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Abstract

With transistor scaling, the process in which high performance, very large scale

integrated (VLSI) systems are engineered has changed due to significant interconnect

resistance, noise, and coupling effects. One common design solution that has not

changed however has been the grid, a structural topology that enhances different

characteristics of a VLSI system, such as area, reliability, and design complexity. In

this dissertation, the fundamental role of a grid structure in VLSI systems is explored

and a set of design challenges in grid-based circuits are addressed; specifically, the

design challenges of nonvolatile resistive memory arrays and on-chip power grids with

integrated linear voltage regulators.

The dissertation starts by introducing the characteristics of a grid structure and

the influence of grids on different aspects of integrated systems, such as power deliv-

ery networks, memory systems, digital logic, and automated routing. The following

chapters address a set of challenges in grid-based systems, continuing with the com-

putational complexity of designing nonvolatile resistive memories as well as the write



xv

energy of these memory arrays. A set of closed-form expressions that intuitively model

the size limitation of nonvolatile resistive memories with cell selectors are described

to relax the computational requirements. Furthermore, the write energy of resistive

memory arrays is explored, and models estimating the write energy are presented.

Based on the insights gained from these models, an energy efficient bias scheme is

proposed to reduce the write energy.

Moreover, the stability of on-chip power grids in the presence of multiple linear

voltage regulators is evaluated. The decreasing stability of a power grid when in-

creasing the number of regulators is described. The integration challenges of digital

linear regulators with resistive power grids is also discussed. A methodology to dis-

tribute the pass transistors of a digital linear regulator is proposed to mitigate voltage

variations across a grid.

The benefits of a grid topology in complex integrated systems often comes at a

cost of various design challenges. This dissertation provides insight into the complex

relationship between grids and VLSI systems.
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Chapter 1

Introduction

“The forest is magnificent, yet it contains no perfect trees.”

– Gye Fram

1.1 My Thesis

Grids (or meshes) are common geometric structures used throughout the design

of very large scale integration (VLSI) systems, such as high performance micropro-

cessors, due to the ordered structure that eases circuit scalability, lowers design com-

plexity, improves performance, increases transistor density, and enhances reliability.
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1.2 Motivation

The exponential growth in the complexity and compute power of VLSI digital

systems has significantly enhanced human civilization [1]. This increasing growth in

compute power supported by algorithmic discoveries have enabled tackling difficult

problems that were once thought to be unsolvable [2, 3]. The demand for compu-

tational power however has yet to cease, continuously pushing the semiconductor

industry to design and manufacture ever more complex VLSI systems [4, 5].

From the very first practical microprocessors, such as the Intel 4004, to the lat-

est and most advanced examples, such as the IBM Power9, there has always been

tremendous challenges in the design, development, manufacture, and test of these

highly complex systems [6–10]. While the Intel 4004 contained a few thousand tran-

sistors in 1971 [6], there was little support from electronic design automation (EDA)

tools. Structured and automated placement and routing tools started to appear in

the early 1980’s, years after the development of the first microprocessors [11]. To de-

velop complex integrated circuits (IC) in the late 1960’s and early 1970’s, companies

utilized a large number of engineers and technicians to manually craft and optimize

these circuits [12]. Alternatively, modern microprocessors often contain many tens to

hundreds of billions of transistors. These integrated circuits are significantly more ex-

pensive to develop and manufacture despite the support provided by advanced EDA

tools [13]. This increased design challenge is primarily due to reliability and noise
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coupling issues in deeply scaled technology nodes as well as the increased functional

complexity of advanced ICs that even the most capable EDA tools have difficulty in

tackling [13–16].

A vast number of engineers spend countless hours developing complex ICs based

on a variety of principles and guidelines to manage the complexity of designing these

VLSI systems. In the early days of IC development, area and speed were the primary

criteria shaping these design principles. The successful continuation of transistor scal-

ing relaxed some of these initial design criteria, such as area, and enabled massive

computational power which reinforced complex design procedures. Scaling however

has also brought challenges that have not yet been considered, such as process (man-

ufacturing) variability and thermal reliability. As a result, the design guidelines and

tools have evolved over time [12,17]. Today, the primary critera shaping design princi-

ples and guidelines are speed, power, reliability, signal integrity, and security [18,19].

While the process in which complex ICs are engineered continues to change, one par-

ticular topology has been used throughout the development of integrated systems;

the grid.

In Section 1.3, the concept of grids and the relationship of grids to VLSI systems

are reviewed. Those aspects of VLSI systems that rely on grid structures are de-

scribed. In Section 1.4, an outline of this dissertation is provided, summarizing the

following chapters.
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1.3 The Grid

The grid is a set of intersecting horizontal and vertical lines forming an ordered

structure (as described in greater detail in Chapter 2). Grids embody a rich set of

properties, such as regularity, modularity, scalability, and density. Many applications

over a wide range of disciplines use grids to tackle different kinds of problems and

challenges, as illustrated in Fig. 1.1 [20–22]. From architecture to city planning to

(a)                                  (b)                                (c)   

Figure 1.1: Grid systems are used in a variety of design and engineering problems, (a)
architecture, (b) Manhattan gridiron plan, and (c) graphic design of the New York
Times.

graphic design, grids are used for a variety of reasons. For example, graphic de-

signers adopt grids in newspapers, websites, and other media platforms to organize
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content in a structured and compact fashion [23]. In city planning, grids are used

to enhance scalability, efficiently use space, and ease transportation [24]. In archi-

tecture and construction, grid systems form efficient supporting structures to equally

distribute carried loads while benefiting from structural redundancy to improve ro-

bustness against failures [25].

Similarly, VLSI systems have exploited grid structures, as shown in Fig. 1.2

[26,27]. Grids have been used in integrated systems since the early days of IC design.

(a)                                                             (b)

Figure 1.2: Repeated cell structures forming a grid in die photographs, (a) Intel 4004,
and (b) IBM Power9 processor.

One of the first microprocessors, the Intel 4004, included an on-chip memory laid out

in a grid structure (see Fig. 1.2a). The grid, shown in Fig. 1.2a, is a DRAM memory

array formed of three transistor cells [7, 28]. The use of grids in memories has led to

high density, low cost, and reliable ICs. In contrast, the initial development of logic

circuits lacked design guidelines and were implemented in more of a random fashion

[29]. With transistor scaling, circuit complexity has increased while density and yield
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has become more critical. Early logic circuits were therefore not as reliable and dense

as memories [29].

To match the yield and density of memory ICs, structured design methodologies

for the logic gates have been developed [30]. The use of grids has been extended to

many other parts of an IC other than memory, from logic to interconnect to network

communication within multicore systems, as shown in Fig. 1.3 [31–34]. To provide

Obstacle

Obstacle

(a)                                        (b)                                                    (c)                        (d)

Core Core Core Core

Core Core Core Core

Core Core Core Core

Core Core Core Core

Memory controller

Memory controller

Figure 1.3: Grid based IC design, (a) DRAM memory array, (b) programmable logic
array (PLA), (c) interconnect routing, and (d) mesh-based network for communica-
tion within multicore microprocessors.

a more efficient structure to logic circuits, programmable logic arrays (PLA) were

developed [32]. These circuits enable memory-like, structured logic circuits, forming

grid-based functional units. The fixed structure of a PLA however has come at a cost

of reduced design flexibility, lowering performance. Initially, this structured design

approach was preferred to improve circuit density despite suboptimal performance.

With the advent of advanced EDA methodologies however other structured design
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techniques such as standard cell-based circuits are usually preferred [31]. Intercon-

nects in VLSI systems consider rectilinear routes where each metal layer is typically

directed along a preferred axis (horizontal or vertical direction) [35]. Automated

routing tools use a grid topology as a guideline to generate these interconnects, each

aligned with the grid (see Fig. 1.3c) [33]. While diagonal routing reduces interconnect

length and increases performance, grid-based rectilinear routing is mostly preferred

due to the greater computational efficiency [33, 35]. Since a complex VLSI system

can contain many billions of nodes, computationally tractable heuristic approaches

are preferred over optimal but computationally expensive techniques. In multicore

VLSI systems, the cores are typically connected within a mesh structure [34, 36–39].

The regularity of mesh-based multicore networks support scaling the number of cores

[37–39]. Scalability of the network becomes critical as the number of on-chip cores in-

creases. This increase in multicores is due to on-chip thermal and power constraints,

pushing the development of highly parallel architectures to improve computational

efficiency under a fixed power budget [40].

In addition to these aforementioned applications, grids have been considered in

a variety of other aspects of a VLSI system such as the on-chip power delivery and

clocking networks, and field programmable gate arrays (FPGAs) (see Chapter 2)

[18, 41, 42]. The applicability and influence of grids across a wide range of design

methodologies in VLSI systems have resulted in the physically structured and ordered
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layout found in modern VLSI systems (see Fig. 1.2b). The seminal influence of grids

in high performance ICs stem from the need to manage these highly complex systems.

Fundamentally, the grid system forms a set of rules, creating a framework to effectively

manage complexity, allowing the formation of tractable design solutions. The grid

system is therefore an inseparable design element in the development of complex

integrated systems.

1.4 Outline

In this dissertation, applications of grid structures to VLSI systems are examined

in Chapter 2, beginning with the definition and attributes of grids. The grid offers

different properties that can enhance speed, power, reliability, and density in VLSI

systems. The influence of grids in the IC design process, such as power delivery, clock

distribution networks, memory systems, programmable logic arrays, and automated

routing, is discussed.

In Chapter 3, different types of nonvolatile resistive memories are reviewed. The

working mechanisms of resistive RAM (RRAM), phase change memory (PCM), and

magnetoresistive RAM (MRAM) are explained. These devices exhibit different strengths

and weaknesses and are therefore used in different types of memory systems (e.g.,

cache, main memory, or disk). Similar to charge-based memories, such as DRAM,
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SRAM, and flash, nonvolatile resistive memories are physically based on a grid struc-

ture. The advantages and challenges of grids (i.e., crossbars) and mitigation tech-

niques, such as including selector devices, are discussed.

In Chapter 4, on-chip power delivery systems with integrated voltage regulators

are reviewed. The power delivery network is typically structured as a grid. This

network is supported by multiple on-chip voltage regulators in high performance ICs

to reduce power consumption via dynamic voltage scaling (DVS). Different types of

voltage regulators along with the advantages and disadvantages are described. The

working mechanism of low dropout (LDO) voltage regulators is discussed with an

emphasis on regulator stability.

In Chapter 5, closed-form expressions that model critical metrics of nonvolatile

resistive crossbar arrays are provided. These crossbar arrays are widely considered

as a likely memory technology that will replace DRAM and flash memory. The

performance and capacity of resistive crossbar arrays are however limited due to

sneak paths and the parasitic interconnect resistance within the grid. To reduce

computational time and provide intuitive design guidelines, a set of compact closed-

form expressions modeling these aforementioned limitations is described.

The modeling approach discussed in Chapter 5 is extended in Chapter 6 to eval-

uate the write energy consumption of nonvolatile resistive crossbar arrays. The write

energy of resistive memory arrays are described, considering data dependencies and
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bias schemes. Moreover, a hybrid, energy efficient write scheme utilizing multiple bias

schemes is proposed to decrease the write energy based on the number of selected cells.

In Chapter 7, the stability of on-chip power delivery networks with multiple inte-

grated capacitorless LDO regulators is explored. As the number of on-chip LDOs that

share a common grid grows, the stability of the power delivery network degrades. This

effect is primarily due to the decreasing resonance frequency with increasing number

of LDO regulators. The degradation of grid stability is intuitively described, and an

expression that relates stability to the number of LDOs is provided.

Moreover, the challenges of integrating digital LDOs within an on-chip power grid

is described in Chapter 8. In a power delivery system with distributed pass transistors,

the flow of current depends upon the physical location of the pass transistors, which

can have a major effect on the power noise. A methodology to distribute the pass

gates of a digital LDO is proposed based on grid centroids. The proposed distribution

topology is compared to earlier topologies in terms of steady state IR drops within a

power grid.

Lastly, a summary and concluding remarks of this dissertation are offered in Chap-

ter 9, and future research directions are described in Chapter 10. The effect of noise

coupling among adjacent rows and columns in a resistive memory array is explained.
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In deeply scaled technologies where the interconnect pitch is small, capacitive cou-

pling can disturb the memory cells along the unselected lines. This reliability issue,

similar to the RowHammer problem, is discussed in greater detail.
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Chapter 2

Grids in Integrated Systems

“The grid system is an aid, not a guarantee. It permits a number of possible uses

and each designer can look for a solution appropriate to his personal style. But

one must learn how to use the grid; it is an art that requires practice.”

– Josef Müller-Brockmann, Grid Systems in Graphic Design, 1981

Grids are common structures within integrated systems such as memories [43],

logic arrays [30], power delivery networks [44], networks-on-chip (NoC) [45], and

automated layout [46]. The grid structure provides several benefits to different aspects

of VLSI circuits. Depending upon the application, grids can be used to form an

orderly structure to improve scalability and robustness, enhance density, or reduce

computational time. A grid is a geometric structure formed of similar tiles, such as a

square, rectangle, or triangle, tightly packed together, as shown in Fig. 2.1. A tile is

a substructure that is copied multiple times to form a larger and regular structure. In
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(a)                                          (b)

Figure 2.1: Grid structures, (a) square grid, and (b) triangular grid.

this dissertation, a grid is considered to be composed of a tile of squares or rectangles

(see Fig. 2.1a) that need not be uniform. Note that the term, grid, is interchangeably

used with the word, mesh.

The grid structure offers several properties often favored in complex integrated

systems. These traits are density, regularity, and path diversity. Density is critical in

VLSI systems due to limited die area. Since area is the primary factor determining

cost and fabrication yield [29, 47], ICs are typically crammed with as many transis-

tors as possible to enable a multitude of computational capabilities under a fixed area

constraint. Regularity is highly desired in VLSI systems since regular structures are

easier to scale, fabricate, design, and test [42, 48]. Regular structures produce more

predictable results. Path diversity is the number of paths between two connected

points. Structures including redundancy (e.g., redundant communication links or

metal interconnects) against a variety of failures, such as faulty ineterconnects or
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congested communication networks [47,49], improve the overall robustness and yield

of VLSI systems. In addition, grid structures are utilized by fast algorithms, en-

abling the computationally efficient automation of the VLSI design process, such as

interconnect layout (see Section 2.4).

