing, an average quiescent current of 423 1A with less than 2%



Table 6.2: Quiescent current with and without adaptive biasing.

—30°C 25°C 125°C
I1oaqa | Adapt. | Const. | Adapt. | Const. | Adapt. | Const.
[mA] IQ [Q IQ [Q IQ IQ
mA] | [mA] | [mA] | [mA) | [mA] | [mA]
0.5 0.841 | 0.347 | 1.001 | 0.416 | 1.223 | 0.524
1.0 0.844 0.35 1.005 | 0.419 | 1.244 | 0.529
1.5 0.359 | 0.359 | 1.008 | 0.421 | 1.253 | 0.532
2.0 0.353 | 0.353 | 0.433 | 0.433 | 1.258 | 0.538
2.5 0.352 | 0.352 | 0.424 | 0.424 | 0.554 | 0.554
5.0 0.353 | 0.353 | 0.424 | 0.424 | 0.543 | 0.543
100 | 0.353 | 0.353 | 0.424 | 0.424 | 0.543 | 0.543
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variations is demonstrated at 25 °C for all load currents. This current is increased to

1mA by the adaptive biasing at light loads of less than 1mA, 1.5 mA, and 2mA at,

respectively, the slow, typical, and fast corners.

6.1.3 Adaptive compensation network

The large gate capacitance of the pass transistor together with the wide range

of possible values of Cp,.q produce a complicated transfer system of poles and ze-

ros. The low frequency non-dominant poles within the unity gain frequency of the

feedback loop create a negative phase shift, degrading the stability of the overall

system. To compensate for the negative phase shift, the Miller compensation tech-

nique [66] is used. However, the wide range in load capacitance and currents, and

signicant PVT variations make compensation with fixed RC values impractical in
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nanoscale technologies. A digitally configurable compensation network is therefore
used that adaptively compensate a low frequency non-dominant pole, maintaining
system stability for all values of Crouq and Ij.q. This compensation network is
particularly important to maintain stability when multiple LDO regulators are con-
nected in parallel to the same power grid. Conventional LDO regulators without
the proposed compensation network can easily become unstable from device mis-
match, offset voltage, and varying load current when connected in parallel [155],
[157], [159]. The compensation network is comprised of a capacitive block connected
in series with two resistive blocks, as shown in Figure 6.9. The capacitive (Ccomp)
and resistive blocks (Ri comp and Ra comp) are digitally controlled by, respectively,
the control signals Ce and RC;, i =1, ..., 8. These RC impedances are digitally
configured after fabrication to mitigate any process variations. The second resistive
block is also controlled by the Boost signal, which is adaptively activated (bypassed)
when the Boost signal is high (low). During the high-to-low current load transition,
the output impedance increases. Thus, the pole introduced by the load is pushed
to a lower frequency and is no longer optimally compensated by the system zero,
degrading the stability of the LDO. Alternatively, the Boost signal is activated dur-
ing this transition, increasing the compensation impedance, (Ry comp + Ro.comp)

Ccomp- As a result, the zero introduced by the compensation network is also pushed
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to a lower frequency, maintaining a stable response. At other times, the Boost signal
is deactivated, and the LDO is stabilized with Ri comp * Ccomp-

To illustrate the effect of the compensation on the LDO performance, the phase
margin of a single LDO is presented in Figure 6.11 over a range of Cp,.q values for

two load currents, I;,,q = 1mA and I;,,q = 10mA. For a light load current of

I = 1mA I, .= 10mA
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Figure 6.11: Phase margin with different compensation and load capacitance for (a)
[Load = lmA, and (b) ILoad = 10 mA.

1 mA, the phase margin increases with higher compensation resistance PM(R¢o =
1.7kQ) > PM(Rc = 0.7kQ). Alternatively, for a higher load current of 10mA, a

smaller compensation resistor is preferable. The proposed adaptive compensation
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illustrated in Figure 6.11 exhibits a higher phase margin as compared with non-
adjustable compensation. The same behavior can be observed in Figure 6.8, where
the compensation network is adaptively reconfigured as a function of the load current,

yielding the largest PM as compared to non-adjustable compensation networks.

6.1.4 Distributed power delivery

A model of the distributed power delivery system with & LDO regulators is shown

in Figure 6.12. The LDO output devices are connected in parallel at the output node
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Figure 6.12: Small signal linear model of distributed power delivery system with k
LDO regulators.

loaded by k - Croaq, and are driven by the total current from the individual error
amplifiers. With equally shared load current k - I7..q, all of the distributed LDO
regulators exhibit similar behaviour, yielding the simplified model shown in Figure

6-13 With 97(71)1’2 - 9,9711727 RY:)273 - R?72737 a;nd C:Ej/;“o) - 0972’3, Vl - ]_, ceey k. The phase
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Figure 6.13: Small signal linear model of distributed power delivery system with k
LDO regulators and equally shared load current.

margin of a distributed power delivery system with k£ LDO regulators and equally

shared load is determined from (6.13) by

PM(f(2)) = PM(f(p2)) o< |log (%) ‘

_ 'log (9212}%0008*)

0
C1Load

(6.14)

Y

exhibiting similar behavior to a power delivery system with a single LDO regulator.
Note that increasing a high load current by a factor of k£ in a single LDO system
with load capacitance Cp,qq lowers the phase margin of the system by log (\/E) =
(1/2)log (k). Alternatively, the same increase in load current in a distributed power
delivery system with & LDO regulators and similar load capacitance Cp,.q lowers
the phase margin by log (k). Stability over a wide range of load currents is, there-
fore, more challenging with parallel load regulation. In addition, the stability of a

distributed power delivery system is limited by the lowest PM among all of the LDO



141

regulators, exhibiting a strong function of the load current sharing. Under load cur-
rent variations, the load at a single LDO regulator can be n times lower /higher than
the average load current, decreasing/increasing the output transconductance g,,o by
a factor of \/n. The worst case stability of a distributed power delivery system under

load current variations is, therefore,

PM(f(2)) = PM(f(p2)) o [log (225252 )| 1 Liog(n). (6.15)

ClLoad
Based on typical load current variations shown in Figure 6.2 and the linear curve
fitting in Figure 6.7(b), the proposed distributed power delivery system can exhibit
current sharing variations of up to n = 2, yielding 37.2logv2 = 5.6° degrada-
tion in phase margin. To address the worst case current sharing variations and
a wide range of PVT wvariations, each LDO regulator is optimally compensated
around I7,,q = 10mA with RcCe =700Q - 6 pF to provide a stable response with
40° < PM < 70° for high load currents of 10 mA < I}, < 150 mA. Alternatively, at
low load currents, sensed by the current sensor (see Figure 6.9), the compensation is
adaptively increased, enhancing the stability of the system. Due to the distributive
nature of the proposed power delivery system, adaptive compensation and bias are
activated individually within each LDO regulator based on the specific locally sensed

load currents, providing fine grain control over the local adaptive mechanisms. The
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same load sensing circuit within each LDO regulator is used to trigger both the adap-
tive compensation and bias mechanisms, exhibiting a more compact power delivery

system.

6.2 Test Results

The power delivery system with six LDO regulators has been fabricated in an
advanced 28 nm CMOS technology. The on-chip regulators simultaneously drive a
power network, delivering power to the on-chip integrated circuits within a commer-
cial mobile device. All of the measurements are performed on LDO regulators within
the distributed power delivery system.

Modern integrated circuits exhibit aggressive transient characteristics and are
expected to mitigate PVT variations. To illustrate the mitigation of voltage and
temperature variations in the proposed power delivery system, the load current of
the distributed power delivery system with six LDO regulators is stepped from 52 mA
to 441 mA in 10ns, drawing an average high (low) current of 73.5mA (8.67mA) from
each LDO regulator. Due to load sharing variations (see Figure 6.2), the load current
of a single LDO regulator can be increased or decreased by a factor of two (and more
under PVT variations) as compared to the nominal value, exhibiting currents of

up to 147mA and down to 4.3mA. The magnitude of these extremely fast load
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changes is therefore limited under voltage and temperature variations as compared
to full range operation. The measured transient response for nominal input and
output voltages of, respectively, 1.0 volt and 0.7 volts is illustrated in Figure 6.14 for
—25°C, 25°C, and 125°C. To evaluate the proposed system under line variations,
the output is tested at 25°C under +10% input voltage variations. The measured
transient response is illustrated in Figure 6.15. For both types of variations, the
proposed distributed power delivery system exhibits a stable response over a wide
range of temperatures with less than 10% voltage droop.

To demonstrate the stability of the proposed distributed power delivery system
under maximum load currents and extremely fast load transitions, the load current
of the system is stepped from 52mA to 788 mA in 5ns at 25°C. The measured
transient response for nominal input and output voltages of, respectively, 1.0 volt
and 0.7 volts is illustrated in Figure 6.16, exhibiting a stable response and voltage
droop of 0.1 volts. The system response time based on the equivalent parasitic
capacitance of the load circuit (Cproq = 472 pF), maximum load current (I1oad.074x
= 788 mA), and voltage droop (AVpoyr = 100mV) is typically evaluated as Tr =
Cror - AVour/Ireadmax = 0.064ns.

The proposed system of parallel LDO regulators yields the shortest transient

response time as compared with existing LDO regulators [66]-[68], [88]. The voltage
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Figure 6.14: Transient step response at the load for V;y = 1 volt, Voyr = 0.7 volts,
and load current step from 52 mA to 441 mA in 10 ns, measured at (a) T = —25°C,
(b) T'=25°C, and (c¢) T = 125°C.

droop is a strong function of the magnitude and transition time of the load step.

Only the magnitude of the load current is, however, typically considered in Tx. For
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(a) (b) ()

Figure 6.15: Transient step response at the load at the typical temperature of 25°C
for Vopyr = 0.7 volts and a load current step from 52 mA to 441 mA in 10 ns,
measured for (a) Viy = 0.9 volts, (b) Viy = 1.0 volt, and (¢) Viy = 1.1 volts.

4.5ns

Figure 6.16: Measured transient response for a load current step from 52 mA to 788
mA in 5 ns.

a fair comparison, T is normalized to K, the ratio between the load transition time
of the LDO regulator At and a 1 ns transition time (K = At / 1 ns). In addition,
the response time of the LDO regulator is normalized to an estimated fan-out of four

FO4 delay (TG), canceling the advantages of technology scaling. The LDO regulators
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[66]-[68], [88] and the proposed power delivery system are compared based on the
normalized, technology independent loop response (Tr) Norm = Tr X (2! /1ns)/Tc. The
proposed system exhibits a smaller (Tg)yomm than the LDO regulators described in
[66]-[68], yielding a better response time to a load transition, while exhibiting a
similar current efficiency (99.49% vs. 99.99% in [66]). The loop response time in
these regulators is increased by the size of the off-chip capacitor (1pF in [67], [68])
or by a small bias current [66]. Alternatively, the speedup in the loop response
achieved in [88] requires a significant increase in bias current, degrading the power
efficiency of the LDO regulator (94%). The response time, power efficiency, and
other primary parameters of the proposed power delivery system are listed in Table
6.3 and compared to fully integrated on-chip regulators [66], [88].