In this chapter, these properties of a grid useful to the development of VLSI

systems are considered. In Section 2.1, the grid as an enabling structure for dense

VLSI systems is described. In Section 2.2, a discussion on the regularity of grids and

application to high density circuits is provided. In Section 2.3, the path diversity of

grids and the relationship to system robustness is explained. In Section 2.4, the role

of grids in automated layout is described. In Section 2.5, a summary of this chapter

is offered.

2.1 Density

Density has different meanings depending upon the field (e.g., linear algebra [50],

graph theory [51]). In this dissertation, density describes the total area occupied

by the transistors in terms of the total on-chip area. An integrated circuit is dense

if significant on-chip area is utilized by transistors. Density is critical to VLSI sys-

tems since the greater the number of transistors, the more functionality that can be
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provided. In addition, die area is a major factor affecting cost. Larger dies also typi-

cally produce lower yield. Circuits that utilize significant die area at high density are

therefore highly favored.

Grids form compact layouts, efficiently using on-chip area. These structures are

therefore common in VLSI circuits, particularly those circuits requiring extremely

high density such as memory arrays. For illustrative purposes, consider an arbitrary

memory cell, as shown in Fig. 2.2. A memory cell is a circuit or device that stores a

h

w

Figure 2.2: Top view of a unit memory cell with a cell height of h and width of w.

single bit of information, either a 0 or a 1. The shaded box represents the memory

cell with two pins enabling either a write or read operation from/to the cell. The

total cell area, h·w, is the area occupied by the memory circuit, as constrained by the

design rules of a particular technology node1. Considering an overall on-chip area of

H·W (H and W are, respectively, the height and width of the on-chip area), the total

number of memory cells in this area cannot be more than H·W
h·v . The layout structure

1Every component in an IC has a minimum physical separation from another neighboring com-
ponent to mitigate manufacturing errors.
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with the greatest number of cells naturally forms a grid structure, as illustrated in

Fig. 2.3. A grid is therefore the most common structure in those circuits requiring

high density.

H

W

Figure 2.3: Placement of memory cells within a grid structure for higher density.

An exemplary memory array is depicted in Fig. 2.4a [43]. A memory array also

requires additional peripheral circuits such as row and column decoders to function

properly. Memory systems consist of multiple arrays rather than a single large array

since the performance of the memory decreases as the array size grows [52]. A memory

IC therefore consists of multiple sub-arrays as well as peripheral circuits to support

read and write operations.

The grid structure in memories provides superior circuit density as compared to

logic circuits designed in a more random fashion. A similarly structured, grid-based

design approach has therefore been applied to logic circuits [30]. One of the early
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examples of a logic oriented grid structure was the programmable logic array (PLA),

as shown in Fig. 2.4b [29, 32, 53]. The PLA is a one time programmable circuit

R
o

w
 d

eco
d

er

Column decoder

Sense amplifier

X         Y

F1 F2 F3

F1 = XY + XY

F2 = XY + XY

F3 = XY + XY

(a)                                         (b)

Memory cell

AND array

OR array

Figure 2.4: Examples of grid structure in integrated circuits for high density, (a)
memory array, and (b) programmable logic array (PLA).

that computes multiple Boolean logic functions using two arrays; an AND array and

an OR array. These arrays are programmed by placing a short at a crosspoint to

connect a horizontal line to a vertical line. The inputs, initially passing through the

AND array, are fed to a large AND gate. The OR array transmits the output of

the AND gates to the OR gates. As a result, multiple boolean functions in the form

of sum-of-products is obtained (see F1, F2, and F3 shown in Fig. 2.4b). The PLA

consumes significantly less area as compared to random logic, improving both density

and performance.
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Density was a particularly major concern in the early days of the semiconductor

industry when the transistor channel length was on the order of a few micrometers.

PLAs were therefore a highly favorable design approach. Today, however, area is

less of a concern due to advanced technology nodes where transistor channel lengths

range from a few tens of nanometers to a few nanometers [18]. Moreover, with the

advent of advanced layout tools, logic circuits based on standard cells are commonly

used, limiting the use of PLAs to a few specialized applications such as finite state

machines [54–56]. Since capacity remains critical in memory systems, grid structures

are still in common use in memory circuits.

2.2 Regularity

Grids are also used due to the structural regularity. Regular structures are pre-

ferred in VLSI systems due to the ease of fabrication and scalability. The definition of

regularity in [57] for structural analysis is described here. A regular structure consists

of multiple similar substructures applied in a repetitive fashion (e.g., see Fig. 2.1).

A structure represented as a graph G(V,E), formed of a set of vertices V and

edges E, is regular if G(V,E) is a graph product of two or three subgraphs, also

known as generators [57]. The graph Cartesian product is used to illustrate the

formation of regular structures from two generators. The graph Cartesian product

of two graphs G1(V1, E1) � G2(V2, E2) is the graph formed of the set of vertices V1
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X V2 = {(xi, yj)|xi ∈ V1, yj ∈ V2} with edges between a pair of vertices (xi, yj) and

(xi
′, yj

′) if and only if (yj, yj
′) is an edge of G2 when xi = xi

′ and (xi, xi
′) is an edge

of G1 when yj = yj
′ [51]. The graph Cartesian product copies the graph G1 for every

node of G2 (and vice versa) [51], as illustrated in Fig. 2.5. Note that a generator

(a)                                                                (b)                                                        (c)

Figure 2.5: Graph Cartesian product of two generators produces a regular graph, (a)
triangle graph and heptagon, (b) path graph and hexagon, and (c) two path graphs
producing a grid graph.

is replicated for every node of the second generator, thereby forming a repetitive

structure that is called regular. Similarly, a grid can be formed of two path graph2

generators, as shown in Fig. 2.5c. The grid graph is therefore regular and consists of

repetitive tiles.

Regularity in circuits and systems has several benefits, one of which is scalability.

A regular structure is scalable due to the repetitive nature that supports additional

structural elements (e.g., nodes in a graph, or rows or columns in an array). The

repetitive substructure provides a guideline for integrating additional tiles into a

regular structure (e.g., a new node connects to the head or tail of a path graph

2A path graph is a set of nodes connected in series, forming a path-like structure.
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to preserve the sequential order). Scaling is critical to VLSI systems since circuits

need to accommodate an increasing number of transistors in evolving generations

of technology nodes to improve speed, reduce power, increase yield, and/or increase

functional and memory capacity. Scalable circuits leverage the increasing number

of transistors without significant changes in topology or design methodology. In

contrast, circuits that are difficult to scale need to be significantly re-designed to

accommodate the additional circuitry, increasing design time and cost.

An exemplary regular and scalable on-chip structure is the mesh-based network-

on-chip (NoC), as shown in Fig. 2.6a [45]. With increasing number of transistors,

Core Core Core

Core Core Core

Core Core Core

Link

Figure 2.6: Regularity of a network-on-chip (NoC) based on a mesh topology.

multiple cores integrated onto a single die has become feasible [38]. The number

of on-chip cores has reached several tens of cores in today’s commercial products

and continues to improve computational performance under a fixed power budget
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[58–61]. A scalable network topology, such as a mesh topology, is therefore preferred to

accommodate the increasing number of cores without re-designing the communication

network in evolving generations of microprocessors [45].

Furthermore, regularity simplifies the addition of redundancy to improve fault

tolerance and yield. VLSI systems typically contain redundant elements to tolerate

fabrication failures. For example, an additional column or row can be inserted into

X         Y

F1 F2 F3

F1 = XY + XY

F2 = XY + XY

F3 = XY + XY

Programmed to disconnect

Programmed to connect

Figure 2.7: Redundancy insertion in PLAs to enhance yield. The regular structure
of a PLA supports fault tolerant circuits.

a memory or programmable logic array to replace a faulty column or row [47]. An

exemplary PLA circuit with a redundant row and column is shown in Fig. 2.7 [62,63].

The redundant rows and columns (initially disconnected) are connected to the AND
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and OR arrays to replace faulty connections after testing the circuit whereas the

faulty lines (initally connected) are disconnected from the arrays3 [47]. Note that

redundancy insertion in arrays requires low area due to the regularity of the grid. In

contrast, random logic does not exhibit a structured pattern, making the insertion of

redundancy more difficult [47]. Random logic therefore requires significantly greater

area as compared to a grid-based circuit topology.

2.3 Path Diversity

Path diversity is the number of paths connecting two points. Grid structures are

used to reliably communicate within networks. In a grid, a multitude of alternate

paths often exist. Different alternative paths supported by a grid is illustrated by the

example shown in Fig. 2.8. The high path diversity within dense grids enhances the

robustness of connected paths against failures such as electromigration, fabrication

defects, and/or congestion. The number of paths between two points on a grid (as-

suming only upward and rightward directions) separated by n rows and m columns

is (
m + n

n

)
=

(m + n)!

(n!)(m!)
. (2.1)

Path diversity therefore significantly increases with the number of rows and columns.

The multitude of paths within a grid enhances several aspects of VLSI systems. One

3One possible approach to disconnecting faulty lines is using fusible links. Fusible links, initially
shorted, can be blown to form an open circuit [47].
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Source

Sink

Figure 2.8: Alternate paths between two points within a mesh improve robustness
and reduce the effective parasitic impedance between the source and sink.

important example is the power delivery network. A power delivery network consists

of metal interconnects spanning a VLSI circuit delivering the current necessary to

billions of loads to successfully operate an IC [44].

Two interconnect topologies are commonly used to delivery power; tree and mesh,

as shown in Fig. 2.9 [18, 64]. The preferable topology of a power delivery network

within an IC depends upon the total current, maximum voltage noise, and available

metal layers. A tree structured power network was often used in early microproces-

sors where the current delivered to an IC is small and the wide metal interconnects

exhibited negligible parasitic resistance [26]. Tree structured power networks are how-

ever susceptible to failure since a single interconnect fault along a path in a tree can

produce an open circuit between the power supply and the circuit, catastrophically



24

(a)                                                             (b)

Figure 2.9: Power delivery networks, (a) tree structured, and (b) mesh-based topology.

increasing the output impedance of the network. Tree structured power networks are

therefore unsuitable for delivering power in modern high performance VLSI systems

where the total current is on the order of hundreds of amperes and the interconnect

resistance needs to be below milliohms.

Alternatively, a grid structured power network improves robustness against inter-

connect failures since alternative paths within a grid can replace the faulty intercon-

nects. Furthermore, the abundance of alternate paths reduces the effective parasitic

resistance between the current loads and the source of power, as illustrated in Fig.

2.10. The number of paths significantly increases as additional rows and columns

are inserted, greatly lowering the resistance between the source and load. Simi-

larly, the detrimental effects of interconnect failures are mitigated by greater path

diversity. The maximum grid density (number of rows or columns, or interconnect
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Figure 2.10: Effective resistance across a grid (between marked points) with respect
to grid density, assuming an equal number of rows and columns.

width) however depends upon the available metal resources as well as physical design

rules. On-chip metal resources are typically limited, requiring careful management

and distribution among the data signals, decoupling capacitance, shield lines, and

clock networks to satisfy performance and signal integrity requirements. The avail-

able metal resources however can be effectively managed with grids. Since the grid

is also a regular structure, the metal resources (number of rows or columns and in-

terconnect widths) are easier to manage than a power network formed of an irregular

structure. Grids are therefore the dominant interconnect topology to delivery power

across complex integrated systems.



26

2.4 Computational Efficiency

Grids are often used in electronic design automation; specifically, to route an

IC. Grid-based routing improves computational performance as opposed to gridless

routing [33]. During net routing, a grid is superimposed over the routing region (see

Fig. 1.3c). Depending upon the type of routing (global or detailed), the grid edges

represent routing tracks where interconnects are allowed [33, 64]. The interconnects

are placed on these available tracks connecting different terminals while considering

potential obstacles (e.g., signal pins, I/Os) and minimizing cost (such as interconnect

length).

A critical metric characterizing routing quality is the average length of the in-

terconnect [46]. Long interconnects produce larger parasitic impedances. Routers

therefore typically search for the shortest path between pins (or terminals). Grid-

based routing requires less computational time to solve the single source shortest

path problem. The run time of the single source shortest path problem for an arbi-

trary graph with positive edge lengths can be as low as O(Elog(V )) (based on the

Dijkstra algorithm) [65]. If the graph is a grid of uniform length, the complexity for

solving the shortest path problem can decrease to linear time O(V ) (based on the

Hadlock algorithm) [66].

Multi-pin routing is another problem considered in automated layout tools. The

problem of determining the shortest tree connecting multiple terminals is described as
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a Steiner problem [67]. Since on-chip metal interconnects are directional (horizontal

or vertical depending upon the metal layer), the rectilinear distance (also known as

the Manhattan distance or taxi cab metric) between nets is considered as a primary

metric. As a result, the shortest routing cost connecting multiple pins is described

as the minimum rectilinear Steiner tree (MRST) problem. A Hanan grid is a type

(a)                                                                            (b)

Figure 2.11: Routing multiple pins, (a) regular grid with uniform lengths, and (b)
Hanan grid.

of grid that efficiently solves the MRST problem. A Hanan grid is a grid formed by

vertical and horizontal lines passing through a set of vertices, as shown in Fig. 2.11.

Based on the Hanan theorem, a Hanan grid is guaranteed to contain an MRST that

connects these vertices [67]. A uniform grid can therefore be reduced to a Hanan grid

to minimize the search space of the available paths connecting a set of terminals [46].
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2.5 Summary

In this chapter, the properties of a grid useful in developing VLSI circuits and

systems are introduced. Grids are often used in different types of integrated systems

due to several structural properties that are highly desirable in VLSI systems. These

properties are density, regularity, and path diversity. A grid is an efficient, compact

structure to reduce area and is commonly used in a variety of VLSI circuits, such

as memories and PLAs, due to the inherent circuit density advantages. These grid-

based systems exhibit a structural regularity which is also highly scalable, preserving

the system topology and circuit design across evolving technology generations while

leveraging the increasing number of transistors. This regularity further improves

circuit yield by supporting enhanced fault tolerance at low overhead. Circuit dupli-

cation to add redundancy is avoided. Yield is further improved in grid-based power

delivery networks by providing a large number of paths to connect the billions of

distributed on-chip loads to the off-chip power sources. The path diversity of a grid

network reduces the detrimental effects of power interconnect failures. In addition,

grid structures enable computationally tractable algorithms for the automated lay-

out of VLSI systems. The compute time for solving the shortest path as well as the

MRST problem is greatly reduced, enhancing the efficient design of complex VLSI

systems. These benefits stem from the structural properties of a grid which improve

a variety of traits. Grid structures are therefore widespread in complex integrated
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circuits, supporting many design methodologies to create robust, area efficient, and

scalable VLSI systems.
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Chapter 3

Non-Volatile Resistive Crossbar
Arrays

Crossbar arrays, also known as cross-point arrays, are commonly used structures

in memory systems to enhance density. A crossbar array is formed of intersected

bundles of vertical and horizontal lines, as shown in Fig. 3.1. A memory cell is placed

Figure 3.1: Crossbar array structure.

within an intersection and accessed by appropriately biasing the pair of horizontal

and vertical lines. These lines are formed of metal used to interconnect circuits

on an integrated circuit. Current memory systems such as dynamic random access
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memory (DRAM) and flash memory are based on crossbar structures to improve

memory capacity. While these memory systems have enabled large storage capacities,

the advantage of low cost has started to diminish due to several limitations. One

of the primary limitations of these charge based memories is scalability driving up

fabrication costs. Over the past ten years, emerging resistive devices have utilized

crossbar array topologies to create scalable and high density non-volatile memory

systems. Unlike charge based technologies, a resistive memory device stores one or

multiple bits of information in the form of resistance. These devices are naturally

non-volatile, offering significant benefits in static energy savings.

A resistive crossbar array is illustrated in Fig. 3.2. Similar to vias that connect

Non-volatile

resistive cell

Figure 3.2: A 2 x 2 resistive crossbar array.

different metal layers, the resistive devices are placed within the metal layers and can

be stacked, allowing vertical integration. The memory array can therefore be placed

above the CMOS circuitry, saving die area. Moreover, depending upon the type of
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non-volatile resistive device, the cell area can be significantly decreased and matched

to the pitch of the metal lines, thereby forming the smallest cell possible in a given

technology node.

In this chapter, a general review of non-volatile resistive crossbar arrays is pro-

vided. In Section 3.1, different kinds of resistive devices, primary parameters, and

applications are explained. In Section 3.2, memory systems consisting of resistive

crossbar arrays and the peripheral circuits are described. In Section 3.3, the chal-

lenges of developing resistive crossbar arrays are discussed. In Section 3.4, some

conclusions are offered.

3.1 Non-Volatile Resistive Devices

Different kinds of non-volatile resistive devices have been explored for memory

applications [68–70]. The most widely considered resistive devices are resistive ran-

dom access memory (RRAM), phase change memory (PCM), and magnetoresistive

random access memory (MRAM) [71,72]. While random access memory (RAM) per-

tains to a type of memory system, the MRAM, RRAM, and PCM acronyms have

been adopted to refer to these resistive devices. A non-volatile resistive cell is a two

terminal device in which the resistance depends upon the state of the device. A

non-volatile resistive cell operating in the on-state (the set state) exhibits a lower

resistance as compared to the off-state (the reset state). The switching mechanisms
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as well as materials in which these devices are made greatly differ for different types

of non-volatile resistive devices.

An RRAM is formed from three stacked metal-insulator-metal layers, where the

insulator layer is rich in oxygen ions, as shown in Fig. 3.3. The resistance state

Top electrode

Bottom electrode

`

Vset

Top electrode

Bottom electrode

Vreset

Conductive 

filament

+_

(a)                                          (b)

Figure 3.3: Switching mechanism of RRAM, (a) set operation, and (b) reset operation
[68].

of an RRAM depends upon the oxygen vacancies within the insulating layer. A

specific voltage applied across the device results in reversible breakdown, sweeping

the oxygen ions across the metal layers and changing the available energy states within

the insulating layer. In the absence of oxygen ions, the increased number of energy

states forms a conductive filament inside the insulator, allowing electrons to pass

through, lowering the resistance [68]. This effect can be reversed by appropriately

setting the voltage across the device to replace the oxygen ions, removing the energy
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states and shortening the conductive filaments to increase the resistance. The reset

voltage can either be positive or negative depending upon the metal and insulator

materials. If a non-volatile resistive device has a positive reset voltage, it is called

unipolar. Conversely, if the device has a negative reset voltage, the device is called

bipolar.

A PCM is formed of a phase change material sandwiched between two metal

contacts with an embedded heater element, as shown in Fig. 3.4 [69]. By applying

Top electrode

Bottom electrode

`

Vset

Top electrode

Bottom electrode

Vreset

(a)                                          (b)

heater
insulator

crystalline crystalline

amorphous

Figure 3.4: Switching mechanism of PCM, (a) set operation, and (b) reset operation.

current through the heater, the temperature of the phase change material is increased.

As a result, the atomic structure of the phase change material changes either to

crystalline or amorphous. Amorphous structures exhibit a higher resistance than

crystalline forms. A reset operation occurs when the phase change material becomes
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amorphous, increasing the resistance of the device. Alternatively, a set operation

lowers the resistance by changing into a crystalline form. PCM devices are typically

unipolar with a higher reset voltage. A reset operation therefore consumes more

power than a set operation [69].

An MRAM is formed of a thin insulator or conductor placed between two fer-

romagnetic layers, as shown in Fig. 3.5 [73]. One ferromagnetic layer has a fixed

(a)   (b)

Top electrode

Bottom electrode

Vset

Top electrode

Bottom electrode

Vreset

insulator

fixed layer

free layer
ferromagnet

ferromagnet

ferromagnet

ferromagnet

insulator

Figure 3.5: The switching mechanism of MRAM, (a) set operation, and (b) reset
operation.

magnetic polarity (fixed layer), and the other ferromagnetic layer has a variable po-

larity (free layer). By changing the magnetic polarity of the free layer, the MRAM

can be set either to a high or low resistance state. A ferromagnet sets the spin of the

electrons to either up or down depending upon the magnetic polarity of the ferromag-

net. A secondary ferromagnet receiving these electrons counteracts the spin of the
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electrons if the magnetic polarity of the two ferromagnets is opposite to each other

(i.e., antiparallel). Under this condition, the MRAM is in a high resistance state.

Conversely, if the two magnetic polarities are aligned (i.e., parallel), the MRAM is in

a low resistance state. Different types of MRAMs exist depending upon the material

between the two ferromagnets. If the material between the two ferromagnets is an

insulator, the device is called a magnetic tunnel junction (MTJ). If the material is

a conductor, the device is called a spin-valve device. Moreover, the MRAM device

can be switched (to either the on or off resistance state) by either injecting a cur-

rent pulse with sufficient amplitude and duration or by applying a magnetic field, as

shown in Fig. 3.6. The switching mechanism using current injection is called spin-

Ifield

ItunnelingItunneling

(a)                                               (b)

insulator insulator

Figure 3.6: Two types of MRAM switching mechanisms, (a) field assisted switching
and (b) spin-transfer-torque (STT).
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transfer-torque (STT). The switching mechanism using a magnetic field is called field

driven. A combination of both mechanisms is called field assisted switching. Field

driven write mechanisms typically require larger currents (mA) whereas STT-MRAM

can switch at significantly lower currents (µA) [74]. Lower switching currents are pre-

ferred due to lower power consumption and a smaller voltage drop across the parasitic

interconnect resistance.

3.1.1 Device Parameters

A non-volatile resistive cell can be characterized by different device parameters,

such as threshold voltage (Vth), on–off resistance (Ron−off ), endurance, switching

speed (tsw), area, and polarity. The endurance is the maximum number of switching

events a device can endure before becoming dysfunctional. Due to the different switch-

ing mechanisms and materials, different types of devices exhibit different strengths

and weaknesses, as listed in Table 3.1. PCM and RRAM have limited endurance, or-

ders of magnitude lower than MRAM. PCM and RRAM are therefore not appropriate

for circuits requiring frequent switching. Moreover, PCM and RRAM are significantly

slower than MRAM. MRAM however exhibits significantly lower resistance values as

compared to PCM and RRAM. The current required to switch an MRAM is therefore

significantly higher, requiring larger driver circuitry and interconnects with smaller

parasitic resistance. In terms of area, an RRAM and PCM cell can be as small as



38

Table 3.1: Summary of typical device parameters [72,75]

Device parameters PCM RRAM MRAM

Vth < 3 V < 3 V < 1.5 V

Ron 104 to 106 Ω 104 to 106 Ω 103 Ω

Roff/Ron 102 to 103 102 to 103 < 10

tsw 10 to 100 ns 10 to 100 ns sub–10 ns

Endurance 109 106 to 1012 1015

Area 4 to 30 F 2 4 to 12 F 2 6 to 50 F 2

Polarity unipolar unipolar and bipolar bipolar
*
F is the minimum feature size of a technology node.

4F 2 where F is the minimum feature size of a given technology node. The minimum

feature size typically determines the pitch of the lower level metal interconnect. The

smallest achievable cell size is illustrated in Fig. 3.7. While MRAM can be similarly

F
F

2F

2F

Figure 3.7: Smallest memory cell matched to the metal pitch with an area of 4F 2.

integrated within the metal lines, the area is typically larger than 4F 2. Since these

devices have different strengths and weaknesses, the choice of device type depends
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upon the application. A universal memory in which one device is considered across

the entire memory hierarchy has therefore yet to be achieved.

3.1.2 Applications

Non-volatile resistive devices are primarily considered as a solution to the scaling

bottleneck imposed by charge based memories such as SRAM, DRAM, and flash.

Conventionally, different types of memory systems are used within a compute system,

forming a memory hierarchy [43]. The memory hierarchy of a computer system is
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Figure 3.8: Memory hierarchy of a computer system [43].

shown in Fig. 3.8. The memory hierarchy provides a systematic method to distribute

the different kinds of memories across a compute platform to provide high performance
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as well as high capacity at low cost. Each level within the hierarchy has different

requirements of speed, endurance, and capacity. At the top of the hierarchy, the

memory is placed within the integrated circuit, requiring frequent switching at high

speeds. For this application, MRAM is preferred over RRAM and PCM due to

the advantages of higher endurance and fast switching speed. The high switching

speeds and unlimited endurance of MRAM have lead to new memory products. An

MRAM main memory product from Everspin Technologies is shown in Fig.3.9. This

Figure 3.9: An MRAM based main memory from Everspin Technologies [76].

MRAM based main memory has a maximum capacity of 256 Mb and is DDR3 DRAM

compatible with a bandwidth of 1,333 MT/sec (MegaTransfers per second) per pin.

Conversely, at the bottom of the hierarchy, high capacity is the primary require-

ment with relaxed constraints of speed and endurance. RRAM and PCM are therefore

considered as DRAM and flash replacement. Solid state drives (SSD) based on RRAM

and PCM have also been developed [77,78]. Transmission electron microscopy (TEM)

images of a PCM and RRAM based SSDs are shown in Fig. 3.10. The RRAM based

SSD developed by Toshiba has a capacity of 32 Gb [78], whereas the PCM based
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(a)                                          (b)

Figure 3.10: PCM and RRAM based SSDs, (a) Intel–Micron [77], and (b) Toshiba
[78].

SSD developed by Intel and Micron has a capacity of 128 Gb [77]. Note that the

resistive memory is embedded within higher metal layers above the CMOS circuitry,

improving the area efficiency. Crossbar arrays are typically located above the periph-

eral circuitry. The peripheral circuits support the memory array, interfacing with the

memory bus, receiving and executing the memory operations.

3.2 Non-Volatile Resistive Memory System

A memory system conventionally contains multiple crossbar arrays rather than

one large array to overcome the performance limitations imposed by large arrays (see

Section 3.3). A hierarchical distribution is followed, as shown in Fig. 3.11. A bank of
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Figure 3.11: Typical memory system with the peripheral circuitry forming a bank of
multiple crossbar arrays [79].

memory contains multiple sub-blocks, each called a mat. A mat contains an array of

crossbar arrays, interconnected via shared peripheral circuits. A crossbar array within

a mat is controlled by a peripheral circuit consisting of row and column decoders, row

drivers, and sense amplifiers (see Fig. 3.11). The row and column decoders receive

the memory address and access the corresponding cells within the array. Depending

upon the request, the decoders select the appropriate cells and enable an electric

pulse sufficient to write or read a cell. The rows within a crossbar array are called

wordlines and the columns are called bitlines. The row drivers are placed between the

wordlines of a crossbar array and the row decoder to supply sufficient current to the

crossbar array. Larger crossbar arrays require larger drivers due to greater leakage

currents. Moreover, in addition to the column decoder, sense amplifiers interface with

the bitlines to read the state of the selected cells.
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Current mode sensing, as compared to voltage mode sensing, is typically preferred

in resistive crossbar arrays due to faster sensing [80]. By applying a read voltage

across a selected cell, the sense amplifier receives a read current which is compared

to a threshold current level. If the current is higher than the threshold current, a

low resistance state is detected, resulting in a data output of 1. Conversely, if the

current is below the threshold current, the sense amplifier produces a 0. The sense

amplifiers consist of several transistors and are therefore significantly larger than the

metal pitch of a column. To improve the area efficiency, sense amplifiers are typically

multiplexed among multiple bitlines. The area efficiency of a resistive crossbar array

is the ratio of the physical area occupied by the crossbar array to the area of the

peripheral circuits. The area efficiency of resistive memory systems is typically poor

due to the small size of a single array. To improve area efficiency, several techniques

have been adopted such as multiplexing and placing the array above the peripheral

circuitry [78, 81]. In addition, the row and column decoders can be shared between

adjacent crossbar arrays, thereby doubling the array size per decoder [81]. While

larger arrays increase memory capacity and improve area efficiency, challenges that

limit the maximum size of a crossbar array exist.



44

3.3 Challenges

Non-volatile resistive devices are placed within a crossbar array to form a dense

memory. The size of a resistive crossbar array (i.e., number of rows and columns)

is however limited. The leakage currents from the unselected cells, sneak paths, and

parasitic interconnect resistance prohibit scaling the size of an array and affect the

write and read operations differently.