The proposed power delivery system converts an input voltage between 0.9 volts
and 1.1 volts into any required output voltage between 0.6 volts to 0.8 volts, while
exhibiting a stable response and less than 69.4 mV voltage droop at 25°C for all of
the input and output voltages within the range and a load step from 52 mA to 441
mA in 10 ns. The voltage droop for input and output voltages of, respectively, 0.9
volts to 1.1 volts and 0.6 volts to 0.8 volts is listed in Table 6.4. Note the measured
transient step response at the output of a single LDO regulator for a distributed

power delivery system with the input and output voltage of, respectively, 0.9 volts



147

Table 6.3: Performance summary and comparison with previously published LDO

regulators.
Parameters ‘ Unit ‘ [88] Hazucha ‘ [66] Guo ‘ This work
Technology pm 0.09 0.09 0.028
Active area mm? 0.008 0.019 0.00357
Input voltage volt 1.2 0.75 to 1.2 0.9 to 1.1
Output voltage volt 0.9 0.5to1 0.6 to 0.8
Minimum dropout voltage volt 0.3 0.2 0.1
Maximum load Iyeq4,n4x mA 100 100 788
Load regulation mV/mA 1 0.1 0.023 to 0.027
On-chip capacitance pF 600 7 5.91 to 8.37
Load circuit capacitance pF 0 50* 472%
Quiescent current I HA 6000 8 4000
Voltage droop AVpyr mV 90 200 100
Output transition time Tx ns 0.54 0.114 0.064
Normalized load transition 2%/, ns/ns 0.1 100 5
FO4 delay T¢ ns 45 45 14
Normalized response time (Tg)Norm | 1s/ns 1.2 253 23
Current efficiency % 94.3 99.99 99.49

*Estimated based on equivalent parasitic capacitance of the load circuitry.

Table 6.4: Voltage droop for different input and output voltage levels.

Vour 0.6 V 0.7V 0.8V
Vin
0.9V 64.6 mV 69.4 mV 68.6 mV
10V 61.9 mV 65.9 mV 67.9 mV
11V 60.4 mV 62.5 mV 67.9 mV

and 0.8 volts, exhibiting a voltage dropout of 0.1 volts and a 68.57 voltage droop at
the output.

The quiescent current of the proposed power delivery system of six distributed
LDO regulators is listed in Table 6.5, yielding up to 99.49% current efficiency at 25 °C.
A die microphotograph of the LDO is shown in Figure 6.17. The area occupied by

the LDO with all capacitors is 85 pm x 42 pum, significantly smaller than the LDO
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Table 6.5: Measured quiescent current and current efficiency.

Temperature
Parameter Comment —30°C [ 25°C | 105°C
Iy [mA] Distributed system 3.0 4.0 7.0
@ Single LDO (average) 0.5 0.8 1.17
Efficiency [%] | ILoaamax = 788 mA | 99.62 | 99.49 | 99.11

40

30

Y (pum)

20

10

10 20 30 40 50 60 70 80
X (pm)

Figure 6.17: Die microphotograph of 28 nm ultra-small LDO.

regulators described in [66]-[68], [88].

6.3 Summary

A distributed power delivery system with six ultra-small fully integrated low-
dropout regulators is described in this chapter. The system is fabricated in a 28 nm

CMOS process and exhibits a fast transient response with excellent load regulation
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under PVT and current sharing variations. An adaptive bias technique is used to
enhance the transient performance and increase the power efficiency by, respectively,
boosting and decreasing the bias current. A voltage droop of less than 10% and a
current efficiency of 99.49% are measured. In addition, an adaptive compensation
network is employed within the power delivery system that allows the co-design of
a system of distributed parallel LDO regulators, yielding a stable system response
within —25°C to 105°C and 10% voltage variations. The system is believed to be
the first successful silicon demonstration of stable parallel analog LDO regulators.
Each of the LDO regulators within the adaptive networks and bias current generator

occupies 85 pm x 42pm = 0.003 57mm?. No off-chip capacitors are required.
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Chapter 7

Digitally Controlled Pulse Width
Modulator for On-Chip Power
Management

Voltage controlled oscillators (VCOs) are widely used to generate a switching
signal where certain characteristics of this signal can be controlled. These control-
lable switching signals can be efficiently exploited in different switching and linear
regulators to adaptively scale voltages on-chip, providing an important circuit level
means for DVS systems. Two types of VCOs are primarily used in high performance
integrated circuits; inductor-capacitor (LC) oscillators and ring oscillators. LC os-
cillators can operate at high frequencies and exhibit superior noise performance.
Alternatively, ring oscillators occupy significantly smaller on-chip area with a wider
tuning range. Due to these advantages, ring oscillators have found widespread use

in modern ICs [82], [161]-[165].
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Figure 7.1: Conventional ring oscillator. Note that an odd number of inverters is
required for the system to oscillate.

A conventional ring oscillator consists of an odd number of inverters where the
output of the last inverter is fed back to the input of the first inverter, as shown in
Figure 7.1. The delay provided by each inverter in this chain produces a phase shift
in the switching signal. The sum of these individual delays (i.e., phase shifts) and
the feedback from the last to the first inverter produces a total phase shift of 7 that
causes the circuit to oscillate. The frequency of this oscillation depends upon the
sum of the inverter delays within the chain [166].

The duty cycle of the generated switching signal is typically 50% for conventional
ring oscillators where the PMOS and NMOS transistors within the inverters provide
the same rise and fall transition times. The duty cycle of a ring oscillator can be tuned
by controlling the transition time of the inverters within the ring oscillator. Header
and footer circuits are widely used to control the current supplied to the PMOS

and NMOS transistors within the ring oscillator inverter chain [167]. Although the
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header and footer circuits are typically used to control the frequency, these circuits
can also control the duty cycle of a ring oscillator.

In this chapter, a digitally controlled pulse width modulator (PWM) comprised
of a header circuit, ring oscillator, and duty cycle to voltage (DC2V) converter is
described [165], [168]. The duty cycle of the PWM is determined from proposed
closed-form expressions, yielding a simple dependence on the header current. The
high accuracy of the proposed expressions is confirmed by simulation results. The
header circuit controls the amount of current delivered to the PMOS transistors
within the ring oscillator. Contrary to conventional header circuits, where the header
is connected to each of the inverters within the ring oscillator chain, the proposed
header circuit is connected to every other inverter stage to dynamically control the
pulse width of the output signal. This header circuit provides a high granularity
duty cycle control with a step size of 2% of the period. An additional header circuit
regulates the supply current delivered to the remaining inverter stages, providing
improved control while maintaining a constant switching frequency. Additionally,
a DC2V converter, based on the frequency to voltage converter proposed in [169],
maintains the accuracy of the PWM under process, voltage, and temperature (PVT)
variations. Under PVT variations, the maximum change in duty cycle is less than

2.7% of the period.
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Owing to the small on-chip area, fast control circuitry, high accuracy under PVT
variations, and dynamic duty cycle and frequency control governed by accurate
closed-form expression, the proposed PWM is an effective circuit to dynamically
change the duty cycle of the input switching signal for on-chip voltage regulators.
This circuit enables high granularity dynamic voltage scaling (DVS) at run time and
reduces the response time from milliseconds to nanoseconds.

The remaining part of the chapter is organized as follows. The proposed PWM
architecture is described in Section 7.1, where the working principle of the header
circuitry and DC2V converter is explained, and the analytic expressions for the
proposed PWM timing parameters are provided. In Section 9.2, the functionality and
accuracy of the proposed circuit under PVT variations are validated with predictive
technology models at the 22-nm technology node. Some concluding remarks are

offered in Section 7.3.

7.1 Description of the proposed PWM architec-

ture

A schematic of the proposed PWM is shown in Figure 7.2. A header circuit

is connected to the ring oscillator to current starve every other stage in the ring
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Figure 7.2: Proposed PWM. The header circuitry has two input control signals,
digital control (Cy;) and analog control (C,). Cy is used to dynamically change
the individual transistors to provide a high granularity duty cycle control whereas
C, maintains a constant current from the header to the ring oscillator under PVT
variations.

oscillator chain. Digital control circuitry provides multiple control signals (Cy) to
dynamically change the duty cycle, and a DC2V converter ensures the accuracy of the
duty cycle under PVT variations by providing an analog signal to the header circuit.

The working principles of these circuits are explained in the following subsections.

7.1.1 Header circuitry

An addition based current source, as shown in Figure 7.3, has been proposed
in [170]. This circuit is used as a header in [171] to compensate for temperature
and process variations by maintaining a constant current to the ring oscillator. Note
that this header circuit has one input voltage that controls the gate voltage of My

and M,. Alternatively, the gate voltage of Mj is controlled by the drain of Ms. The
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Figure 7.3: Addition based current source used as a header circuit [171].
amount of current flowing through M; (and M>) is therefore inversely proportional
to the amount of current through Mj. For example, if current through M; (and M)
increases, the gate voltage of Mj3 also increases, decreasing the current through Msj.
The sum of these inversely proportional currents is the input current to the ring
oscillator, which is approximately constant over a wide range of temperature and
process variations [171].

Alternatively, in this chapter, a modified version of this header circuit, as depicted
in Figure 7.4, is introduced to control the duty cycle by changing the transition time
of the PMOS transistors at every other inverter stage within the ring oscillator. Gates

M and M, are controlled by the analog signal C,. As opposed to a single transistor
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Figure 7.4: Parallel PMOS transistors replace M3 to improve the granularity of the
current control as well as behave as switch transistors to turn on different sections
of the header circuitry.

M3 whose gate is connected to a resistor as shown in Figure 7.3, multiple parallel
PMOS transistors Ms[i|, i = 0,...,n are added in place of M3 in the proposed
header circuit. The PMOS transistors are designed with increasing device size to
provide both increased dynamic range and dynamic control of the duty cycle with
2% increments. All of these transistors have the same gate-to-source voltage, but the
voltage at the drain terminals is controlled by other switch transistors. Additional
PMOS transistors are connected in series with these transistors as switch transistors.
The gate voltage of these switch transistors is controlled by a digital controller that

turns on (and off) the individual header stages through control signals Cyli], i =
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0,...,n. Turning on all of the header stages produces the maximum current to the
ring oscillator which in turn minimizes the duty cycle. The variations in the leakage
current is more prominent when the device size is small. To mitigate these variations,
larger than minimum size transistors are used in sub-65nm technology nodes [172].
The first two transistors in the header circuit (M; and Ms) are therefore comparably
large to minimize any mismatches. A minimum channel length of 150 nm is used for

these two input transistors as opposed to 40 nm for the remaining transistors.