3.3.1 Write Operations

A primary bottleneck during a write operation is the leakage current of the uns-

elected cells, as shown in Fig. 3.12. During a write operation, the selected row and

column are biased to access the cell. The unselected rows and columns are also bi-

ased to prevent disturbance of the unselected cells along the selected row and selected

column. As a result, the unselected cells along the unselected rows and columns re-

ceive a partial bias (depending upon the bias scheme, see Chapters 5 and 6) and

leak undesired current. In large arrays, this leakage current aggregates, resulting

in large currents flowing through narrow metal interconnects. Thus, a voltage drop

is produced across the parasitic interconnect resistance, reducing the voltage across

the selected cells. The degradation in the voltage across the selected cells reduces
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Figure 3.12: Leakage currents within a resistive crossbar array due to biased unse-
lected cells.

the switching speed, potentially resulting in a write failure. Moreover, large leak-

age currents require larger drivers, increasing the area of the peripheral circuits and

dissipating greater power.

The interconnect resistance increases with advancing technology nodes, exacer-

bating the voltage losses. The parasitic resistance of a crossbar array is shown in

Fig. 3.13 for different metal pitches. Note that each cell along a row and column

can add as much as tens of ohms of interconnect resistance in advanced technology

nodes. Hence, rows and columns that carry hundreds of resistive cells can exhibit an
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Figure 3.13: Variation of interconnect resistance with respect to the metal pitch [82].

interconnect resistance on the order of thousands of ohms, limiting the capacity of a

crossbar array.

3.3.2 Read Operations

During a read operation, all or some of the unselected rows and columns are

unbiased, and remain floating, depending upon the bias scheme. As a result, the

cells along the unselected rows and columns form alternative paths, also known as

sneak paths, between the selected row and the input of the sense amplifier at the

selected column. The sneak path currents interfere with the currents through the

selected cells, flowing into the same sense amplifier and distorting the information

of the resistance states of the selected cells, as illustrated in Fig. 3.14. In large
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Figure 3.14: The alternative path through the unselected rows and columns generates
sneak path currents, lowering the read margin.

arrays, the number of sneak paths grows drastically, increasing the noise added to

the current through the selected cell and lowering the read margin. The ability to

distinguish between two resistance states within a memory array determine the read

margin (see Chapter 5). A high read margin lowers the burden on the sense amplifiers

to distinguish different resistance states. If a resistive cell stores more than one bit

(i.e., multiple resistance states), reading becomes significantly more challenging due

to the decreased noise margin between resistance states. The read margin and the

capability of the sense amplifier therefore imposes another limit on the size of a

crossbar array. An effective way to increase the read margin and lower the voltage

drop across the parasitic interconnect resistance is using a selector device with the

non-volatile resistive cells.
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3.3.3 Selectors

To reduce the leakage current during a write operation as well as to increase

the resistance of the sneak paths during a read, the non-volatile resistive cells can

be integrated with an additional selector device. The selector device suppresses the

currents under a low voltage bias while supporting higher currents under a high volt-

age bias. Different three terminal devices such as an MOS transistor and bipolar

junction transistor as well as two terminal devices such as a silicon-based diode and

metal-insulator-metal tunneling barrier have been considered [71,83]. A one-selector-

one-resistor (1S1R) notation is conventionally used to denote a resistive cell integrated

with a two terminal selector and a one-transistor-one-resistor (1T1R) is used to de-

note a resistive cell integrated with a transistor. A resistive device with a MOSFET

selector is illustrated in Fig. 3.15. Transistor based selectors provide enhanced iso-

Figure 3.15: MOSFET as a selector to increase the Ion/Ioff ratio of a memory cell.
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lation between the selected cells and unselected cells within a crossbar array. This

solution however significantly increases cell area and inhibits scalability. Two termi-

nal selectors can however be vertically integrated within a non-volatile resistive cell,

preserving the area, as shown in Fig. 3.16. A wide range of two terminal selectors

Non-volatile

resistive device

Selector

Figure 3.16: A non-volatile resistive cell incorporating a two terminal selector device.

exist which can be classified into two categories, unipolar and bipolar. In addition,

depending upon the material and the type of non-volatile resistive cell, the selector

can be a silicon based diode, self-rectifying resistive device, or metal-insulator-metal

(MIM) with different kinds of tunneling mechanisms depending upon the thickness of

the insulator material [84]. MRAM exhibits significantly lower resistance as compared

to RRAM and PCM, resulting in greater leakage and sneak path currents. In MRAM

based arrays, transistors are therefore preferred over two terminal selectors for en-

hanced isolation between the unselected cells and the rest of the array. In RRAM
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and PCM based crossbar arrays, two terminal selectors are typically sufficient. The

effect of a selector device on the I–V characteristics of a non-volatile resistive cell is

shown in Fig. 3.17. Note that the selectorless device exhibits high current during the

(a)                                             (b)

Figure 3.17: The effect of a selector device, (a) selectorless bipolar RRAM, and (b)
bipolar RRAM integrated with a selector [85].

on-state for a wide range of voltages whereas the 1S1R device exhibits high current

only above the selector threshold voltage. Below the selector threshold voltage, the

current is orders of magnitude smaller. A selector therefore significantly suppresses

the current leaking through the unselected cells and has a profound effect on the en-

ergy consumption, read margin, and voltage losses across the parasitic interconnect

resistances in large crossbar arrays.



51

3.4 Summary

Crossbar arrays based on non-volatile resistive devices such as RRAM, PCM,

and MRAM have become a promising technology due to the advantages of small

form factor, non-volatility, and scalability. While these devices behave similar to a

variable resistor, due to different materials and switching mechanisms, these devices

exhibit different strengths and weaknesses. RRAM and PCM based devices exhibit

a higher and wider range of resistances; however, at lower switching speeds and

endurance as compared to MRAM. MRAM exhibits a lower resistance over a narrower

range but higher switching speeds and higher endurance. As a result, different kinds

of crossbar arrays are considered within different levels of the memory hierarchy

depending upon the type of device. Resistive crossbar arrays leak significant current

due to partially biased unselected cells and sneak paths, limiting the size and capacity

of a single array. A resistive memory system therefore consists of multiple crossbar

arrays rather than one large array. Selector devices are used to lower leakage and

sneak path currents to improve performance and increase the capacity of the array.

While MRAM crossbar arrays use transistor based selectors, arrays based on PCM

and RRAM use two terminal selectors, achieving higher density in a smaller area at

the expense of less isolation.



52

Chapter 4

On-Chip Power Delivery with Fully
Integrated Voltage Regulators

Voltage converters are placed on-chip to improve the spatiotemporal granularity

of the on-chip power delivery and management system as well as to decrease power

consumption and enhance quality of power (QoP). A voltage converter is a circuit

that produces current at a desired voltage. A voltage converter that regulates the

output voltage using an internal closed-loop feedback mechanism is referred to as a

voltage regulator. A voltage regulator regulates the output voltage by monitoring

the output and adapting the circuit with respect to the current load variations while

maintaining a specific constant voltage.

Benefits of Integrated Voltage Regulators

In recent years, voltage regulators have been placed closer to the die, as shown in

Fig. 4.1, due to several advantages [86–88]. Bringing the voltage regulator from the
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Figure 4.1: Regulator to die distance, (a) physically distant high efficiency off-chip
regulator, (b) in-package voltage regulator, and (c) multiple point-of-load on-chip
voltage regulators producing heterogeneous voltages.

board to the package to on-chip significantly increases the communication bandwidth

of the voltage regulator. As a result, the on-chip voltage supply can be configured to

quickly adapt to workload variations at a high speed (sub–microseconds), lowering

the power consumption with faster dynamic voltage scaling (DVS). In addition, by

distributing multiple on-chip regulators, a separate voltage supply can be dedicated to

different sub-systems within an IC. For example, placing separate voltage regulators

within each core in a processor can enable per core DVS. This local optimization of

voltage sources significantly lowers the power consumed by the idle sub-systems while

simultaneously supporting a high voltage core operating under aggressive workload

conditions. Different voltages are available at different times to match a diverse

variety of workload conditions at different locations within an IC.
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Integrating the voltage regulators on-chip also improves the QoP. The QoP of an

integrated circuit greatly affects the performance and is critical to the robustness of

a system. The QoP refers to the ability of the on-chip power delivery network to

maintain a constant, accurate, and noiseless voltage regardless of variations in the

load current [18]. A high QoP implies a voltage supply that is highly accurate and

resilient to load current variations with small voltage droops. Integrating the voltage

regulators on-chip improves the QoP due to several reasons. Bringing the voltage

regulators closer to the load decreases the parasitic impedance between the voltage

source and the load. Moreover, high bandwidth regulators can more quickly respond

to fast load variations, reducing the impedance observed from the load into the power

grid [88], while providing a constant voltage for a wide range of load conditions.

The benefits of on-chip voltage regulators have led to commercial ICs with multiple

fully integrated regulators. Some example ICs with embedded voltage regulators are

shown in Fig. 4.2. In Fig. 4.2a, an IBM DDR3 I/O core contains eight distributed

voltage regulators to supply power to the noise sensitive high speed circuits. In

Fig. 4.2b, the power management unit is integrated with the cellular system to save

board area and reduce cost. Moreover, the Intel Xeon [60] and IBM Power8 [90]

processors embed on-chip voltage regulators to decrease the power dissipated by the

high performance ICs.
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(a)                                                (b)

Figure 4.2: Fully integrated on-chip voltage regulators, (a) eight distributed voltage
regulators across an IBM DDR3 I/O core [89], and (b) integrated power management
on a cellular mobile IC from ST Ericsson [87].

Strengths and Weaknesses of Different Voltage Regulators

On-chip switching, switched-capacitor, and linear voltage regulators are typi-

cally used as on-chip regulators. These different types of regulators exhibit different

strengths and weaknesses. The choice of regulator type depends upon the application-

specific power efficiency requirement, load conditions, and area limitations. Switching

and switched-capacitor regulators can down convert (Vin > Vout) as well as step up

(Vin < Vout) the input voltage while linear regulators can only down convert the in-

put voltage. A switching converter that steps up the input voltage is called a boost

converter. A switching converter that down converts the input voltage is called a
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buck converter. Fully integrated on-chip switching and switched-capacitor regula-

tors exhibit moderate to high power efficiency ranging from 70% to the mid 80%

and are typically sensitive to the output current and conversion ratios [91, 92]. Sev-

eral exceptions achieving low 90% efficiencies have been demonstrated [88, 93]. The

on-chip switching buck converter described in [88] exhibits high efficiency (> 90%)

over a wide range of load conditions. This regulator, integrated on a microprocessor,

uses high quality off-chip air core inductors (integrated within the package), enabling

high output power while retaining good efficiency without significantly increasing the

on-chip area. Fully integrated switching converters with on-chip inductors however

occupy significant area to produce high current (> 100 mA) and exhibit significantly

lower conversion efficiencies due to the low quality on-chip inductors [94]. In [93],

a switched-capacitor regulator with a peak efficiency of 93% is demonstrated. This

fully integrated converter, however, occupies significant on-chip area (0.366 mm2)

and only produces up to 1 mA while exhibiting high efficiency for a narrow range

of conversion ratios. Alternatively, the power efficiency of linear regulators is high

under low conversion ratios and low under high conversion ratios. The efficiency of

different types of fully integrated voltage regulators with respect to the conversion

ratio is shown in Fig. 4.3. Note that switched-capacitor and switching regulators

exhibit higher power efficiency at higher conversion ratios as compared to linear reg-

ulators. Moreover, switched-capacitor converters can provide a limited discrete set of
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Figure 4.3: Power efficiency of voltage regulators for different conversion ratios, (a)
switched-capacitor converter with 2 volt input voltage [91], (b) switching buck reg-
ulator with 1.5 volt input voltage [92], and (c) linear regulator with 1.1 volt input
voltage [90].

voltages at a reasonable conversion efficiency whereas switching and linear regulators

can provide a wider range of voltages. In terms of load dependent variations, linear

regulators maintain power efficiency for a wide range of load conditions under a fixed

conversion ratio if the quiescent current is significantly lower than the load current.

The effect of the output current on the power conversion efficiency for different types

of fully integrated voltage regulators is illustrated in Fig. 4.4. Note that switching

and switched-capacitor converters are highly sensitive to the output current as com-

pared to linear regulators that maintain the same power efficiency over a wide range

of load conditions. In terms of area, linear regulators require significantly less area

as compared to switching and switched-capacitor regulators since on-chip linear reg-

ulators do not require bulky inductors or capacitors. As a result, a large amount of

on-chip current can be regulated without significantly increasing the dedicated phys-

ical area. On-chip linear regulators are therefore highly appropriate when multiple
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Figure 4.4: The effect of the output current on power conversion ratios, (a) switching
buck regulator and linear regulator [95], and (b) switched-capacitor converter [91].

fully integrated on-chip regulators are needed to provide a wide range of voltages with

low area. Several industrial microprocessors have been developed with several fully

integrated on-chip linear regulators to decrease power consumption. In [96], a four

core Intel processor contains four on-chip linear regulators, and in [90], a twelve core

IBM processor utilizes 64 on-chip linear regulators to decrease the power by enabling

per core DVS.

In this chapter, background on linear regulators is provided. In Section 4.1, the

working mechanism of a linear regulator is described. In Section 4.2, on-chip linear

regulators and the difference between a fully integrated and a standard linear regulator

are reviewed. In Section 4.3, the stability and design challenges of fully integrated

on-chip linear regulators are discussed. In Section 4.4, some conclusions are offered.
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4.1 Low Dropout Voltage Regulator

The working mechanism of a linear regulator is similar to down converting a

voltage using a resistive voltage divider with two resistors, as shown in Fig. 4.5a.

Assuming the bottom resistor represents the load condition determined by the work-

Vin

Vout

Rload

(a)                                         (b)

Vin

Vref

Vout

Iload

Figure 4.5: Linear regulator, (a) simplified representation, and (b) practical circuit.

load, the upper resistor connected to the input voltage is varied to retain a constant

output voltage for a wide range of load conditions (i.e., different resistances, since the

workload is dynamic). The upper resistance detects changes in the load current by

monitoring the output voltage and responding to ensure the down converted voltage

remains roughly constant. A practical version of this regulation mechanism is shown

in Fig. 4.5b. The variable upper resistor is realized using a pass transistor. The
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linear regulator is described as a low dropout (LDO) regulator if a PMOS (p-type

metal oxide semiconductor) pass transistor is used. This naming convention is due to

the greater output voltage headroom when using a PMOS device as compared to an

NMOS (n-type MOS) device. With an NMOS pass transistor, the drain–to–source

voltage, also known as the dropout voltage, needs to be sufficiently high to retain

an output voltage at least a threshold voltage below the gate voltage of the pass

transistor. This minimum requirement on the dropout voltage limits the power effi-

ciency. Replacing the NMOS pass transistor with a PMOS pass transistor solves this

problem since the source terminal is connected to the input of the regulator rather

than the output, enabling regulation at lower dropout voltages (hence, a low dropout

regulator or LDO). For the rest of this dissertation, an LDO regulator is assumed

in the discussions of linear regulators. This discussion can also be applied to linear

regulators using NMOS pass transistors.