7.1.2 Duty cycle to voltage converter

The frequency to voltage converter proposed in [169] operates as a DC2V con-
verter. A circuit schematic of this DC2V converter is shown in Figure 7.5. There are
primarily three different phases of this circuit. During the first phase, capacitor C4
is charged through transistor P;. In the second phase, transistors (i.e., switches) Ny
and N3 are turned on to allow charge sharing between €} and C5. During the last
phase, Cy is discharged through N;. The charge time of C; depends upon the duty
cycle of the input switching signal. A signal with a greater duty cycle causes more
charge to accumulate on (7}, increasing the output voltage of the DC2V converter.
The proposed DC2V converter controls the bias current from the header circuitry

through negative feedback, mitigating PV'T variations. Intuitively, when the header
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current is reduced, the duty cycle of the ring oscillator is greater, increasing the
output voltage of the DC2V converter. As a result, the voltage at the gate of the M,
transistor increases and the current I through resistor decreases, pulling down the
gate voltage of the active header stages. Thus, the current flow through the header
to the ring oscillator is increased, compensating for the initial reduction in current.
A more complete explanation of the working principles of this circuit as well as the

logic controller block is available in [169].

block

Sy
Logic
controller l

Sy

Figure 7.5: Frequency to voltage converter proposed in [169] operating as a duty
cycle to voltage converter.
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7.1.3 Ring oscillator topology for pulse width modulation

To create a single low-to-high oscillation at the output of the ring oscillator, the
signal propagates twice through the entire ring oscillator stages. During the first pass,
the PMOS transistor in the odd stages (P,qq transistors) and the NMOS transistor
in the even stages (Neye, transistors) are active, contributing to the T};,, delay of
the switching signal at the output of the ring oscillator. Alternatively, during the
second round, the PMOS transistor in the even stages (P, transistors) and the
NMOS transistor in the odd stages (N,qq transistors) are active, determining the
Tiow delay. A periodic signal that switches between zero and 1 volt with duty cycle
D and constant frequency 1/P is considered in this chapter. The period and duty

cycle of a switching signal are defined, respectively, as

P= Thigh + T‘lowa (71)
Thi h

D=_—"™"%"__ 7.2

Thigh + Tlow ( )

All of the MOSFET transistors are designed with similar rise and fall transition
times, contributing equally to the high and low portions of the output signal. The

half period of a conventional 50% duty cycle (Tt pign = Toow) ring oscillator with
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2m + 1 stages is therefore

C(G A V:)ut

Y
[(I’UE

To = Tonigh = Tojow = (2m + 1) (7.3)

where Cg is the input gate capacitance of the next stage, AV, is the voltage change
at the output during a single rise/fall transition, and I,,. is the average current
flowing through a single stage active transistor. The period and duty cycle of a
conventional ring oscillator are, respectively, Py = 27y and Dy = 1/2.

The time required to charge the output capacitance of each ring oscillator stage,
CeAVyut/Iave, depends directly on the current flowing through the stage, affecting
the response of the following stage and the frequency of the switching signal at the
output. Lower (higher) than [, current through all of the P,4q and/or Ny, transis-
tors slows down (speeds up) the response of these stages, increasing (decreasing) the
To,nign delay, duty cycle, and period of the switching signal at the output. Alterna-
tively, current starvation (enhancement) of all of the P.,e, and/or N, transistors
slows down (speeds up) the response of these stages. The T 0, delay is therefore in-
creased (decreased) in this configuration, decreasing (increasing) the duty cycle and
increasing (decreasing) the period of the switching signal at the output. By connect-
ing certain ring oscillator stages to a header circuit (in this case, the odd stages), the

duty cycle of the ring oscillator can be controlled through starvation/enhancement
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Table 7.1: Timing parameters of the current controlled ring oscillator

Current at | Transition
Controlled | Affected || the starved | delay at the Duty .
stages | stages || (enhanced) |controlled and Thigh Tiow cycle Period
stage affected stages
Podd Neven ‘U’ (ﬂ) ﬂ (l)) ﬂ (U) Const. ﬂ (U’) ﬂ (‘U’)
Neven Podd ‘U’ (ﬂ) ﬂ (‘U) TT (U) Const. ﬂ (U’) ﬂ (‘U’)
Peven Nodd il (ﬂ) ﬂ (‘U’) Const. TT (‘U’) U (ﬂ) TT (‘U’)
Nodd Pe'uen ‘U’ (TT) TT (‘U) COHSt. ﬂ (‘U’) ‘U’ (ﬂ) TT (‘U’)

of the current flowing to the ring oscillator stages. The effect of current starva-

tion/enhancement on the ring oscillator timing behavior is illustrated in Table 7.1.

Consider a ring oscillator with 2m + 1 stages with a header connected to m + 1
P,qq transistors, supplying the current ly;,s = lype, as shown in Figure 7.6. During
the first round, only the biased P,44 and the affected N,,., transistors are active, con-
tributing, respectively, Thias and Thias af fectea delays to the Tyigs nigh = Thias + Thias af fected
delay at the output of the ring oscillator. The delay contribution of the m + 1 biased

stages to the ring oscillator period is

(m+1)CeAVw m—+1 T
Thias = — -0 7.4
b Lins om—+1 a (7:4)

Limiting the header current (o < 1) to the P,y transistors increases the transition
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Figure 7.6: Ring oscillator with current controlled P,;; transistors.

delay of these stages, slowing the input transition time of the conventionally con-
nected Ny, transistors. Under these conditions, the conventionally connected Neyer,
transistors switch more slowly. Alternatively, in those configurations where the P,y
transistors are enhanced (« > 1) rather than starved, the input at the driven Neyep
transistors approaches an ideal step input, yielding faster switching of these conven-
tionally connected stages. The delay of a conventional ring oscillator stage driven
by a biased stage is inversely proportional to the bias current. The contribution of
the m conventionally connected N, transistors to the period of the biased ring
oscillator is therefore

m 1
sz’as,affected = ( 0 (75)

2m+1) o
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During the second round, only the P,,., and N,q4; transistors are active, contributing
to the Thigsiow delay at the output of the ring oscillator. These transistors are not
biased and are therefore unaffected by the biased stages of the ring oscillator. Thus,
the Thigs 10w delay remains unchanged Thigsiow = 010w = 1o, determining the duty

cycle of the proposed ring oscillator,

Tz'as % 1
Dbias = bias hagh = . (76)
Tbias,high + Tbias,low 1+«
The period of the proposed ring oscillator is therefore
1 Th
Pias:Tias i Tias ow:T 1 —) == 7.7
b bias,high T Lbias,l o +a> D (7.7)

The duty cycle of a biased ring oscillator is a function of the bias parameter
a = Iyigs/Iave and does not depend on the number of stages 2m + 1. For a = 1, a
duty cycle of 50% in (7.6) corresponds to a duty cycle of a conventional ring oscillator
with balanced rise and fall times. Alternatively, the theoretical 100% duty cycle limit
is achieved as o« — 0.

The proposed approach permits configuring a ring oscillator with a wide range
of duty cycles. The period of a biased ring oscillator, however, depends on « (see

(7.7)) and varies with the bias current. Thus, « is constrained by the minimum and
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maximum period T < Prin < Prias < Praz,

<a< 5———. (7.8)

Note that the frequency of the switching signal generated at the output of the ring
oscillator changes while varying the duty cycle of the signal. An improved version of
the aforementioned ring oscillator with two header circuits is proposed in the next

section to maintain a constant frequency under varying duty cycle ratios.

7.1.4 Ring oscillator topology for pulse width modulation
with constant frequency

The duty cycle of a switching signal can be controlled by changing the current
sourced to the odd (or even) stages of a conventional ring oscillator, as demonstrated
in Section 7.1.3. The period of the switching signal in the proposed topology, how-
ever, scales with the duty cycle (7.7), affecting the operational frequency of the ring
oscillator. To provide a wide range of duty cycle while maintaining a constant fre-
quency, an additional level of control over the timing parameters of the ring oscillator
is required.

Consider a ring oscillator with 2m + 1 stages and two headers H4 and Hp that
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Figure 7.7: Ring oscillator with current controlled P,4; and P,,., transistors.

supply, respectively, the current I, 4 = alg,e to the m + 1 P,y transistors and
Dbias,p = Blawe to the m Py, transistors, as shown in Figure 7.7. The currents
flowing through the P,4; and P.,., transistors affect, respectively, the operating speed
of the Neyen and N,gq transistors, as described in Section 7.1.3. Alternatively, the
P,qq and Ne,., transistors are active during the first pass through the ring oscillator
independent of the P.,., and N,4q transistors that are active during the second pass.
Thus, the timing parameters of the ring oscillator shown in Figure 7.7 are similar to

the parameters used in Section 7.1.3, yielding the duty cycle of the ring oscillator,

L)oo 1
l/a+1/8 1+a/B’

Dyias = (7.9)
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and period

Prias :TO(l/Oé—*—l/ﬁ) (710)

To maintain a constant period, the constraint Pb(2) = 2T} is used in (7.10), yielding

ias

B =a/(2a — 1) and therefore

1
Dbias (P = 2T‘O) = % (711)

Substituting the period, (7.10), and duty cycle, (7.11), of the controlled ring
oscillator in Figure 7.7, and the half period of a conventional ring oscillator with a
50% duty cycle, (7.3), the expressions for the currents Ipqs 4 and Ipies 5 shown in

Figure 7.7 are, respectively,

]ave
2D’

Ibias,A = (712)

D 1

Ibias,B - ]bias,A : - Iave .

— =D (7.13)

Thus, to design a switching signal with a specific duty cycle D and period P, the
proposed ring oscillator topology shown in Figure 7.7 should be used with the bias
currents Ipiqs 4 and Iy,s p described by, respectively, (7.12) and (7.13). The currents
Itias,a and Ipes p are generated independently, and produce a variation insensitive

duty cycle and frequency with properly compensated currents. A constant duty
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cycle under PVT variations is therefore a useful indicator for PV'T mitigation in the

proposed PWM.

7.2 Simulation results

A seven stage ring oscillator is described in this chapter to provide a switch-
ing signal with a wide range of duty cycles. The proposed circuit is designed in a
22nm CMOS predictive technology model (PTM) [173]. Certain parameters in the
technology model file are modified based on [174] to include process corners such
as typical-typical (T'T), slow-slow (SS), fast-fast (FF), fast-slow (FS), and slow-fast
(SF). Simulation results characterizing the accuracy of the proposed PWM are shown
in Section 7.2.1 for different duty cycle ratios under PVT variations. The effect of
the bias current on the duty cycle of the ring oscillator output is discussed in Section
7.2.3 without constraints on the period of the output signal and in Section 7.2.2

under a constant period constraint.



168

7.2.1 Proposed pulse width modulator under PVT varia-
tions

To evaluate the effect of PVT variations on the proposed PWM, the current
flowing through the P,44 transistors in the first, third, fifth, and seventh stages is
controlled by the header circuit, as shown in Figure 7.6 for m = 3 . The remaining
PMOS and NMOS transistors in this section are conventionally connected directly
to, respectively, Vs and ground. The supply voltage varies £5% from the nominal
0.95 V and the temperature varies from 27°C to 80°C. The simulations have been
performed for TT, SS, FF, FS, and SF process corners for the 22nm predictive
CMOS model [173]. The corners (TT, FF, SS, FS, and SF) have been generated by
modifying the related parameters in the model files [174]. The per cent deviation
for different duty cycle ratios is listed in Table 7.2. The deviation of the duty cycle
under PVT variations is less than 2.7% of the targeted duty cycle.

The Monte Carlo simulations that consider process and mismatch variations are
shown in Figure 7.8 for a duty cycle of 55% and frequency of 55 MHz, yielding a
standard variation of, respectively, 0.73% and 0.69 MHz.

Transistors with smaller dimensions are more sensitive to PVT variations [175],
[176] and exhibit greater leakage current variations [172] than the wider transistors.

The narrower transistors within the header circuitry turn on if a switching signal
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Table 7.2: Change in the duty cycle of the proposed PWM under PVT variations
for the 22 nm predictive CMOS model.

Vaa | Process | Temperature 550 ‘ 6];%‘5}/‘0377051(;6 ‘ 5%
1.0 TT 27 55.03 | 64.79 | 74.58 | 85.79
1.0 TT 80 55.13 | 65.00 | 74.02 | 85.08
1.0 FF 27 55.01 | 64.86 | 74.67 | 85.83
1.0 FF 80 55.29 | 65.36 | 74.01 | 84.08
1.0 SS 27 55.17 | 65.01 | 74.87 | 85.75
1.0 SS 80 55.15 | 64.88 | 74.57 | 85.07
1.0 FS 27 55.15 | 65.34 | 75.60 | 87.06
1.0 FS 80 55.23 | 65.49 | 75.71 | 86.64
1.0 SF 27 55.51 | 65.37 | 74.52 | 84.36
1.0 SF 80 55.51 | 65.25 | 74.01 | 82.85
09| TT 27 55.10 | 65.00 | 74.77 | 86.02
09 TT 80 55.09 | 64.92 | 74.58 | 85.76
0.9 FF 27 55.00 | 64.90 | 74.66 | 86.28
0.9 FF 80 55.10 | 65.06 | 74.74 | 85.57
0.9 SS 27 55.30 | 65.34 | 75.21 | 86.08
0.9 SS 80 55.21 | 65.03 | 74.73 | 85.44
0.9 FS 27 55.26 | 65.81 | 76.18 | 87.40
0.9 FS 80 55.25 | 65.68 | 75.97 | 87.16
0.9 SF 27 55.61 | 65.40 | 74.38 | 84.26
0.9 SF 80 55.49 | 65.07 | 73.88 | 83.54

Maximum variations [%] ||+ 0.55[+ 0.78 |+ 1.53 | & 2.68]
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Figure 7.8: Monte Carlo simulation of (a) duty cycle, and (b) frequency distribution.

with a greater duty cycle is required. The effect of PVT variations is therefore more

prominent on those signals with a wider duty cycle. This trend can be observed in

Table 7.2, where the deviation for signals with a 50% duty cycle is smaller than for

those signals with a 90% duty cycle.

7.2.2 Duty cycle controlled pulse width modulator

The accuracy of the analytic expressions of the duty cycle presented in Section

7.1.3 is evaluated in this section for a 25% to 90% range of duty cycle. The circuit

shown in Figure 7.6 is used with an ideal current source replacing the header. The

current Ip;,s flowing through the P,4, transistors is therefore controlled by an ideal
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current source. The rise time at the output of the P,y; transistors degrades with a
longer charge time, increasing the duty cycle of the switching signal at the output of
the ring oscillator.

The expressions for the duty cycle in (7.6) are verified with simulations for bias
currents between 2 and 50 pA, as shown in Figure 7.9. Note the good agreement
between the theoretical and simulation results (error < 4.4%). When the current
through the controlled stages is neither starved nor enhanced, the simulated circuit
oscillates with a 50% duty cycle, yielding @ = 1 where Iyus = Igpe = 19 pA. Us-
ing the analytic expression in (7.6), the duty cycle can be tuned with a digitally
programmable control block.

100
—— Theoretical
%" © SPICE
80

60

: T

0 10 20 30 40 50

Duty cycle (%)

Biasing current (pA)

Figure 7.9: Duty cycle varies between 25% and 90% when the header current changes
from 50 to 2 pA (error < 4.4%).
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7.2.3 Duty cycle and frequency controlled pulse width mod-
ulator

The accuracy of the analytic expressions for the duty cycle under the constant
frequency constraint (see Section 7.1.4) is evaluated in this section at 8.33 MHz for a
25% to 90% range of duty cycle. The current supply to the ring oscillator is controlled
with two headers, exhibiting a frequency of 8.33 MHz + 1.25 % for all values of duty
cycle. The circuit shown in Figure 7.7 is modeled by ideal current sources replacing
the headers H4 and Hp. The currents ly;,s 4 and Ip;,s p flowing, respectively, through
the P,qq and P.,., transistors are assumed to be controlled by ideal current sources.
Intuitively, the rise time at the output node of the P,4; transistors increases with a
longer charge time, increasing the duty cycle of the switching signal. To mitigate
the effect of the longer Tyqs nign delay on the period of the switching signal, the
rise time at the output of the P,,., transistors, based on (7.13), is decreased. The
analytic expression for the duty cycle and period, respectively, (7.10) and (7.11),
is verified by the simulations for I;,s 4 currents between 11 and 40 pA, as shown in
Figure 7.10. Note the good agreement between the theoretical and simulation results

(error < 3.1%).



173

100 125 ;
— Theoretical Cberiod T
© SPICE —_
% 100 |*
—_ 7> 5 -"“'tTIow —————
S 2 O R
E 750 o T
3 5o "’ e
9 & et
> =
g g 0 S T
Q '§ / ) o,
25 (V] ,l/ """""""""""""""""
25 |/
" Thigh
10 20 30 40 10 20 30 40

Biasing current I, , (1A) Biasing current I, o (LA)

(a) (b)
Figure 7.10: Header current lj,s 4 changes from 40 to 11 pA. (a) Duty cycle varies

between 25% and 90% (error < 3.1%). (b) Period remains approximately constant
(error < 1.25%).

7.3 Summary

A digitally controlled PWM with a wide pulse width ranging from 25% to 90% is
proposed in this chapter. An enhanced header circuit is also presented to provide a
greater range of header current. The header circuit is connected to every other stage
of the ring oscillator to significantly improve the dynamic range of the pulse width.
The parallel configuration of the Mj transistors within the header circuit controls the

duty cycle with high granularity. To efficiently control both the duty cycle and the
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period of the switching signal, a more advanced version of the PWM is also proposed.
Every other stage in this topology is controlled by a header circuit. An additional
header circuit, however, is connected to the remaining ring oscillator stages to provide
enhanced control over the frequency of the switching signal. A DC2V converter
samples the duty cycle of the output signal and generates an analog voltage to control
the header current. The PVT variations are compensated by the feedback loop
generated by the DC2V converter. Under PVT variations, deviations in the pulse
width are less than 2.7% of the switching signal period. Both the duty cycle and the
period of the proposed circuit are analytically determined as a function of the header
current, simplifying the control over the PWM timing parameters. The accuracy
of the analytic expressions describing the duty cycle is evaluated with simulation
results, yielding less than 3.1% and 4.4% error, respectively, with and without the
controlled frequency for the pulse width modulator. A constant frequency with less
than 1.25% variation is reported for different values of the duty cycle. The proposed
pulse width modulator provides a means for dynamically changing the voltage in
adaptive systems using fast control circuitry, providing high accuracy under PVT

variations and dynamic duty cycle and period control.
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Chapter 8

Stability in Distributed Power
Delivery Networks

While the quality of a power supply can be efficiently addressed with a point-of-
load (POL) power delivery system [69], [70], the complexity of a distributed POL
power supply system is a significant design issue [164]. To cope with design com-
plexity in complex analog circuits, automated modeling, optimization, and synthesis
techniques are typically considered [177]. Automated tools for analog circuits with
hundreds of components have recently become commercially available [177]. To au-
tomate the design of a power delivery system, accurate methods to evaluate perfor-
mance metrics (e.g., quality of transient response, stability, and power) are required.
A distributed system with multiple LDO regulators delivering power to a single grid

exhibits degraded stability due to complex interactions among the LDO regulators,
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power distribution network, and current loads. Thus, the stability of these paral-
lel connected voltage regulators is a primary performance concern and should be
accurately evaluated.

The stability of a single closed loop system is traditionally determined by the dif-
ference between the phase and 180° (phase margin), measured in degrees between the
output and input of the open loop system. In systems with multiple dependent loops,
the open loop approach is, however, not practical because there is no straightforward
method to identify the unstable loop. In this work, an alternative passivity-based
stability criterion (PBSC) is proposed. This criterion imposes a passivity condition
on the power grid impedance. Based on the proposed criterion, accurate system
requirements for exponential and marginal stability in distributed power delivery
systems are provided. Automating the design flow of a power delivery system based
on the proposed stability approach is demonstrated with a typical parametric circuit
performance modeling technique [177]. A distributed power delivery system based
on the proposed stability criterion has been fabricated in an advanced 28 nm CMOS
technology, and exhibits stable voltage regulation over a wide range of temperature,
voltage, and load sharing conditions.

The rest of the chapter is organized as follows. The stability criterion is intro-

duced in Section 8.1. A distributed power delivery system is evaluated in Section 8.2
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based on the proposed stability criterion. Simulation results exhibit strong correla-
tion between the stability of a distributed power delivery system and the proposed
PBSC criterion. Automated design with the proposed stability criterion is described
in Section 8.3. Experimental results for a distributed power delivery system with six

on-chip LDOs are presented in Section 8.4. The chapter is concluded in Section 8.5.

8.1 Passivity-based stability of distributed power

delivery systems

Understanding the effects of the frequency domain parameters on the time domain
characteristics provides significant insight into the analysis and transient behavior of
complex systems [178]-[182]. Traditionally, the phase margin of the output response
(LVour/Vin|voyr=vix) is used to determine the stability of a single LDO regulator.
Similarly, a straightforward criterion is required for determining the stability of a
distributed power delivery system.

A distributed power delivery system with n > 2 power supplies driving a single
power grid is depicted in Figure 8.1(a). In this distributed system, the power supplies
can be combined into a single power delivery system, yielding an equivalent single

port network, as shown in Figure 8.1(b). Note that the output impedance of the
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Figure 8.1: Power delivery system (a) with n > 2 distributed power supplies, and
(b) reduced single port network.

equivalent single port network, Zror in Figure 8.1(b), is the parallel combination of
all of the output impedances Z;,7 = 1,..., N of the individual power supplies shown
in Figure 8.1(a). The output impedance of a distributed power delivery system
is, therefore, straightforward to evaluate based on the individual output impedance
of the parallel connected components. Alternatively, there is no straightforward
method to identify the single loop that causes the instability in a system with multiple
interacting feedback paths. The open loop transfer function, traditionally used to
determine the stability of a lumped power delivery system, cannot be applied in
a distributed power delivery system with multiple control loops [183]. A criterion
for evaluating the stability of a multi-feedback path system composed of distributed
power regulators is therefore needed.