The pass transistor within the LDO is typically driven by the error amplifier. The

error amplifier has two inputs, one input for the reference voltage and the other input

for the output voltage. The reference voltage sets the output voltage of the regulator.

The regulator reaches a steady state voltage under a fixed workload condition when,

ideally, the output voltage is equal to the reference voltage. The reason the reference

voltage is not directly connected to the load (as opposed to a linear regulator) is

because of the insufficient current drive of the reference generator circuit. Reference
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voltage generators are typically connected to high impedance terminals such as the

input of an operation amplifier (op-amp). The primary concern of a reference gen-

erator is to produce a stable and accurate voltage that is highly resilient to process,

temperature, and voltage (PVT) variations. The reference voltage in a regulator is

compared to the output voltage using an error amplifier. The error amplifier pro-

duces an amplified signal called an error voltage which is the difference between the

reference and output voltages multiplied by the amplifier gain. This voltage sets the

source–to–gate voltage to ensure the dropout voltage remains constant for different

output currents. This working mechanism governs the basic principles of any type of

linear regulator. The design techniques and challenges however greatly differ between

LDO regulators with and without large output capacitors [97–99].

4.2 Fully Integrated On-Chip LDO Regulators

The primary difference between a fully integrated on-chip linear regulator and

a standard off-chip linear regulator is the output capacitor. Voltage regulators are

typically supported by an output capacitor to supplement the output current during

those fast load transitions that surpass the regulator response time (due to the limited

bandwidth of the regulator), as shown in Fig. 4.6. The output capacitor is critical to

decrease the voltage droop and lower power noise. While standard linear regulators

incorporate a large off-chip output capacitor (on the order of µF), fully integrated
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Figure 4.6: Linear regulator, (a) with large output capacitor, and (b) with small
output capacitor.

on-chip regulators do not include large output capacitors due to constraints on area.

Fully integrated on-chip LDO regulators are therefore also called capacitorless LDO

regulators [98,99]. Several fully integrated on-chip LDO regulators have been demon-

strated, incorporating large output capacitors either with a dedicated pin to connect

to an off-chip capacitor or by utilizing significant die area. In both cases, the physical

area is significant and may not be feasible for those ICs requiring multiple on-chip

linear regulators. In this discussion, fully integrated on-chip LDO regulators refer to

on-chip LDOs with small output capacitors (up to a few hundred picofarads).

The absence of a large output capacitor significantly affects the design and perfor-

mance of an LDO for two reasons. First, the absence of an output capacitor requires



63

additional techniques to provide a fast response to high speed load variations to pre-

vent large voltage droops. Second, the stability of the LDO, typically ensured by the

large output capacitor, needs to be maintained by a different approach.

4.3 Stability Analysis

To investigate the effects of the output capacitor on LDO stability, a simplified

small–signal model of a regulator is considered, as shown in Fig. 4.7 (based on the

circuit shown in Fig. 4.5b). The output of the error amplifier and the output of the

inV

outV

mg
or

outC
eaCeareamg

Error Amplifier Pass Transistor

+
_

+

_

X X

Resr

Figure 4.7: Small–signal model of an LDO regulator.

regulator create two poles, wp1 and wp2, at an angular frequency, respectively,

wp1 =
1

Cearea
, (4.1)

wp2 =
1

Cout(ro +Resr)
, (4.2)
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where Cea and rea are, respectively, the output capacitance and output resistance of

the error amplifier, and Cout, ro, and Resr are, respectively, the output capacitance,

output resistance, and equivalent series resistance (ESR) of the output capacitor. In

addition, a left-half-plane (LHP) zero is formed due to the parasitic series resistance

of the output capacitor Resr at the angular frequency,

wz1 =
1

CoutResr
. (4.3)

The stability of the open-loop small–signal model is evaluated using phase margin.

The phase margin is the difference between 180o and the total phase shift of the

circuit at the unity gain frequency. Analytically, the phase margin is

180
o− | ∠H(0)− ∠H(f0db) |, (4.4)

where ∠H(f) is the phase of the transfer function and f0db is the unity gain frequency.

The transfer function H(w) of the small-signal model shown in Fig. 4.7 is

H(s) =
Vout

Vin
(s) =

Aol(1 +
s

wz1
)

(1 + s
wp1

)(1 + s
wp2

)
, (4.5)

where Aol is the open-loop gain of the LDO. The higher the phase margin, the more

stable the system. Conversely, the lower the phase margin, the closer the system

is to unintentionally invert the input. This effect converts negative feedback into

positive feedback, causing instability. Specifically, if the phase margin is nonpositive,
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the system is unstable. Unstable circuits are dysfunctional and typically exhibit

an oscillatory response. The minimum required phase margin depends upon the

application, varying between 45o and 90o (60o is common) [100,101]. Circuits sensitive

to process and temperature variations are often overdesigned to maintain a minimum

phase margin of 65o [101]. A phase margin of at least 40o is typically required for

voltage regulators [88]. To increase the phase margin, single pole behavior below the

unity gain frequency is typically preferred.

The gain and location of the poles and zeros depend upon the DC bias of the

regulator set by the load current. Hence, the load condition plays an important

role on the stability of the regulator. In particular, the output pole wp2 exhibits

large variations with respect to the load current due to the output resistance of the

pass transistor ro. Under heavy load conditions (milliamperes), the pass transistor

operates in the linear region, exhibiting low output resistance and shifting wp2 to a

higher frequency. As the load current decreases, the pass transistor moves from the

linear region into the saturation region and eventually into the subthreshold region

under light load conditions ( < 1 mA), shifting wp2 to a significantly lower frequency.

wp1 also varies depending upon the load condition since the DC bias changes. The

dominant pole however is a weak function of the load current and does not vary as

much as wp2.
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4.3.1 Effect of Output Capacitance on LDO Stability

Regulators with a large output capacitor (Cout >> Cea) exhibit a dominant pole

formed by the output capacitor (i.e., wp2 > wp1). In addition, due to the large output

capacitance, the equivalent series resistor (ESR) of the output capacitor generates

a LHP zero located within the LDO bandwidth [102]. The LHP zero improves the

stability of the regulator by canceling the non-dominant pole, reducing the phase

shift, as shown in Fig. 7.1a. Off-chip linear regulators with a large output capacitor

therefore typically require a small ESR to maintain a stable system [102].
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Conversely, fully integrated capacitorless on-chip LDOs exhibit a dominant pole

generated by the error amplifier and a non-dominant pole generated by the output

capacitance. The frequency response of a capacitorless LDO is shown in Fig. 7.1b.

The stability of a capacitorless LDO depends significantly upon the load condition

since the output pole is the non-dominant pole. The ESR generated zero shifts to

a higher frequency, typically beyond the LDO bandwidth due to the small output

capacitance. The zero therefore has a negligible effect on the stability of the sys-

tem. Since the non-dominant pole shifts to a higher frequency under heavy load

conditions (i.e., high output current), the separation between the two poles, wp1 and

wp2, increases, thereby also increasing the phase margin. Under light load conditions,

however, the two poles are close in frequency, jeopardizing the stability of the system.

Hence, the worst case stability of a capacitorless LDO regulator occurs under light

load conditions (see Fig. 7.1). Note that the open loop gain also affects the stability.

A low gain LDO is more stable since the unity gain frequency is lower. Sufficient gain

however (typically above 40 to 50 dB) is necessary to reduce the steady state error

between the output voltage and the reference voltage.

To improve the stability under light load conditions, a pole splitting approach is

often used [98, 99]. Simply lowering the bandwidth of the error amplifier to decrease

wp1 shrinks the overall LDO bandwidth. While this approach can increase the pole

splitting and therefore the phase margin, the speed of the LDO significantly decreases,



68

increasing the voltage droop. To quantify this effect, the output impedance of the

LDO regulator is considered. The output impedance is

Zout(s) ≈
ro(1 +

s
wp1

)

Aol + (1 + s
wp1

)(1 + s
wp2

)
. (4.6)

The output impedance initially increases due to the more narrow bandwidth of the

error amplifier and eventually decreases due to the output capacitance of the LDO

regulator, as shown in Fig. 4.9. Note that decreasing the bandwidth of the LDO
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Figure 4.9: Closed loop frequency response of the output impedance. The ESR of
Cout is ignored. Decreasing the bandwidth of the error amplifier increases the output
impedance, increasing the voltage droop.

(i.e., decreasing wp1) results in a higher output impedance over a wider range of

frequencies as compared to a higher bandwidth. The voltage droop followed by a
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transient load variation is therefore larger for low bandwidth LDOs. As a result,

alternative approaches are required to improve the phase margin without significantly

increasing the voltage droop.

4.3.2 Improving LDO Performance

Alternate solutions have been offered to enable pole splitting while maintaining

a low voltage droop [98]. For example, in [99] and [103], a slew rate enhancement

approach is adopted to reduce the charge–discharge time of the pass transistor gate

capacitance while splitting the poles. The proposed LDO topology uses a current

amplifier in series with a capacitor between the input and output of the pass transistor

(i.e., the gate and source terminals), as shown in Fig. 4.10a. The amplified capacitor

current caused by the instantaneous change in the LDO output increases the charge–

discharge rate of the gate capacitance, lowering the voltage droop. In [104], a digitally

controlled active compensation network is proposed, as shown in Fig. 4.10b. By

varying the resistance and capacitance of an RC compensation network connected

between the input and output of the pass transistor, a variable LHP zero is generated.

The variable zero cancels the non-dominant pole wp2, increasing the phase margin.

To lower the voltage droop, an adaptive boosting technique is used. By tracking

the variations in the load conditions, the quiescent current of the error amplifier

is temporarily increased (i.e., boosted) to lower the voltage droop during fast load
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Figure 4.10: Different LDO topologies, (a) slew-rate enhancement using current am-
plifier [99], and (b) adaptive RC compensation with an adaptive boost technique
[104].

transitions. Many other approaches have been proposed to improve the stability

and response time of fully integrated LDOs [89, 98, 105–108]. Ultimately, the choice

of LDO depends upon the strengths and weaknesses offered by the circuit topology

which is determined by the requirements of the application [98].

4.4 Summary

In this chapter, a general overview of the advantages of embedding on-chip volt-

age regulators is provided. Fully integrated on-chip voltage regulators enable power
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management at higher speeds, supporting fast DVS. Moreover, embedding multiple

regulators enables local optimization of the voltage supply, providing a higher voltage

to the high performance cores while reducing the voltage of the idle or low perfor-

mance subsystems. Integrated voltage regulators can therefore be used to significantly

decrease power while improving the QoP.

Switching, switched–capacitor, and linear regulators are embedded on-chip. Lin-

ear regulators, among the different types of regulators, require the least area since

no bulky inductors or large capacitors are necessary. A fully integrated on-chip LDO

typically has an output capacitor on the order of a few hundred pF whereas a standard

off-chip LDO has a large output capacitor on the order of a few µF. The significant

reduction in output capacitance greatly changes the design of an LDO since stability

is no longer ensured. Fully integrated LDOs therefore exhibit a dominant pole due

to the error amplifier as opposed to the output capacitance. Moreover, the LHP zero

generated by the ESR is at too high frequency due to the small output capacitance.

As a result, the stability of an LDO is highly sensitive to the load, exhibiting the

worst case stability under light load conditions. A pole splitting approach is typi-

cally adopted to increase the difference between the dominant and secondary pole

frequencies. Simply lowering the LDO bandwidth to increase the phase margin in-

creases the voltage droop since the regulator response time is significantly less. As an

alternative, several solutions have been offered such as slew rate enhancement using
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current amplifiers or adaptive RC compensation networks with adaptive boost. These

techniques enable a fast output to input feedback path, decreasing the voltage droop

while enabling sufficient pole splitting to increase the phase margin.
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Chapter 5

Modeling Size Limitations of
Resistive Crossbar Array With
Cell Selectors

Resistive crossbar arrays were developed before the invention of emerging memory

technologies such as MRAM, RRAM, and phase change memory (PCM) [109, 110].

With the recent development of RRAM devices [111], resistive crossbar arrays, for use

in memory, have gained increasing popularity due to the advantages of 4F 2 density

and non-volatility. Existing analyses of resistive crossbar arrays show that the array

size is limited by the degradation in read margin and voltage loss across the cells due

to parasitic interconnect resistances, sneak path leakage currents, and on-off resistance

ratios [112–115]. These analyses have been primarily simulation based. In [116], a

matrix based theoretical solution is presented for solving the voltages and currents

of each cell within a crossbar array. This study however does not provide intuitive

models to support the design of resistive crossbar arrays due to the complexity of
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large arrays. Moreover, large matrix sizes are computationally complex. Therefore,

simple analytic models that can intuitively characterize the limitations imposed on

resistive crossbar arrays and project device and circuit requirements for large scale

arrays would be useful [117].

In this chapter, three challenges in designing resistive crossbar array are consid-

ered; the driver size, voltage degradation across the selected cell, and the read margin.

For each of these issues, models have been developed which provide intuition into the

design of resistive crossbar arrays while also clarifying device requirements and limi-

tations on the array size as interconnects continue to scale. These models are valid for

both unipolar and bipolar memory elements. Moreover, different biasing schemes for

writing and reading are compared to clarify possible advantages and design tradeoffs.

In Section 5.1, models of the driver size, voltage degradation across the selected

cell, and read margin are described and compared to simulation. In Section 5.2, these

models are considered under different biasing schemes to enhance nonlinearity and

to mitigate size limitations. In Section 5.3, projected device requirements for large

arrays are discussed. In Section 5.4, an example of the application of the proposed

models to the crossbar array design process is demonstrated. In Section 5.5, some

conclusions are offered.



75

5.1 Models of Crossbar Array Design Parameters

Expressions that model three primary design parameters of resistive crossbar ar-

rays, the driver size, voltage degradation across the selected cell, and read margin are

introduced in this section. For simplicity, an equal number of rows and columns are

assumed under worst case conditions. For the write operation, the V
2

biasing scheme

[118] is considered. For the read operation, the scheme in which a read voltage is

applied to the selected row while connecting the remaining portion of the rows to

ground and the columns to sense amplifiers [119] is considered, as shown in Fig. 5.1.