Sufficient conditions for a stable distributed power delivery system are described
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in this section. These conditions are based on the observation, proven in [184], that
a linear, time-invariant (LTI) system is stable when coupled to an arbitrary passive
environment if and only if the driving point impedance is a passive system. Thus,
a distributed power delivery system is stable if and only if the equivalent output
impedance Zror satisfies passivity requirements. The passivity of an LTT system is
described here in terms of practical frequency domain parameters.

An LTT system is passive if the system can only absorb energy, yielding, in math-

ematical terms [185],

/ ' v()i(t)dt > 0,V T, (8.1)

—0o0
where v(t) and i(t) are, respectively, the voltage across the system and current flowing
through the system. The total energy delivered to a passive system is determined

from (8.1) based on the Parseval Theorem, exhibiting, for all positive currents,

o0
e /0 Re[Z(j))|I(jew)Pdw > 0, (8.2)

™

where Z(s) = V(s)/I(s) is the system impedance, and V(s) and I(s) are, respec-
tively, the phasor voltage and current of the system. The passivity condition based
n (8.2), {Re[Z(o + jw)] > 0,Vo > 0}, can be simplified, yielding the following suffi-

cient conditions for passivity of an LTI system: Z(s) has no right half plane (RHP)
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poles, and the phase of Z(s) is within the (—90°,490°) range V w [186].

A distributed system is, therefore, exponentially stable (converges within an ex-
ponential envelope) if and only if the impedance of the system satisfies these passivity
requirements, marginally stable (oscillates with constant amplitude) if and only if
the voltage and current phasors are shifted by precisely 90°, and unstable otherwise.
The phase of the output impedance is an efficient alternative to determine the sta-
bility of these distributed systems, since the traditional phase margin approach is

not practical due to the multiple control loops.

8.2 Distributed power delivery systems

A distributed power delivery system is modeled and analyzed in this section based
on the proposed passivity criterion. Specific circuit level requirements are determined
to maintain overall system stability. The proposed small signal model is described

in subsection 8.2.1. The passivity analysis is presented in subsection 8.2.2.

8.2.1 Distributed power delivery model

A primary parameter in determining the stability of an individual LDO is the
phase margin which is a function of the gain and phase of the transfer function. Each

system pole and zero introduce a phase shift of, respectively, —90° and +90°. For
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example, a single pole LDO exhibits a phase margin of at least 90° and is always
stable. Alternatively, a feedback based LDO regulator with two poles exhibits two
negative phase shifts of 90° and potentially a step response that is only marginally
stable with no phase margin. Thus, the first two uncompensated poles are the most
significant poles in determining the phase margin and stability of an LDO regulator.
To improve the stability and step response of an LDO regulator, RC compensation
[66], [143]-[146], [187], which introduces a zero into the transfer function, is often
used, virtually canceling the effect of a pole. A third order model with three poles
and a single zero that cancels one of the poles is therefore a practical choice for
analyzing the stability of an LDO regulator. A typical LDO regulator composed of
an error amplifier (EA), output device (Mp), and compensation network RoCe is
depicted in Figure 8.2(a). A third order small signal model of the circuit is described
in Chapter 6 and is shown in Figure 8.2(b). The output impedance of the LDO

regulator, shown in Figure 8.2, is

RQ N(S) Rg N(S)
Z _— . R % —_ R
OUT(S) 1+ 4, D(s) + [IGRID 4, D(5) + LlGRID
R 1+ Nis + Nys?
= —2 ! 2 & 3 + RGRID, (83)

' D1 Dy 2
Ap 1—|—A05+A03 —i—AOs

where

Ao = —gmigma2R1 Ra, (8.4)
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Figure 8.2: Low-dropout regulator with RcC¢ compensation, (a) topology, and (b)

small signal linear model.

N1 = R1Cy + R3Cs5 + R1C3,

No = R1R3C1C3,

1
Dy = R101 -+ RQCQ -+ RgCg + R1C3 + RQCg(l + gngl) + Ao . (Rg — 7)03,

gm?2

Dy = RiRyC1Cy + RiC1R3C3 + RoCoR3C3 + RlRQ(Cl + 02)03,

D3 = Ri{RyR3C1C5C5.

(8.8)

(8.9)
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This output impedance exhibits three poles (pi, p2, and p3) and three zeros (21, 2,

and z3) and can be written as a rational function,

Ry + AoRgrip (I+2)A+2)0+2)

Zour = - - = (8.10)
Ao (1+2)(1+2)(1+2)

The current load of each regulator is a strong function of the specific location of the
distributed LDO regulators and activity of the loads in the power delivery system.
Certain small signal parameters are affected by the DC load current, changing the
stability characteristics of each LDO regulator. For example, the output resistance
(Ry = r4s.m, in Figure 8.2(b)) and transconductance (gma = gm,amp in Figure 8.2(b))
of an LDO output device, respectively, decrease and increase with increasing load
current, shifting the zeros and poles of individual regulators, affecting the stability
of the overall system. Alternatively, other parameters that determine the operation
of the error amplifier and compensation network (e.g., Ry = rgspa, C1 = Camp,
Rs = R¢, and C5 = C() are practically independent of the DC load current. Note
that the zeros of the output impedance N(s) are dominated by the load independent
components (R, R3, C1, and C3). Alternatively, the denominator D(s) of Zoyr is a
strong function of the load dependent components, Ry and ¢,,2. The zero frequencies
in the proposed model are therefore less affected by load variations than the pole

frequencies. For simplicity, the zeros of the output impedance Zoyr are assumed to
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be independent of the DC load current.

The output impedance of parallel connected voltage regulators is a primary factor
in determining the stability of a distributed power delivery system, and is a strong
function of the poles and zeros of the individual LDO regulators. To maintain a
stable distributed system, the effect of the poles and zeros in (8.10) on the relative
location of the poles and zeros in the distributed system need to be determined.

In a distributed power delivery system, the total current load is shared among
all of the power supplies. Voltage regulators in close proximity with the current
load supply the greatest portion of the total current, which can be significantly
higher than the average current supplied by a single regulator [69]. A distributed
power delivery system that addresses this issue of load sharing variations is shown
in Figure 8.3. The small signal model shown in Figure 8.2(b) is assumed for each
individual LDO regulator. The total load current I;p4p in the proposed model is
distributed based on the individual power grid resistors, Rg)m pt =1,...,n. The

total output impedance of the system depicted in Figure 8.3 is

n (i) @]
TOT _ (1) ) _ Ay ) D(s)
ZOUT - ZOUTH ce HZOUT - Zl Rg’) + Aéi)Rg)R,D N(S)(i)

i AV D(s)

=N(s) i i) (i
= Ry + AV Rgpip

: (8.11)
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Figure 8.3: Distributed power delivery system with n LDO regulators driving a
common power grid.

-

v

where the zeros are independent of load current variations (N(s)® = N(s) V i).
Alternatively, the poles in D(s)® are shifted and Ay /(R + AU RGRI p) changes
under load current variations, affecting both the root locations and amplitude of the
summed polynomials in (8.11).

Intuitively, the summation of n horizontally shifted third order polynomials yields
a third order polynomial when the roots are sufficiently spread in frequency. The
magnitude of the new polynomial is the sum of the magnitude of the individual
polynomials, and the roots are a weighted average of the horizontal frequency shifts.
To better understand this concept, consider two horizontally shifted third order
polynomials, D(s)® and D(s)®, as shown in Figure 8.4. The sum of the polynomials

at p ) and pl is, respectively, positive and negative. The first root of the new



186

(@) (D)
D(S) +D

)
Desy.,

Figure 8.4: Summation of two horizontally shifted polynomials.

polynomial p§¥® is therefore determined by the weighted average of the original roots,

a b
pg ) and pg ).

Similarly, the second (p§¥¢) and third (p§"¢) roots of the summation

are a weighted average of the original shifted roots. The expression in (8.11) can

therefore be rewritten as

=1

n -1
TOT _ A ' N(s)
Zour = (Z Rgi)+Aéi)—R(C§)RID> Dave(s)’ (8.12)

where D(s)™¢ = <1 + = ) <1 + ﬁ) <1 + z@)’ and mini{p,(f)} < pive < maXi{pl(:)}.

Py 5
The total impedance of the distributed power delivery system shown in Figure

8.3 is therefore a rational third order function. The poles of the distributed system
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are limited by the frequency range of the individual LDO poles (mini{p,(f)} and
maxi{p,(j)}), exhibiting no RHP poles for individually stable LDO regulators. To
maintain stability in a distributed power delivery system with n LDO regulators, the
phase of ZL9%(s) must be within the (—90°, +90°) range V s.

To demonstrate the concept of a stable distributed power delivery system based on
the passivity-based stability criterion, a distributed power delivery system with n = 6
LDO regulators is evaluated. A model of the power delivery system with six LDO
regulators and a distributed power delivery network from Chapter 6 is used in this
chapter as shown in Figure 8.5. Each LDO in a distributed power delivery system is
loaded by an effective current which is a weighted sum of all of the transient currents
within the system. The effect of transient current switching on the voltage regulation
of a distributed system is therefore similar to a single LDO system. Alternatively,
each LDO regulator in a power distribution system contributes differently to the
voltage regulation based on the position of the active current loads and the consumed
current. The stability of a distributed system is therefore a strong function of the
local current shared among the distributed regulators. Current sharing is therefore

a primary concern in a distributed power delivery system.
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Figure 8.5: Model of distributed LDO and power distribution network.

8.2.2 Passivity analysis

The stability of the proposed power delivery system is demonstrated on an exam-

ple system assuming a total current load of 300 mA. Load sharing among the LDO

regulators in the system exhibits a wide range of LDO currents (between 20 mA and

100mA for an individual LDO regulator). The LDO in close proximity with the

current load supplies the largest portion (100 mA) of the total current requirements,

which is higher by a factor of two than the average current load (52mA) supplied

by a single LDO. Alternatively, remote LDOs supply significantly less current (down
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to 20mA), only half of the average LDO load current. The output impedance of
the system under this load sharing scenario is evaluated for each of the LDO regu-
lators and the combined distributed power delivery system. The phase, magnitude,
poles, and zeros within the range of interest are shown in Figure 8.6, demonstrating
the concepts of dense zero frequencies and pole frequency averaging used in (8.12).
Based on the pole frequency averaging concept shown in (8.12), a distributed system
with individually stable LDO regulators under all feasible load currents exhibits no
RHP poles. To demonstrate the effect of the phase of the output impedance on the
stability of a distributed system, the transient response and output impedance phase
ZZoyr of the distributed system with six LDO regulators is shown in Figure 8.7. In
agreement with the passivity-based stability criterion, the output response diverges
(oscillates with increasing amplitude), and converges within an exponential enve-
lope for, respectively, |ZZopr| > 90° and |£Zoyr| < 90°. Note that the system with
Cc = 0.5 pF and maxy{Z£Zoyr} = 89° slowly converges to the steady-state solution,
exhibiting an underdamped response inappropriate for voltage regulation in power
delivery systems. Alternatively, a system with Cc = 5 pF and maxy{Z£Zoyr} = 70°
exhibits an overdamped response with a significant stability margin. A strong corre-
lation therefore exists between the phase shift of the output voltage and load current,

and the effective stability margin of the system. Based on this observation, the phase
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Figure 8.6: Output impedance of individual LDO regulators loaded by different
currents (between 20 mA and 100 mA) and the combined system output impedance,
(a) phase ZZoyr), (b) amplitude | Zoyr|, and (c¢) poles and zeros.
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Figure 8.7: Output response of a distributed power delivery system with different
compensation (Co = 0.4pF, Cc = 0.5pF, Cc = 1pF, and Cc = 5pF'), showing
the correlation between the (a) transient response, and (b) phase of the output

impedance.

margin of the output impedance for a distributed power delivery system is

PM(Zyu) = 90° — max{£Zour}.

(8.13)
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A distributed power delivery system is therefore unstable, stable, or marginally stable
if the phase margin of the output impedance is, respectively, negative, positive, or
zero. A safe phase margin of the output impedance should be determined based on
specific design criteria to avoid excessively underdamped and overdamped voltage

regulation systems.

8.3 Parametric circuit performance modeling tech-
nique

Existing automated techniques for analog circuit design are based on numerical
optimization and evaluation engines [177]. Parametric performance modeling char-
acterizes the performance of an analog circuit (e.g., gain, bandwidth (BW), slew rate
(SR), or phase margin (PM)) based on circuit design variables (e.g., device sizes and
biasing) [177]. The performance of an individual power supply is typically deter-
mined by a set of parameters, such as the DC gain, phase margin, offset, slew rate,
and power. Alternatively, a distributed power delivery system should be evaluated
based on both the individual power supply performance and additional performance
metrics of the combined system, such as the phase margin of the output impedance.

To reduce the design complexity of modern distributed power delivery systems, the
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proposed passivity-based stability criterion should be integrated within existing de-
sign automation techniques. A typical automated flow of optimization-based analog

circuit sizing is shown in Figure 8.8 [177]. An automated flow for designing a stable

* Design parameters * Device model
* Design constraints * Device netlist

Evaluation engine

Candidate
Evall_late_d circuit
circuit design
performance

Optimization engine

Device
dimensions

Figure 8.8: Conventional design flow for an analog circuit.

distributed power delivery system is shown in Figure 8.9. The first stage of the pro-
posed flow is based on a typical parametric performance modeling technique [177].
During this stage, an LDO regulator is synthesized based on the specific LDO topol-
ogy and design objectives. The output of the first stage is used during the second
stage to determine the number and location of the parallel connected power sup-

plies in the proposed distributed power delivery system. During this second stage,
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Figure 8.9: Automated PBSC-based design flow for a distributed power delivery
system.

a distributed power delivery system with a different number and location of voltage
regulators is iteratively evaluated based on the proposed passivity-based stability cri-
terion and distributed power supply placement algorithms [69], [107]. During each
iteration, the worst case load sharing scenario is determined for the specific power
delivery system. The passivity-based stability of the overall distributed system is
evaluated based on the individual current loads. The number and location of the
power supplies are updated if required. Finally, the number and location of the par-
allel connected power supplies is determined that satisfies the quality of power and

stability requirements of the distributed power delivery system.
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8.4 Experimental results

A power delivery system with six LDO regulators has been designed based on
the proposed passivity-based stability criterion and fabricated in an advanced 28 nm
CMOS technology. The regulators are distributed around the perimeter of the on-
chip circuits, as shown in Figure 8.5, regulating the power grid at 0.7 volts with
an input voltage of 1.0volt and maximum load current of 750mA. The on-chip
regulators simultaneously drive a power network, delivering current to the on-chip
integrated circuits. To evaluate the stability of the proposed distributed system under
aggressive load sharing conditions, a current generating circuit is placed in close
proximity to each LDO regulator. These current loads can be activated separately
or simultaneously, exhibiting different current loads at individual LDO regulators.
All of the measurements are performed on the LDO regulators within the distributed
power delivery system.

Load sharing variations are a primary concern for maintaining stability in dis-
tributed power delivery systems. Feasible current loads for the proposed power de-
livery system are based on the system specifications. When all of the integrated
loads are activated simultaneously, the proposed distributed system is loaded with a

maximum current of 6 x 125 mA = 750 mA. Assuming a uniform distribution of load
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circuits, the maximum load current is evenly distributed among the voltage regula-
tors. Alternatively, currents lower than the maximum load current can be drawn by
those circuits located in close proximity to a specific regulator and farther from the
other regulators, exhibiting significant load sharing variations. In this work, the dis-
tributed LDO regulators simultaneously supply a range of currents between 8.67 mA
and 73.5 mA, while maintaining a stable power grid at 0.7 volts. The individual LDO
regulators exhibit a stable response and sufficient phase margin under a wide range
of feasible load currents. The transient response of the regulator is shown in Figure
8.10 for different load steps, process corners, and temperatures, exhibiting a stable
response over a wide range of design parameters.

Modern integrated circuits exhibit aggressive transient characteristics and are
expected to mitigate significant PVT variations. To illustrate the mitigation of load
sharing variations in a complex power delivery system, the output of the individual
load circuits is switched from 8.67mA to 73.5mA at different times within a 10 ns
period, simultaneously generating different load currents and switching activities at
the LDO regulators.

To evaluate the effect of load sharing variations on the stability of a power de-
livery system, the system is measured for PVT variations. The total load current

of the distributed power delivery system with six LDO regulators is stepped from



Corner: SS I; 0ap Step: 1 mA/70 mA
260 Temperature: -30 °C Load transition time: 10 ns
S | ]I |
SenfEEEe e
st L
625 :' :' '& i
0 250 .S00 750 1.0 1.25 15
Time [ps]
(a)
Corner: TT I 0ap Step: 3 mA/100 mA
750 Temperature; 25 °C Load transition time: 10 ns
! [
| |
725
2. }
E 7001 ——— !
(=] |
L BEi |
675 i
i
|
650 ;
0 .250 500 750 1.0 1.25 1.5
Time [us]
(b)
Corner: FF L1 oap Step: 70 mA/150 mA
715 Temperature: 105 °C Load transition time: 10 ns
710
— 705
2.
5 700 T
690
685
0 250 500 750 1.0 1.25 1.5
Time [ps]
(c)

197

Figure 8.10: Output voltage of a single LDO regulator at (a) slow corner and —30°C,
(b) typical corner and 25°C, and (c) fast corner and 105 °C.
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52mA to 441 mA in 10ns. Due to load sharing and PVT variations, the load cur-
rent of a single LDO regulator significantly increases or decreases as compared to
the nominal current, as described in Section 8.2. The measured transient response
of the experimental distributed system for nominal input and output voltages of,
respectively, 1.0 volt and 0.7 volts is illustrated in Figure 8.11 for —25°C, 25°C, and
125°C. To evaluate the proposed system under line variations, the output is tested
at 25°C under £10% input voltage variations. The measured transient response is
illustrated in Figure 8.12. For all types of variations, the distributed power delivery
system exhibits a stable response over a wide range of temperatures with less than
10% voltage droop.

To demonstrate the stability of the distributed power delivery system under maxi-
mum load currents and fast load transitions, the load current of the system is stepped
from 52 mA to 788 mA in 5ns at 25°C. The measured transient response for nominal
input and output voltages of, respectively, 1.0 volt and 0.7 volts is illustrated in Fig-
ure 8.13, exhibiting a stable response and voltage droop of 0.1 volts. The response
time of the system based on the equivalent parasitic capacitance of the load circuit
(CLoad = 472 pF), maximum load current (Iroqqmax = 788 mA), and voltage droop
(AVour = 100mV) is evaluated as Tr = Cror - ILeaamax/AVour = 0.064 ns. Based

on these experimental results, the system of six parallel LDO regulators yields a
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Figure 8.11: Transient step response at the load for V;y = 1 volt, Voyr = 0.7 volts,
and a load current step from 52 mA to 441 mA in 10 ns, measured at (a) 7' = —25°C,
(b) T'=25°C, and (c) T" = 125°C.
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Figure 8.12: Transient step response at the load at a temperature of 25°C for Vpyr
= 0.7 volts and a load current step from 52 mA to 441 mA in 10 ns, measured for
(a) Viy = 0.9 volts, (b) Vix = 1.0 volt, and (c¢) Viy = 1.1 volts.

4.5ns

Figure 8.13: Measured transient response for a load current step from 52 mA to 788
mA in 5 ns.
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stable response over a wide range of load and PV'T variations.

8.5 Summary

Distributed on-chip power regulation and delivery are necessary for delivering
high quality power to modern high performance integrated circuits. Significant load
sharing and PVT variations however pose stability challenges on the co-design of
these multiple on-chip voltage regulators. Thus, the design complexity of the parallel
voltage regulators driving the same power grid is traded off for high power quality.
To design a stable closed loop regulator, sufficient phase margin in the open loop
transfer function is required. Phase margin is therefore a sufficient parameter for
determining the stability of a single LDO. Evaluating the open loop characteristics is
however not practical with parallel LDO regulators because of the multiple regulation
loops. Evaluation of the stability of a distributed power delivery system is therefore
not possible with the traditional phase margin criterion.

An alternative passivity-based stability criterion is proposed in this chapter for
evaluating the stability of parallel voltage regulators driving a single power grid.
Based on this criterion, a distributed power delivery system is stable if and only if the
total output impedance of the parallel connected LDOs exhibits no right half plane

poles and a phase between —90° and +90°. Similar to a single voltage regulator, the
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phase margin of the output impedance (the difference between the maximum phase
and 90°) should be used to determine the stability of a distributed power delivery
system.

A practical third order model of a typical LDO regulator is used to demonstrate
the strong correlation between the proposed PBSC method and the stability of a
distributed power delivery system. Feasible load sharing variations are evaluated
based on system specifications, and upper and lower limits for load sharing variations
are determined. Each of the LDO regulators is designed with sufficient phase margin
to deliver stable power while satisfying the required load sharing limitations. A
distributed power delivery system with six ultra-small fully integrated low-dropout
regulators is evaluated to demonstrate the proposed PBSC concept. The system,
fabricated in a 28 nm CMOS process, exhibits a stable response with excellent load
regulation under PVT and current sharing variations. This power delivery system
is believed to be the first successful silicon demonstration of stable parallel analog
LDO regulators. The proposed passivity-based stability criterion is shown to be a

simple and efficient method to design stable distributed power delivery systems.
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Chapter 9

Power Network-on-Chip for
Scalable Power Delivery

To facilitate the integration of diverse functions, architectural, circuit, device,
and material level power delivery solutions are required. Per core dynamic voltage
and frequency scaling is a primary concern for efficiently managing a power budget,
and requires the on-chip integration of compact controllers within hundreds of power
domains and thousands of cores, further increasing the design complexity of these
power delivery systems. While in-package and on-chip power integration has recently
became a primary concern [46], [47], research remains focused on developing more
compact and efficient power supplies. A methodology to design and manage in-
package and on-chip power has to date not been a topic of emphasis. Thus, power
delivery in modern ICs is currently dominated by ad hoc approaches. With the

increasing number of power domains, the greater granularity of the on-chip supply
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voltages, and domain adaptive power requirements, the design of the power delivery
process has greatly increased in complexity, and is impractical without a systematic
methodology. The primary objective here is to provide a systematic methodology
for distributed on-chip power delivery and management.