In the following sub-sections, the driver resistance, voltage degradation across the

selected cell, and read margin are discussed.

Figure 5.1: Biasing scheme for a crossbar array when (a) writing to a cell, (b) reading
from a cell.
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5.1.1 Driver size

An important advantage of a crossbar structure in memory systems is physical

density. Resistive crossbar arrays however require large peripheral circuits due to the

high current required to drive large arrays of closely packed devices. The physical

area of a crossbar array is ultimately determined by the cell size and the peripheral

circuitry, as well as the drivers.

The driver resistance is the output resistance of the driving circuit, illustrated in

Fig. 5.2. This output resistance depends upon the input resistance of the selected

row as well as the voltage drop across the selected cell. Although the lower bound

Figure 5.2: Driver circuit.

on the resistance of a single memory element could reach tens of kilo-ohms in an

RRAM crossbar structure, the effective resistance between the driver at a selected

row and the sense amplifier at a selected column(s) drastically decreases with larger
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array size. Since the effective resistance is also dependent on the number of selected

cells, the driver resistance varies depending upon whether a read or write operation

is executed. In this analysis, the interconnect resistance and input resistance of the

sense amplifier are considered to be negligible.

For a write operation, the worst case condition occurs when the selected cell

is initially in the on-state and switches to the off-state. Since selector devices are

in series with the resistive memory elements, a nonlinear relationship between the

cell voltage and current exists. Hence, the resistance of each cell varies nonlinearly

with the voltage across the cell. This nonlinearity is described by the nonlinearity

factor. For a worst case analysis, in which the highest current is required by the

crossbar array, half selected cells are assumed to be in the on-state. Based on these

assumptions, the following expression for the driver resistance at the selected row is

Rdriver(write) =
RON(Vdriver

Vcell
− 1)

N−1
Kr

+ 1
, (5.1)

where RON is the resistance of a memory cell (the selector and resistive memory

element) in the on-state, Vdriver is the driver output voltage when the driver resistance

is zero, Vcell is the voltage drop across the selected cell, N is the array size (number
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of rows or columns), and Kr is the nonlinearity factor,

Kr =
Icell(Vwrite)

Icell(Vwrite/2)
= 2×

RON |Vwrite/2

RON

, (5.2)

where RON |Vwrite/2 is the on-state cell resistance when the voltage across the cell (Vcell)

equals half of the write voltage. Kr is the ratio of the current flowing through the

selected cell to the current flowing through the half selected cell. The nonlinearity

factor characterizes to what extent the current flowing into the unselected columns

compares to the current flowing into the selected column.

For the case where multiple devices are selected, as in the case of a read operation,

the constraint on the driver resistance becomes more stringent. During a single read

operation, all of the cells on the selected row are selected. Considering the worst case

condition when all of the selected cells are in the on-state, the driver resistance is

Rdriver(read) =
RON(Vdriver

Vcell
− 1)

N
. (5.3)

The driver resistance during a read operation is independent of the selector devices,

and inversely proportional to the size of the crossbar array.
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5.1.2 Voltage degradation across selected cell

An important limitation on the size of a resistive crossbar array is the interconnect

resistance. With interconnect scaling, the resistance per cell has drastically increased,

reaching 2.5 Ω for the 22 nm node [120]. It is therefore crucial to consider the effects

of parasitic resistance when executing an operation. The worst case selected cell

is farthest from the driver on the selected row, and farthest from ground on the

selected column. For low nonlinearity factors, since the difference in resistance of

a half selected cell in the on- and off-state remains significant, voltage degradation

is data pattern dependent. To consider the worst case voltage degradation, all half

selected cells and the selected cell are assumed to be in the on-state. The indicated

cell shown in Fig. 5.1(a) is an example of a worst case cell for a 4 x 4 crossbar array

during a write operation.

For writing, a circuit model of a crossbar array that includes the interconnect

resistance along the selected row and column is considered. Furthermore, in this

model, it is assumed that equal current flows through the half selected cells between

the selected row and the unselected columns, as shown in Fig. 5.3. Based on this

assumption, the voltage across the worst case selected cell is

Vcell
Vwrite

=
1

NRint
RON

(N−1
Kr

+ 2) + 1
, (5.4)
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Figure 5.3: Circuit model of crossbar array during a write operation.

where Rint is the interconnect resistance per cell. As illustrated in Fig. 5.4, (5.4)

agrees with SPICE, exhibiting a maximum error of 6.5% for voltage ratios above 0.5.

Increasing interconnect resistance per cell decreases the voltage across the selected

cell due to IR losses. This degradation becomes more severe and nonlinear as the

array size scales. This behavior is due to increased current flow into the selected row

and column with increasing number of rows and columns. Since the number of half

selected cells increases with larger array size, the total current flowing into both the

selected row and column increases. Larger array sizes therefore exacerbate the voltage

degradation across the selected cell due to increased current flow and interconnect

resistance.
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Figure 5.4: Ratio of the voltage drop across the worst case selected cell to the driver
voltage during a write operation.

For reading, a circuit model of a crossbar array is shown in Fig. 5.5. The worst

case cell for the read case is farthest from the driver on the selected row and farthest

from the sense amplifiers on the selected columns. Since all of the cells in the same

row are selected, any voltage degradation is data pattern dependent. The worst case

condition occurs when all of the cells on the selected row are on, including Rcell.

Based on the circuit model shown in Fig. 5.5, the ratio of the worst case cell voltage

to the read voltage is

Vcell
Vread

=
1

(1 + N
2
Rint

αRsel(L)
)(1 + 1

RON ( 1
Rsense

+ N−1
Rsneak

)
)
, (5.5)
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Figure 5.5: The circuit model of the crossbar array during a read operation where
Rsense is the input resistance of the sense amplifier and Rsneak is the sneak path resis-
tance of the resistive memory cells between the (un)selected column(s) and unselected
rows.

where Rsense is the input resistance of the sense amplifier, Rsneak is the resistance

of the cells between the (un)selected column(s) and unselected rows, α is a fitting

parameter, and Rsel(L) is

Rsel(L) = RON + (
Rsneak

N − 1
||Rsense). (5.6)

Expression (5.5) agrees with SPICE, exhibiting a maximum error of 6.6% for voltage

ratios above 0.25, as illustrated in Fig. 5.6 (based on the parameter values of RON ,

α, Rsense, and Rsneak listed in Table 5.1). Similar to the degradation in cell voltage

during a write operation, a larger interconnect resistance increases IR losses which is
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further exacerbated with a larger array size. The degradation is more severe during a

read operation since selection of a single row causes a full read voltage to drop across

all of the cells in that row. All of the cells in the selected rows are therefore selected

as opposed to selecting a single cell during a write operation.

Note that the value of Rsneak listed in Table 5.1 depends upon the voltage drop

across the sense amplifier. It is assumed that the voltage drop is below the threshold

voltage of the cell selector. The input resistance Rsense needs to be sufficiently low to

maintain a low voltage at the sensing end of the columns which is ideally grounded.

This low input resistance requirement imposes a serious challenge on the design of

the sense amplifiers.

Table 5.1: Parameters for read operation

Parameters Values

RON 10 kΩ
α 1.5

Rsense 100 Ω

Rsneak
Kr
2
×RON

ROFF 10 MΩ

Kr 2×103

Rtran RON
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Figure 5.6: Ratio of the voltage drop across the worst case selected cell to the driver
voltage during a read operation.

5.1.3 Read margin

An important figure of merit that determines the ability of a sense amplifier to

distinguish between two states is the read margin. The read margin is

ReadMargin =
(Isense(L) − Isense(H))Rtran

Vread
, (5.7)

where Rtran is the transresistance of the sense amplifier which is matched to RON ,

Isense(L) is the current flowing into the sense amplifier when the target cell is on, and

Isense(H) is the current flowing into the sense amplifier when the target cell is off. The

worst case read margin occurs when reading an on-state when all of the cells along

the selected row are on, and when reading an off-state when all of the cells along the

selected row are off. In the worst case condition, the selected row is farthest from
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the sense amplifiers [see Fig. 5.1(b)]. Based on these worst case conditions and the

circuit model shown in Fig. 5.5, Isense(L) and Isense(H) are described, respectively, as

Isense(L) =
Vread

RONRsense(
1

Rsense
+ 1

RON
+ N−1

Rsneak
)(1 + N

2
Rint

αRsel(L)
)

(5.8)

Isense(H) =
Vread

ROFFRsense(
1

Rsense
+ 1

ROFF
+ N−1

Rsneak
)(1 + N

2
Rint

αRsel(H)
)

(5.9)

where ROFF is the resistance of a memory cell in the off-state, and Rsel(H) is

Rsel(H) = ROFF +

(
Rsneak

(N − 1)
||Rsense

)
. (5.10)

Expression (5.7), based on the expressions of Isense(L) and Isense(H) in, respectively,

(5.8) and (5.9), agrees with SPICE, exhibiting a maximum error of 6.6% for read

margins above 0.25 based on the parameter values listed in Table 5.1, as illustrated

in Fig. 5.7.

Note the degradation in voltage across the cell with increasing array size (or

interconnect resistance) which can fall below the threshold voltage of the selector.

The selector resistance can dominate the overall memory cell resistance, making the

on- and off-states indistinguishable. It is therefore crucial to consider the threshold

voltage of the selector when estimating the read margin or voltage drop across a cell.
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Figure 5.7: Comparison of the read margin between the analytic model and simula-
tion.

The results shown in Figs. 5.4, 5.6, and 5.7 illustrate the sensitivity of the write

and read operations to increasing interconnect resistance and array size. This sen-

sitivity is more acute for the read case since cell nonlinearity at the selected row is

not exploited due to selecting an entire row. For small array sizes, the interconnect

resistance reduces the read margin due to IR losses across the interconnects, and the

ineffectiveness of the cell selectors in this particular biasing scheme. To reduce the

effect of the interconnect resistance to mitigate both the read margin and voltage

degradation, higher nonlinearity factors are required. A different biasing scheme for

read and write therefore needs to be considered. In the following section, the biasing

scheme proposed in [112], based on floating unselected rows and columns of an array,

is applied to the read operation while the biasing scheme proposed in [118], based
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on applying one third of a write voltage across the unselected cells to enhance the

nonlinearity factor, is applied to the write operation.

5.2 Enhancement of Nonlinearity Factor

Models for the driver resistance, worst case voltage drop, and read margin are

provided in this section for the aforementioned floating scheme during a read operation

[112], and V/3 during a write operation [118]. The biasing schemes are illustrated

in Fig. 6.1. During a write operation, one third of the write voltage is applied to

Figure 5.8: Enhancing cell nonlinearity for (a) write operation with V/3 biasing
scheme, and (b) read operation with floating biasing scheme.

the unselected columns when grounding the selected column, and two thirds of the

write voltage are applied to the unselected rows when applying a full write voltage

to the selected row. The benefit of this biasing scheme is that only one third of the

write voltage is across the half selected cells during a write operation rather than half
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of the write voltage. The nonlinearity factor is therefore much higher and typically

on the order of 103 to 104 [121–123]. Nonlinearity factor as high as 107 have been

demonstrated [124]. Moreover, due to the decreased voltage across the half selected

cells (from V
2

to V
3

), the write disturbance improves [125]. One third of the write

voltage is across the remaining unselected cells, as compared to the previous case

(ideally, zero voltage drop), possibly increasing the leakage current. The current

flowing through the unselected rows and columns is however greatly reduced due to

the higher nonlinearity factor. The advantage of the V/3 biasing scheme is therefore

only beneficial with high nonlinearity factors. A high nonlinearity factor needs to

be sufficiently high to suppress the current flowing through the unselected rows and

columns, ensuring that the effect of the interconnect resistance and therefore the IR

losses is negligible.

During a read operation, a read voltage is applied to the selected row while con-

necting the selected column to the sense amplifier and floating the unselected rows

and columns. The cell selectors effectively suppress the current flowing through the

selected row, thereby reducing IR losses since half of the read voltage is dropped

across the unselected cells at the selected row and column. However, as compared

to the grounded biasing scheme [see Fig. 5.1(b)], only a single cell can be read at a

time.
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In Sections 5.2.1 to 5.2.3, models for the driver resistance, worst case voltage drop,

and read margin are provided for the biasing schemes illustrated in Fig. 6.1. These

models provide intuition while characterizing the limitations of the crossbar array

and estimating requirements for the device parameters (Kr, RON , ROFF ).

5.2.1 Driver size

For the same worst case conditions assumed for Rdriver(write) and Rdriver(read), as

described in Section 5.1, the driver resistance during a write operation under a V/3

biasing scheme and a read operation with a floating biasing scheme is, respectively,

Rdriver(write V/3) =
RON(Vdriver

Vcell
− 1)

N−1
Kr(write)

+ 1
, (5.11)

Rdriver(read float) =
RON(Vdriver

Vcell
− 1)

N−1
Kr(read)

+ 1
, (5.12)

where Kr(write) and Kr(read) are, respectively,

Kr(write) =
Icell(Vwrite)

Icell(Vwrite/3)
= 3×

RON |Vwrite/3

RON

, (5.13)

Kr(read) =
Icell(Vread)

Icell(Vread/2)
= 2×

RON |Vread/2

RON

, (5.14)
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where RON |Vwrite/3 and RON |Vread/2 are the on-state cell resistances when the voltage

across the cell equals to, respectively, one third of the write voltage and half of

the read voltage. Unlike the driver resistance for reading with the grounded biasing

scheme, cell selectors are used. Moreover, since the read operation uses lower voltages

as compared to the write operation, the nonlinearity factor is higher than Kr, as

described by (5.2). Similarly, the driver resistance during a write operation under the

V/3 biasing scheme is also greatly enhanced due to the increased nonlinearity factor.

The degradation of the driver resistance with increasing array size is therefore not as

severe as the biasing schemes described in Section 5.1.

5.2.2 Voltage degradation across selected cell

To determine the worst case voltage drop across the selected cell, the cell farthest

from the write (read) voltage source at the selected row, and farthest from the ground

(sense amplifier) at the selected column is evaluated, as illustrated in Fig. 6.1. The

voltage drop across the worst case selected cell during the write and read operation

is, respectively,

Vcell
Vwrite

=
1

NRint

RON
( N−1
Kr(write)

+ 2) + 1
, (5.15)

Vcell
Vread float

=
1

1 + (N Rint

RON
(2 + N−1

Kr(read)
)) + (Rsense

RON
(1 + N−1

Kr(read)
))
. (5.16)
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The models provided in (5.15) and (5.16) are in good agreement with SPICE, ex-

hibiting a maximum error of, respectively, 10% for voltage ratios above 0.5, and 6.6%

for voltage ratios above 0.35, as shown, respectively, in Figs. 5.9 and 5.10.