The concept of a power network on-chip (PNoC) is introduced here as a vehicle
for distributed on-chip power management. The analogy between a NoC and PNoC
is illustrated in Figure 9.1 with simplified NoC and PNoC models. Similar to a
network-on-chip, a PNoC decreases the design complexity of power delivery systems,
while enhancing the control of the quality of power (QoP) and dynamic voltage

scaling (DVS), and providing a scalable platform for efficient power management.

Signal router Power router

Power
P
W, I 0 Locally
Core p°|‘g§5ed

(a) (b)

Figure 9.1: On-chip networks based on the approach of separation of functionality,
(a) network-on-chip (NoC), and (b) power network-on-chip (PNoC).

The rest of the chapter is organized as follows. The principles of the PNoC
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design methodology are described in Section 9.1. In Section 9.2, the performance of
the PNoC architecture is compared with existing approaches based on the evaluation
of several test cases. Design and performance issues of the PNoC architecture are

also discussed. Some concluding remarks are offered in Section 9.3.

9.1 Power network-on-chip architecture

The key concept in systemizing the design of power delivery is to convert the
power off-chip, in-package, and/or on-chip with multiple power efficient but large
switching power supplies, deliver the power to on-chip voltage clusters, and regulate
the power with hundreds of linear low dropout (LDO) regulators at the point-of-load
[70]. A power network-on-chip is proposed here as a novel systematic solution to
on-chip power delivery that leverages distributed point-of-load power delivery within
a fine grained power management framework. The PNoC architecture is a mesh of
power routers and locally powered loads, as depicted in Figure 9.1. The power routers
are connected through power switches, distributing current to those local loads with
similar voltage requirements. A PNoC is illustrated in Figure 9.2 for a single voltage
cluster with nine locally powered loads and three different supply voltages, Vpp 1,
Vbp.2, and Vpp 3. The power network configuration is shown at two different times,

tl and tg.
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Locally powered loads  Locally powered loads
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Figure 9.2: On-chip power network with multiple locally powered loads and three

supply voltage levels (a) PNoC configuration at time ¢;, and (b) PNoC configuration
at time %o.

The concept of a power network-on-chip is proposed here to virtually manage
the power in SoCs through specialized power routers, switches, and programmable
control logic, while supporting scalable power delivery in heterogeneous ICs. A PNoC
is comprised of physical links and routers that provide both virtual and physical
power routing. This system senses the voltages and currents throughout the system,
and manages the POL regulators through power switches. Based on the sensed
voltages and currents, a programmable unit makes real-time decisions to apply a new
set of configurations to the routers per time slot, dynamically managing the on-chip
power delivery process. Novel algorithms are required to dynamically customize the

power delivery policies through a specialized microcontroller that routes the power.
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These algorithms satisfy real-time power and performance requirements.
A PNoC composed of power routers connected to global power grids and locally

powered loads is illustrated in Figure 9.3. Global power from the converters is man-
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Figure 9.3: On-chip power network with routers distributing the current over the
power grid to the local loads.

aged by the power routers, delivered to individual power domains, and regulated
within the locally powered loads. These locally powered loads combine all of the
current loads located within a specific on-chip power domain with the decoupling ca-

pacitors that supply the local current demand within that region. To support DVS,
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power switches in the proposed PNoC are dynamically controlled, (dis)connecting
power routers within individual voltage clusters in real time. Current loads pow-
ered at similar voltage levels therefore draw current from all of the connected power
routers, lessening temporary current variations. Similar to a mesh based clock dis-
tribution network [188], the shared power supply lessens the effect of the on-chip
parasitic impedances, enhancing the voltage regulation and quality of power.

The power routers, local current loads, and power grids are described in the
following subsections. Different PNoC topologies and specific design objectives are

also considered.

9.1.1 Power routers

The efficient management of the energy budget is dynamically maintained by the
power routers. Each power domain is controlled by a single power router. A router
topology ranges from a simple linear voltage regulator, shown in Figure 9.4(a), to
a complex power delivery system, as depicted in Figure 9.4(b), with sensors, dy-
namically adaptable power supplies, switches, and a microcontroller. The proposed
structure features real-time voltage/frequency scaling, adaptable energy allocation,
and precise control over the on-chip QoP. With the PNoC routers the power is man-

aged locally based on specific local current and voltage demands, decreasing the
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dependency on remotely located loads and power supplies. Thus, the scalability of

power delivery process is enhanced with PNoC approach.

Power router Power router
Vempsisc
Microcontroller
Vswpssc Power supply
Vrer AV
REF,1
* \ Vbp . Vrer L Switch Vbp

_ / H Switch

VR_EF,N

Voro
—| Sensor I

(a) (b)

A

Figure 9.4: Power routers for PNoC a) Simple topology with linear voltage regulator.
b) Advanced topology with dynamically adaptable voltage regulator and microcon-
troller.

9.1.2 Locally powered loads

Locally powered loads with different current demands and power budgets can
be efficiently managed with this proposed PNoC. The local power grids provide a
specific voltage to the nearby load circuits. The highly complex interactions among
the multiple power supplies, decoupling capacitors, and load circuits need to be

considered, where the interactions among the nearby components are typically more
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significant. The effective region for a point-of-load power supply is the overlap of the
effective regions of the surrounding decoupling capacitors [69], [189]. Loads within
the same effective region are combined into a single equivalent locally powered load
regulated by a dedicated LDO. All of the LDO regulators within a power domain
are controlled by a single power router. A model and closed-form expressions of the
interactions among the power supplies, decoupling capacitors, and current loads are
required to efficiently partition an IC with billions of loads into power domains and

locally powered loads.

9.1.3 Power grid

A shared power grid with multiple LDO sources and dedicated power grids each
driven by a separate LDO are considered. Dedicated power grids require fine grain
distribution of the local power current. Alternatively, a shared power grid with
multiple LDO sources is prone to stability issues due to current sharing, and process,
voltage, and temperature variations. Specialized adaptive mechanisms are included
within the power routers to stabilize a power delivery system that includes a multi-

source shared power grid.
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9.2 Case study

To evaluate the performance of the power router, a PNoC with four power routers
is considered, supplying power to four power domains. IBM power grid bench-
marks [141] model the behavior of the individual power domains. To simulate a
dynamic power supply in PNoC, the original IBM voltage profiles have been scaled
to generate the target power supplies between 0.5 volts and 0.8 volts. Target voltage
profiles with four voltage levels (0.8 volts, 0.75 volts, 0.7 volts, and 0.65 volts) within
a PNoC are illustrated in Figure 9.5. The number of power domains with each of the
four supply voltages changes dynamically based on the transient power requirements
of the power domains.

A schematic of a PNoC with four power domains (I, II, III, and IV) and four
power routers (PRy, PRy, PRy, and PRyy) is presented in Figure 9.6. Each of the
power routers is composed of an LDO with four switch controlled reference voltages
to support dynamic voltage scaling. In addition, the power routers feature adaptive
RC compensation and current boost networks controlled by load sensors to provide
quality of power control and optimization, as shown in Figure 9.7. The adaptive
RC compensation network is comprised of a capacitive block connected in series
with two resistive blocks, all digitally controlled. These RC impedances are digitally

configured to stabilize the LDO within the power routers under a wide range of
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Figure 9.5: Preferred and supplied voltage levels in PNoC with four power domains.

process variations. The proposed current boost circuit is composed of a sensor block

that follows the output voltage at the drain of transistor Mp (see Figure 9.7), and a

current boost block that controls the current through the differential pair within the

LDO. When a high slew rate transition at the output of the LDO occurs, the boost

mode is activated, raising the tail current of the LDO differential pair. Alternatively,
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Figure 9.6: Proposed PNoC with four power domains and four power routers con-
nected with control switches.
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during regular mode, no additional current flows into the differential pair, enhancing

the power efficiency of the LDO. Detailed description of the suggestive configurations

of the load sensor and adaptive networks are provided in Chapter 6.
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The power routers are connected with controlled switches to mitigate load transi-
tions in domains with similar supply voltages. To model the RLC parasitic impedances
of the package and power network, non-ideal LDO input and output impedances
(PN, PNy, PNyyp, and PNyy) are considered, as shown in Figure 9.6. The load cur-

rent characteristics are listed in Table 9.1 for each of the four domains. The proposed

Table 9.1: Output load in a PNoC with four power domains.
Domain I | II | II| IV
Minimum output current [mA] || 10 | 75| 20 | 20
Maximum output current [mA] || 50 | 10 | 30 | 20
Output transition time [ns] 50 | 50 | 10 | N/A

PNoC is simulated in SPICE. Simulation results are presented in Figure 9.8, exhibit-
ing a maximum error of 0.35%, 2.0%, and 2.7% for, respectively, the steady state
dropout voltage, load regulation due to the output current switching, and load reg-
ulation due to dynamic PNoC reconfigurations. Good correlation with the required
power supply in Figure 9.5 is demonstrated. The power savings in each of the power
domains range between 21.0% to 31.6% as compared to a system without dynamic
voltage scaling. These average power savings show that the PNoC architecture can
control the power supplies in real-time, optimizing the power efficiency of the overall

power delivery system [190]-[192].
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9.3 Summary

To address the issues of power delivery complexity and quality of power, a power
delivery system should provide a scalable modular architecture that supports inte-
gration of additional functional blocks and power features (e.g., DVS, adaptive RC
compensation, and efficiency optimization with adaptive current boost) without re-
quiring the re-design of the power delivery system. The architecture should also

support heterogeneous circuits and technologies.
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The concept and architecture of an on-chip power network is described in this
chapter. The primary objectives of an on-chip PNoC based power delivery system are
1) to exploit the concept of on-chip networks for systematic power delivery in SoCs
to reduce design complexity while increasing scalability, 2) to provide a methodology
that separates power conversion and regulation for efficiently enhancing the quality
of power, 3) to enable the application of local power routing through a specialized
microcontroller for on-chip power management, and 4) to utilize small area power

supplies as point-of-load voltage regulators.
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Chapter 10

Future Work

Delivering high quality, dynamically controlled power to support overall power ef-
ficient and portable systems is a critical challenge in heterogeneous systems-on-chip.
Efficiently providing multiple point-of-load on-chip regulated voltages requires fun-
damental changes to the power delivery and management process. In MtM systems,
SoC platforms will consist of hundreds of heterogeneous hardware agents (application
processors, DSP cores, fixed function accelerators, sensors, and actuators), each with
unique power, performance, and quality of service (QoS) requirements. To support
DVS and DVEFS, scalable power delivery systems are required that are capable of
dynamically redistributing high quality regulated power within billions of loads to
multiple functionally diverse power domains. To satisfy power limits at each evolv-

ing technology node, the increasing availability of ”dark silicon” should be exploited
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[193]. To switch transistors with greater granularity in real-time, a distributed ar-
chitecture coupled with a dynamically controlled power delivery and management
methodology is required.

To cope with the design complexity of distributed on-chip power delivery, a novel
and scalable power delivery platform, PNoC, has been introduced that relies on the
reuse of components, architectures, methodologies, and applications. Two different
research directions based on topics presented in this dissertation are proposed in this
chapter for further investigation. A distributed architecture for a power network
on-chip is introduced in Section 10.1. Security issues in modern ICs and a secure

PNoC solution are discussed in Section 10.2. A summary is offered in Section 10.3.

10.1 Power network on-chip for distributed power

management

Centralized dynamic power management is commonly used to increase power
efficiency in modern heterogeneous systems. A typical power delivery scheme is il-
lustrated in Figure 10.1 for an SoC with multiple power domains within each of
n individual modules. In this configuration, the power is managed by a single de-

vice, exhibiting a centralized power management system. Centralized power delivery
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Figure 10.1: Centralized power management of an SoC with n modules.

systems are often characterized by a long feedback path from the individual power
domains to a single power management controller, dissipating extra power due to un-
necessary data transport, and limiting real-time control over the energy budget due
to the slow feedback response. In addition, a centralized approach places all of the
power management functions in one or a few locations, affecting system scalability.

The concept of a power network on-chip is introduced in Chapter 9 as a system-
atic and scalable methodology for on-chip power management. A distributed power
delivery system based on the PNoC approach is shown in Figure 10.2. In this scheme,
the energy budget is managed locally with intelligent distributed power routers, con-
sidering essential information such as timing slacks, voltages, currents, and temper-
atures that are sensed within the individual power domains. Real-time fine grain
power management is possible by shortening the power domain-to-router feedback

path (as compared to the centralized approach). Power management adjustments
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Figure 10.2: Distributed PNoC scheme for power management of a single IC.

should therefore redistribute the overall energy budget in a near real-time manner
by communicating local power management decisions among the individual power
routers within a PNoC. A centralized power management mechanism can also be
integrated to support predetermined DVS and DVFS operations. Novel algorithms
and controllers will need to be developed to coordinate these management functions

among the intelligent, distributed, and centralized power management mechanisms.

10.2 Secure power network on-chip

With existing techniques for leakage current analysis, the security of the on-chip
information has become a growing concern. Non-invasive methods, such as side chan-
nel power attacks [194]-[196], are widely used to decode encrypted information based

on the co-analysis of stored data and leakage current profiles. Alternatively, invasive
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power attacks (e.g., battery draining by sleep deprivation) [197] can be initiated to
reduce the performance and/or lifetime of computing devices. Several methods to
mitigate power analysis attacks have recently been proposed at the architectural,
algorithmic, and circuit levels [198]-[200]. A common countermeasure for power
analysis is masking the effective power consumption of an IC by injecting additional
power or modifying power profiles with DVS techniques [198]. These approaches
however degrade the overall power efficiency of the system. Alternatively, securing
information and performance with traditional algorithmic encryption techniques lack
scalability and often do not exhibit sufficient security [199]. To efficiently mitigate
power analysis attacks, specialized design flows and circuits that disrupt the cor-
relation between the internal leakage power and overall power dissipation need to
be developed [200]. Accurate evaluation of power efficiency and security levels are
required. Secure on-chip power networks will need to be developed to efficiently

manage power in modern 1Cs.

10.3 Summary

To cope with the increasing design complexity of heterogeneous, distributed, and
dynamically controllable power delivery systems while enhancing the scalability of

both static and dynamic power delivery systems, a systematization of the power
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delivery and management process is required. The concept of intelligent on-chip
networks for delivering power has been suggested as future research that addresses
the objectives of scalable, systematic power management in high performance het-
erogeneous systems. Integration of emerging techniques for mitigating power attacks
within the proposed PNoC platform has also been proposed as possible future re-
search problems.

A secure power management system based on a distributed PNoC architecture
has been suggested as possible long term research. To exploit the concept of on-chip
networks for a secure and systematic power delivery and management process while
reducing design complexity and increasing scalability, three primary components are
required: (1) a systematic methodology that exploits the distributed nature of the
proposed PNoC architecture to provide real-time adaptive and efficient control over
the quality of power, (2) algorithmic solutions for distributed power management,
and (3) specialized circuits and software/firmware architectural solutions to mitigate

power attacks in performance sensitive systems.
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Chapter 11

Conclusions

The continued advance of society and emerging market segments require func-
tionally diverse semiconductors. In these modern heterogeneous systems, function-
ally diverse circuits are integrated on-chip, requiring a wide range of high quality
DC voltages. In addition, as the need for portable, high performance ICs increases,
intelligent management of the energy budget becomes a primary concern. The future
of heterogeneous, high performance systems is strongly dependent upon the power
delivery system and deeply affected by the quality of on-chip power, availability of
fine grain dynamically controlled voltage levels, and the ability to manage power
in real-time. On-chip integration of several power supplies is no longer sufficient
to address all of these power delivery challenges. To satisfy evolving power deliv-
ery requirements, the classical approach for power generation and distribution has

changed over the last decade. Power generation circuits are physically closer to the
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loads to provide enhanced control over the quality of delivered power. Heterogeneous
power delivery systems with different types of off-chip, in-package, and distributed
on-chip power converters must be considered. Software and firmware solutions are
necessary to address the high design complexity of these hierarchical nonlinear power
delivery systems with thousands of power delivery components and billions of loads.
Dynamic voltage and frequency scaling increases energy efficiency over time. Fine
grain power management schemes optimize the delivery of power in terms of quality,
area, efficiency, and design complexity. An effective power delivery solution should
provide a systematic methodology, scalable distributed architectures, algorithms for
distributed power management, and specialized circuits.

A platform for scalable power delivery and management has been proposed in
this dissertation. The key concept of this platform is to manage the overall energy
budget with fine grain distributed on-chip power networks, providing local feedback
paths from the billions of loads to multiple, locally intelligent power routers. The
proposed PNoC approach addresses the issues of design complexity and scalability by
providing a modular architecture that supports integration of functional blocks and
power features without requiring re-design of the power delivery system. Architec-
tural, algorithmic, and circuit level requirements for intelligent PNoC-based power

delivery are necessary, and some possible solutions are described in this dissertation.
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A power delivery topology and related algorithms to co-design power supplies within
the PNoC framework are proposed. Circuit and design level solutions that address
the challenges of distributed on-chip power delivery and intelligent power manage-
ment such as on-chip area limitations, dynamic power control, and stability are also
demonstrated. Integrating emerging technologies (e.g., mitigation of invasive and
non-invasive power attacks) within the proposed PNoC framework is discussed.

A heterogeneous power delivery topology is proposed in this dissertation as an
architecture for delivering power in PNoC systems. While optimizing the character-
istics of the individual power supplies is important, optimizing system-wide power
efficiency is critical in high performance ICs. To maintain high quality on-chip power,
the power should be converted and regulated within a hierarchical structure com-
posed of different types of power supplies. To convert power with minimum power
losses while avoiding area consuming on-chip passive components, power efficient
switching mode power supplies should be placed off-chip or in-package. Area effi-
cient linear regulators should be distributed on-chip to deliver and locally control
the load circuitry, while reducing power losses from the low voltages dropped across
the linear regulators.

Exhaustive ad hoc approaches for co-designing power supplies at different levels

of hierarchy within a power delivery system exhibit significant design complexity and



226

are computationally impractical in DVS/DVFS systems with hundreds to thousands
of power domains. A computationally efficient methodology to co-design switching
converters and on-chip linear regulators within a heterogeneous system is proposed,
achieving high quality power and efficiency within limited on-chip area. Dynamically
clustering a heterogeneous power delivery system is demonstrated on a suite of IBM
benchmark circuits, exhibiting a computationally and power efficient alternative to
existing ad hoc methodologies that employ either switching or linear on-chip power
supplies.

Advanced circuit solutions, such as specialized power routers, switches, pro-
grammable control logic, and ultra-small power supplies, are required to provide
efficient high quality dynamically managed power within the PNoC framework. To
demonstrate the feasibility of the proposed concept of distributed, dynamically con-
trollable, power delivery systems, several power delivery circuits have been proposed.
To provide a circuit level means for dynamically scaling the voltage in adaptive sys-
tems, a digitally controlled pulse width modulator has been developed, including
closed-form duty cycle expressions, and validated under PVT variations. Another
key component of distributed power delivery systems is an ultra-small power efficient
linear regulator. An ultra-small power efficient linear low dropout regulator has been

designed, manufactured, and tested in a 28nm CMOS process, exhibiting excellent
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load regulation under PVT variations.

An important challenge in the realization of distributed power delivery systems
is the stability of multi-feedback structures. A distributed system with multiple par-
allel connected power supplies and dependent feedback paths may exhibit degraded
stability due to complex interactions among the power supplies, power distribution
network, and current loads. To provide a stable distributed power delivery system,
a passivity-based stability criterion has been proposed. Based on this criterion, a
distributed power delivery system is stable if and only if the output impedance of
the parallel connected power supplies exhibits no right half plane poles and a phase
between —90° and +90°. This criterion can be used to analyze the stability of com-
plex distributed power delivery systems and integrated within design automation
environments. To demonstrate these distributed design concepts and techniques, a
distributed power delivery system with six identical ultra-small fully integrated low-
dropout regulators has been designed and fabricated in a 28 nm CMOS process. This
system of distributed parallel LDO regulators exhibits a stable system response over
a wide range of temperatures and voltage variations. The system is believed to be
the first successful silicon demonstration of stable parallel analog linear regulators.

To conclude, a fine grain power management framework has been proposed to

dynamically control the power delivery process while optimally allocating power
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among different power domains at run time. As opposed to traditional practices
where power is generated with either efficient switching or compact linear power reg-
ulators, the proposed distributed heterogeneous approach enables system-wide fine
grain optimization of the overall energy budget and efficiency, while satisfying on-
chip area constraints. To cope with emerging challenges, such as quality of power,
system-wide power efficiency, real-time distributed power management, and design
complexity, a variety of circuits, algorithms, and architectural level techniques has
been proposed within the power networks on-chip framework. The development of
these new capabilities will fundamentally change the way power is delivered and man-
aged, simultaneously enhancing the quality of power, performance, and scalability in

high complexity, high performance integrated circuits.
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