Figure 5.9: Ratio of the voltage drop across the worst case selected cell to the driver
voltage during a write operation under the V/3 biasing scheme.

Figure 5.10: Ratio of the voltage drop across the worst case selected cell to the driver
voltage during a read operation under the floating biasing scheme.
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As the nonlinearity factor decreases, the accuracy of these models also decreases.

Hence, (5.4) is relatively less accurate as compared to (5.15) and (5.16). This inaccu-

racy is due to ignoring the parasitic interconnect resistance along the unselected rows

and columns. As the nonlinearity factor increases, the current flow through those

lines decreases, making the parasitic interconnect resistance and hence the IR losses

negligible.

5.2.3 Read margin

Expression (5.7) is used to evaluate the read margin, where Isense(L) and Isense(H)

are, respectively,

Isense(L) float =
Vread

NRint +Rsense +
1

1
RON+NRint

+ N−1
Kr(read)RON

, (5.17)

Isense(H) float =
Vread

NRint +Rsense +
1

1
ROFF +NRint

+ N−1
Kr(read)RON

. (5.18)

Assuming all of the cell selectors are off, the resistance is dominated by the selector

resistance. The worst case condition becomes data pattern independent since a single

cell is selected while the other cells are at a high resistance. Based on this condition,

(5.17) and (5.18) exhibit good agreement with SPICE, exhibiting a maximum error

of 0.12% (based on the parameters listed in Table 5.1), as illustrated in Fig. 5.11.
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Figure 5.11: Comparison of the read margin between the model and simulation for
the floating biasing scheme.

5.3 Design Requirements for Varying Array Size

An important aspect of these models is computational efficiency while providing

physical intuition into crucial parameters such as Kr, RON , Rdriver, Rint, Rsense, and

N during the design process of a crossbar array. The area of the drivers (Rdriver

dependent), process technology (Rint dependent), and device requirements (Kr and

RON dependent) can be extracted for a target crossbar array size N . Moreover, these

models describe the device and circuit requirements for scaled array sizes and inter-

connect resistance. In this section, design requirements for large arrays are projected.
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5.3.1 Driver Resistance

The driver resistance during both read and write operations based on the biasing

schemes described in Sections 5.1 and 5.2 for different array sizes is shown in Fig.

5.12.

Figure 5.12: Analytic model of driver resistance with respect to varying array sizes
for Kr = 10, Kr(write) = 2× 103, and Kr(read) = 103 that satisfies Vdriver

Vread
= 4

3
.

From Fig. 5.12, the driver resistance during a read operation based on the

grounded biasing scheme should be below 10 Ω for a large scale crossbar array (> 1

Mbits) with an RON of 10,000 Ω for a Vdriver to Vread ratio of 4/3. This severe degra-

dation in driver resistance is due to the connection of N resistive devices in parallel

with a full read voltage across them. This stringent constraint requires a large area

dedicated to the peripheral circuitry, degrading the 4F 2 density advantage of RRAM

crossbar arrays. Due to the grounded biasing scheme during a read operation, the

read voltage across a single cell selects all of the other cells on the same row, causing
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the input resistance of the selected row to be inversely proportional to the array size.

By choosing the floating biasing scheme, illustrated in Fig. 6.1(b), the required driver

resistance is greatly increased. Reading a single cell in a specific row does not require

the other cells on that row to be read since the untargeted cells are half selected and

undisturbed due to the cell selectors.

During a write operation under the V/2 biasing scheme, due to the nonlinearity

of the selector devices, the half selected cell remains at a higher resistance. The input

resistance is therefore much higher as compared to reading with the grounded biasing

scheme. The input resistance however is much lower as compared to reading with the

floating biasing scheme. This behavior occurs since the nonlinearity factor decreases

when the operating voltage increases when switching from the read voltage to the

write voltage. For the same reason, the driver resistance during a write operation

under the V/3 biasing scheme becomes higher since the nonlinearity factor increases

due to the greater voltage difference between the unselected cells and the selected

cells (2V/3) despite the higher write voltages.

5.3.2 Voltage Degradation and Device Nonlinearity

An implication of (5.15) and (5.16) is that a high nonlinearity factor is insufficient

in large crossbar arrays. Nonlinearity factors are typically on the order of 103 to 104.

Hence, a significantly high RON is essential for large crossbar arrays to maintain a
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reasonable ratio between the cell voltage and the read/write voltage. These qualities

are noted in Fig. 5.13. A nonlinearity factor greater than 104 only slightly improves

Figure 5.13: Voltage degradation vs. array size where Vsource = Vwrite (solid lines)
and Vsource = Vread (dashed lines). Rsense = 100 Ω.

the voltage across the worst case selected cell. Beyond 104, a higher RON is required

to produce a larger voltage across the selected cell.

5.3.3 Read operation

Considering the read margin when using the grounded biasing scheme, the de-

nominator of (5), (8), and (9) consists of two different parts. One part considers the

loss due to the interconnect resistance while the other part considers the loss due

to sneak path currents. The resistance between the selected column and unselected

rows Rsneak creates a sneak path. Since a voltage exists at the node that connects

the column to the sense amplifier, the current flowing through the selected cell is
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partially lost due to the current flow through Rsneak. This loss caused by the sneak

path however has a negligible effect on the read margin since Rsneak remains at a

high resistance due to the small voltage across the sense amplifier. Degradation in

the read margin is therefore primarily due to IR losses across the interconnect rather

than sneak current paths. When using the open circuit biasing scheme, however,

any degradation in the read margin is primarily due to sneak path leakage current

rather than due to IR losses, as illustrated in Fig. 5.14. Since the sneak current path

is the dominant factor for read margin degradation under the open circuit biasing

scheme, for negligible interconnect resistances, the grounded biasing scheme performs

better [see Fig. 5.14(a)]. For significant interconnect resistance, however, since IR

losses is the dominant factor for read margin degradation under the grounded biasing

scheme, the open circuit biasing scheme performs better. With the open circuit bi-

asing scheme, the read margin increases by 3.4 times for small array size (N = 128),

and as much as 85 times for larger array sizes (N = 1024) for RON = 10, 000, as

compared to the grounded biasing scheme [see Fig. 5.14(b)].
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Figure 5.14: Read margin with respect to array size based on the parameters listed
in Table 5.1 for (a) Rint = 0 Ω, and (b) Rint = 2.5 Ω. The solid lines describes
the grounded biasing scheme whereas the dashed lines describes the floating biasing
scheme.

5.4 Design Of A Crossbar Array Based On These

Models

The design of an example crossbar array using these models is demonstrated

in this section. A resistive cell based on the RRAM described in [121] with a 14

nm metal1 half pitch is considered. Moreover, the V/3 biasing scheme and floating

biasing scheme are used, respectively, for the write and read operations. Based on

these assumptions and decisions, the extracted device and interconnect parameters

together with the assumed circuit parameters are listed in Table 5.2. This analysis

focuses on Mbit capacity array sizes.
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Table 5.2: Design parameters

Values from [121] Circuit level choices
Parameters Value Parameters Value

RON 24 kΩ Rsense 100 Ω
ROFF 1.5 MΩ Rtran RON

Kr(read) 1000 Tolerable Read Margin 0.5

Kr(write) 1100 Tolerable Vcell
Vwrite

0.75

Rint[82] 8 Ω Tolerable Vdriver
Vcell

4
3

For the parameters listed in Table 5.2, the maximum array size (N) is 420 (176.4

kbit) and is limited due to the voltage degradation across the worst case selected cell

during a write operation. Increasing the nonlinearity factor has a negligible effect.

Two options therefore remain to mitigate this voltage degradation; enhance the device

to provide a higher RON or place the crossbar array within the higher metal levels

to decrease Rint. In Table 5.3, the effect of different Rint and RON on the array size

N is listed. From a driver area perspective, it is beneficial to increase RON rather

Table 5.3: Varying array sizes to satisfy Vcell/Vwrite = 0.75

RON

Array Size (N) 24 kΩ 36 kΩ 72 kΩ
Rint = 2.5 Ω (22 nm) 1075 1448 2331

Rint = 4 Ω 746 1024 1695
Rint = 8 Ω (14 nm) 420 591 1024

than decrease Rint. While the output resistance of the driver should be 4 kΩ for

RON = 24 kΩ, this resistance increases to 12 kΩ for RON = 72 kΩ. If RON and
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Rint cannot be changed, increasing the write voltage is preferable. This method can

however consume significant power and limits the usage of more advanced technology

nodes due to low breakdown voltages of sub 45 nm MOS transistors (below 1.1 volts)

[120]. To overcome low breakdown limitations of thin oxide MOS transistors, cascoded

topologies as well as breakdown voltage multiplying circuits have been demonstrated

[126]. These circuits however require increased driver area, exacerbating the area

efficiency of a crossbar array.

5.5 Summary

Design models for three important metrics in crossbar arrays are provided, the

driver resistance, voltage across the worst case cell (during both writes and reads),

and read margin. These metrics provide intuition into the design of resistive crossbar

arrays with unipolar or bipolar memory elements. The models exhibit good accuracy

as compared to simulations and can be used to project the performance character-

istics of large crossbar arrays. For nonlinearity factors greater than 104, the voltage

degradation during a write and read operation can no longer be mitigated for, re-

spectively, the V/3 biasing and floating biasing schemes. Thus, RON needs to be

increased to prevent voltage degradation due to IR losses. For the read margin,

under the grounded biasing scheme, sneak path leakage current is not the primary
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source of signal degradation but rather the interconnect resistance. For a read op-

eration under the floating biasing scheme, the primary source of signal degradation

is sneak path leakage current. Moreover, a write operation under the V/3 biasing

scheme can be advantageous as compared to the V/2 biasing scheme if the cell se-

lectors provide a significantly higher nonlinearity factor for a smaller voltage drop

across the unselected cells. These models demonstrate that a higher RON can greatly

benefit all three critical metrics that limit the size of crossbar arrays.
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Chapter 6

Energy Efficient Write Scheme for
Non-Volatile Resistive Crossbar
Arrays with Selectors

Resistive memories are expected to replace charge based conventional memories

due to scalability limitations and energy benefits due to non-volatility characteristics.

Resistive memory devices such as resistive RAM (RRAM), phase change memory

(PCM), and magnetoresistive RAM (MRAM) have been explored for non-volatile

memories [68, 69, 72, 111]. To achieve high density, these resistive devices are placed

within a crossbar array structure. The area of a memory cell in a RRAM based

crossbar array utilizing a two terminal one-selector-one-resistor (1S1R) configuration

can be as low as 4F 2, where F is the minimum feature size of a technology node [68].

These arrays can be placed within the metal layers, supporting cell placement above

the CMOS logic, further reducing area. Moreover, a crossbar array can be configured

as a logic gate, providing a path to non-von Neumann in-memory computing [127].
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To enable this capability, however, the energy consumption of a crossbar array should

be within practical limits due to thermal design power (TDP) envelope constraints

in high performance integrated circuits (ICs) and the limited battery size of mobile

devices. The energy consumption of 1S1R memories increases significantly as the size

of the array grows. In particular, the write energy is a large portion of the total energy

and is significantly greater than the read energy [79]. This difference is due to the long

switching times of the selected devices whereas the read latency primarily depends

upon the sense amplifier which improves with technology scaling. The write latency

is typically on the order of a few hundred nanoseconds whereas the read latency can

be as low as 5 ns [128].

The energy consumption of a crossbar array during a write operation depends

upon the bias scheme, typically a V/2 or V/3 bias scheme [118, 129] (see Section

6.1). While most of the work described in the literature considers the V/2 bias

scheme [79, 81], the advantages of one bias scheme over the other bias scheme are

unclear in terms of energy efficiency. Furthermore, the V/2 bias scheme is often

claimed to be more energy efficient than the V/3 bias scheme [72, 130]. The most

energy efficient bias scheme can however vary depending upon the circuit and device

characteristics. In particular, the selector device has a profound effect on the energy

consumption since the leakage currents due to partially biased cells increases with

array size. The selector device within a crossbar array suppresses the currents under a
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low voltage bias while supporting higher currents under a high voltage bias. Different

three terminal devices such as an MOS transistor and bipolar junction transistor as

well as two terminal devices such as a silicon-based diode and metal-insulator-metal

tunneling barrier have been considered [71, 83]. The three terminal transistor based

selector devices provide greater isolation between the selected cells and unselected

cells within a crossbar array. This solution however significantly increases cell area

and inhibits scalability. Two terminal selectors can however be vertically integrated

within a non-volatile resistive cell, preserving the area. A wide range of two terminal

selectors exist which can be classified into two categories, unipolar and bipolar. In

addition, depending upon the material and the non-volatile resistive cell, the selector

can be a silicon based diode, self-rectifying device, or metal-insulator-metal (MIM)

with different kinds of tunneling mechanisms depending upon the thickness of the

insulator material [84]. In this chapter, a 1S1R element is used to refer to a non-

volatile resistive cell integrated with a two terminal selector device. To incorporate

the effects of the selector within an array, the nonlinearity factor is used as the primary

metric to quantify the isolation capability (see Section 6.1).

In this chapter, the write bias schemes are compared from an energy efficiency

point of view for 1S1R crossbar arrays with two terminal selectors. It is shown here

that the bias scheme that provides the highest energy efficiency depends upon several

parameters such as the nonlinearity factor of the selectors, size of the array, and
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number of selected cells during a write operation. Simple closed-form expressions that

model the write energy of a crossbar array in terms of these parameters, excluding

the peripheral circuitry, are provided for the case where the interconnect resistance is

negligible. The models are applicable to both unipolar and bipolar devices. Most of

the existing work described in the literature does not consider the effects of writing

multiple bits (i.e., multiple selected cells) on the energy consumption of an array.

In [79] and [81], the power consumption when selecting multiple bits is considered;

however, only for the V/2 bias scheme. In this work, the effects of writing multiple

bits on the energy efficiency of different bias schemes are explored for the first time.

Moreover, the effects of leakage current on energy consumption are discussed. In

addition, an energy efficient write scheme is proposed that adaptively utilizes both

the V/2 and the V/3 bias schemes to lower the write energy, extending the preliminary

work described in [131]. Based on the proposed write operation, the bias scheme is

altered for maximum energy efficiency depending upon the number of selected bits,

which can vary for different write operations. In Section 6.1, the bias schemes during

a write operation are reviewed. In Section 6.2, models of the energy consumption are

described. In Section 6.3, the proposed energy efficient write scheme is described. The

potential challenges and overhead are also discussed. In Section 6.4, some conclusions

are offered.
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6.1 Write Operations

The two types of write bias schemes, V/2 and V/3, are illustrated in Fig. 6.1. For
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Figure 6.1: Bias schemes for a two bit write operation, (a) V/2 bias scheme, and (b)
V/3 bias scheme.

the V/2 bias scheme, the selected wordline is connected to the write voltage while

the selected bitlines are grounded. The unselected wordlines as well as bitlines are

biased to half of the write voltage. Similarly, for the V/3 bias scheme, the selected

wordline is connected to the write voltage while the selected bitlines are grounded.

The unselected wordlines are biased at one third of the write voltage whereas the

unselected bitlines are biased at two thirds of the write voltage. The voltage drop

across the unselected cells along the selected wordline and selected bitlines, also called

the half-selected cells, are therefore biased at one half of the write voltage for the V/2
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bias scheme. For the V/3 bias scheme, this voltage decreases to one third of the write

voltage. More importantly, the cells on the unselected wordlines and bitlines are at

zero voltage for the V/2 bias scheme and at one third of the write voltage for the V/3

bias scheme, resulting in a large number of cells leaking current when the V/3 bias

scheme is applied.

The leakage current of the unselected cells depends upon the nonlinearity factor

of the selector. The two terminal selector is placed above a resistive cell to form

a nonlinear I–V characteristic. A selector with a higher nonlinearity factor further

decreases the current of the cell when biased below the threshold voltage of the

selector [123]. The leakage current due to the partially biased unselected cells is

therefore suppressed, decreasing IR voltage drops and supporting larger array sizes

[132]. The nonlinearity factor of a selector is the ratio of the current passing through

a selected cell to the current passing through a half-selected cell. The nonlinearity

factor of the V/2 and V/3 bias schemes are, respectively,

KV/2 =
Icell(Vwrite)

Icell(Vwrite/2)
= 2×

Ron@Vwrite/2

Ron

, (6.1)

KV/3 =
Icell(Vwrite)

Icell(Vwrite/3)
= 3×

Ron@Vwrite/3

Ron

, (6.2)
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where Icell(Vwrite), Icell(Vwrite/2), and Icell(Vwrite/3) are, respectively, the current pass-

ing through the cell when the cell voltage is equal to the write voltage, one half of the

write voltage, and one third of the write voltage. Ron, Ron@Vwrite/2
, and Ron@Vwrite/3

are, respectively, the cell resistance during an on-state when the cell voltage is equal

to the write voltage, one half of the write voltage, and one third of the write voltage.

The leakage current therefore depends upon the bias scheme which is related to the

nonlinearity factor.

The nonlinearity factor KV/2 of a one-selector-one-resistor (1S1R) device is typ-

ically on the order of 101 to 102, whereas KV/3 is on the order of 103 to 104 [121–

123,133–137]. A selector device with an on/off ratio as high as 108 has recently been

demonstrated [138]. The choice of bias scheme can therefore greatly affect the energy

consumption.

6.2 Energy Models

In this section, a model of the energy consumption of the V/2 and V/3 bias schemes

is provided. A design guideline for choosing the proper bias scheme is explained in

Section 6.2.1. Moreover, the effect of the nonlinearity factor on the choice of bias

scheme is explored in Section 6.2.2. The effect of leakage current on the total energy

consumption is discussed in Section 6.2.3.
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To provide an intuitive closed-form expression that models the energy consump-

tion of a crossbar array, the interconnect resistance is assumed to be negligibly small.

Although this assumption is not always practical in large arrays, it permits the effects

of the critical parameters on the energy consumption, such as the nonlinearity factor,

size of the array, number of selected cells, and bias scheme, to be captured while re-

taining simplicity and providing intuitive expressions. An array with an equal number

of rows and columns biased according to the V/2 and V/3 bias schemes, as illustrated

in Fig. 6.1, is considered. The selected devices are modeled based on the VTEAM

model [139] considering linear switching, and the remaining devices are modeled as

resistors. The switching devices are considered to be symmetric with equal on/off

threshold voltages and equal set/reset times. The switching energy during set and

reset operations is therefore the same (see the Appendix). Based on these considera-

tions and assumptions, the energy consumption of a crossbar array for the V/2 and

V/3 bias schemes are, respectively,

EV/2 = Vwrite
Ion
KV/2

(Nn+N − 2n)

2
tsw + nEsw, (6.3)

EV/3 = Vwrite
Ion
KV/3

(N2 − n)

3
tsw + nEsw, (6.4)
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where Vwrite is the write voltage, Ion is the cell current when biased at the write

voltage during the on state, N is the number of rows and columns, n is the number of

selected cells, tsw is the switching time, and Esw is the switching energy consumption

of the selected device,

Esw =
V 2
write

Roff −Ron

ln(
Roff

Ron

)tsw. (6.5)

Ron and Roff are, respectively, the 1S1R cell resistance during the on and off states

(for more details see the Appendix). The resistance of the selector device due to

the limited current density is assumed to be considered in Ron and Roff . Note that

the second term in (6.3) and (6.4) is the dynamic portion of the total energy due to

switching the selected cells while the first term is due to the leakage current of the

half-selected and unselected cells.

The closed-form expressions are in good agreement with SPICE, exhibiting an

average error of 0.04% and a maximum error of 0.74%, as shown in Fig. 6.2. The

energy consumption scales differently with respect to array size for different bias

schemes. The V/2 bias scheme follows a linear trend whereas the V/3 bias scheme

scales superlinearly with array size (∼ N2). Moreover, while the energy consumption

for the V/2 bias scheme is strongly dependent on the number of selected cells, the

V/3 bias scheme is constant for large arrays (N >> n). Note that EV/3 quadratically

scales with N , exhibiting a near constant profile with respect to n if N >> n. Under
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Figure 6.2: Energy consumption of a crossbar array with respect to (a) array size,
and (b) number of selected cells, assuming Ron = 104 Ω, Roff = 107 Ω, KV/2 = 20,
KV/3 = 1, 000, and Vwrite = 2 V .

this condition, while the switching energy continues to grow with large n since the

leakage energy dominates for large array sizes, Esw remains insignificant. The effect

of n on the energy consumption for different array sizes is illustrated in Fig. 6.3. A

summary of the parameters used in the following simulations are provided in Table

6.1 (unless otherwise noted).

Table 6.1: Summary of parameters for write operation

Parameters Values

Ron 104 Ω

Roff 107 Ω
tsw 100 ns
Vwrite 4 V

The increasing number of selected bits per write operation significantly adds to the

energy consumption of the V/2 bias scheme. The V/3 bias scheme remains relatively
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Figure 6.3: Effect of the number of selected cells on the energy consumption of a
crossbar array for the V/2 and V/3 bias schemes, assuming KV/2 = 20 and KV/3 =
1, 000.

constant for large array sizes. This behavior is due to the increasing number of half-

selected cells for the V/2 bias scheme with increasing n. In contrast, for the V/3

bias scheme, the variation in the number of unselected cells become negligible as n

increases if the size of the array N is much larger than n.

One method to decrease the energy consumption is by using selectors with a higher

nonlinearity factor. A higher nonlinearity factor decreases the leakage current of the

unselected cells, improving the ability of the selector to isolate the switching cell from

the rest of the unselected array. The effect of the nonlinearity factor on the energy

consumption is shown in Fig. 6.4. Note that with increasing nonlinearity factor,

the energy consumed during both bias schemes decreases since (6.3) and (6.4) are,

respectively, inversely proportional to KV/2 and KV/3.
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Solid line: V/2 bias scheme

Dashed line: V/3 bias scheme

𝐾𝑉/2=50

𝐾𝑉/2=25

𝐾𝑉/2=10

Figure 6.4: Effect of the nonlinearity factor on the energy consumption of a crossbar
array for the V/2 and V/3 bias schemes, assuming n = 4.

6.2.1 Energy Efficient Bias Scheme

Depending upon the array size, one bias scheme is more efficient than the other

bias scheme. The number of selected cells n during a write operation may however

alter the most energy efficient bias scheme, as shown in Fig. 6.5. Note that the line of

intersection between the two bias schemes (where EV/2 = EV/3) spans a range of array

sizes (N = 128, 256, and 512) depending upon the number of selected bits. Since the

V/2 bias scheme scales with the number of selected cells as opposed to the V/3 bias

scheme which remains relatively constant, the line of intersection bends for different

values of n.

Extra energy is expended due to an incorrect choice of bias scheme, wasting signif-

icant power during a write operation. The ratio of the energy consumption between
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Figure 6.5: Comparison of the energy consumption in terms of the array size and
number of selected cells for the V/2 and V/3 bias schemes, assuming KV/2 = 20 and
KV/3 = 1, 000.

the two bias schemes is shown in Fig. 6.6. The right side of the contour is the region

where the V/2 bias scheme is more efficient than the V/3 bias scheme, and the left

side is where the V/3 bias scheme is more efficient than the V/2 bias scheme. Since

increasing the number of selected cells consumes more energy for the V/2 bias scheme

for low n, the V/2 bias scheme remains more energy efficient over a wider range of

array sizes. In contrast, for high n, the V/3 bias scheme is more energy efficient over

a wider range of array sizes. The write energy can be as much as 5x lower for a 128

x 128 array and 10x lower for a 64 x 64 array using the V/3 bias scheme with eight
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Figure 6.6: Energy savings of the V/3 bias scheme as compared to the V/2 bias
scheme assuming the same parameters listed in Fig. 6.5. The solid line is the contour
where the energy consumption between the two bias schemes is equal.

selected bits. For large arrays, however, since the number of cells leaking current

during the V/3 bias scheme scales with N2, the V/2 bias scheme can consume as

much as 7x lower energy for an array size of 1024 x 1024 with single bit operation.

The interconnect resistance changes the location of the contour (see Fig. 6.6)

where the energy for both bias schemes is equal. Since the leakage current due to

the half-selected cells for the V/2 bias scheme is significantly greater than the leakage

current of the cells biased at one third of the write voltage, the IR voltage drops

are greater for the V/2 bias scheme [132]. Thus, the voltage drop across the selected

cells for the V/2 bias scheme is smaller than for the V/3 bias scheme. The switching

time of the selected cells for the V/2 bias scheme is therefore longer, increasing the

energy consumption [139] and resulting in the V/3 bias scheme being more energy
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efficient. This effect is more pronounced with larger IR voltage drops, resulting in

slower switching times.

6.2.2 Impact of Nonlinearity Factor

The bias scheme affects the total leakage current due to the difference between

the nonlinearity factors and the number of leaking cells. While the size of the array

as well as the number of selected bits affect the choice of energy efficient bias scheme,

the difference between the nonlinearity factors (KV/2 and KV/3) determines the range

of N and n at which the two energy consumptions, EV/2 and EV/3, are equal. For

Figure 6.7: Ratio of the nonlinearity factors KV/3 to KV/2 to maintain equal energy
consumption for the V/2 and V/3 bias schemes in terms of the array size and number
of selected cells.
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instance, if one nonlinearity factor is much greater than the other nonlinearity factor,

the bias scheme that provides the higher nonlinearity factor will be the most energy

efficient bias scheme for a wide range of N and n. The ratio of the two nonlinearity

factors, KV/2 and KV/3, is a function of the array size and number of selected cells.

Based on this ratio, for the V/3 bias scheme to be more energy efficient than the V/2

bias scheme, the following condition must be satisfied,

KV/3

KV/2

>
2

3

N2 − n
Nn+N − 2n

. (6.6)

Note that for negligible parasitic interconnect resistance, (6.6) is a function of the

size of the array and number of selected cells. The variation of KV/3 to satisfy (6.6)

is shown in Fig. 6.7. The V/3 bias scheme is more energy efficient if KV/3 is at least

two orders of magnitude greater than KV/2 for array sizes up to 1024 x 1024 with six

selected bits or an array size up to 256 x 256 with a single selected bit.

6.2.3 Write Pulse Width

The pulse width to successfully program the selected cells depends upon the

switching time of the cells. While shorter pulses may produce write failures, ex-

tended pulse widths may consume excessive power, degrading the energy efficiency.

Due to the significance of the leakage current of the unselected cells, it is crucial to ac-

curately set the pulse width with high precision. For large arrays, the leakage current
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portion of the total energy dominates, making the switching energy Esw negligible,

as shown in Fig. 6.8.

Solid line: V/2 bias scheme

Dashed line: V/3 bias scheme

Figure 6.8: Ratio of the switching energy to the total energy in terms of the array
size, Ron = 104 Ω, Roff = 106 Ω, and n = 4.

Note that the switching energy for the V/3 bias scheme is a larger portion of

the total energy as compared to the V/2 bias scheme. This difference is due to the

smaller leakage current for the V/3 bias scheme due to the larger nonlinearity factor,

KV/3. Similarly, a higher nonlinearity factor reduces the leakage energy, resulting in

the switching energy being more pronounced and exhibiting greater energy efficiency.

The switching energy is less than 10% of the total energy for array sizes exceeding

N = 128.

To lower the energy due to leakage currents, the pulse width is set as precisely

as possible, sufficient to switch the selected cells. This excess energy due to leakage
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currents requires write termination circuitry to isolate the write voltage from the array

once successful switching is achieved. While write termination techniques have been

adopted for resistive cells based on STT-MRAM due to the stochastic nature of the

switching process [140], a similar approach in RRAM based 1S1R crossbar arrays can

be useful to save energy since an over extended write pulse can significantly reduce the

energy efficiency due to the large leakage currents. The write termination circuitry

exhibits a negligible energy overhead of, on average, less than 100 fJ [140].

6.3 Energy Efficienct Hybrid Write Scheme

In this section, a write scheme is proposed to improve the energy efficiency of a

crossbar array during write operations. The optimal choice of the energy efficient bias

scheme is explained in Section 6.3.1. The overhead and challenges of the proposed

system are discussed in Section 6.3.2.

The number of selected cells affects the energy of an array and can be used to

determine the most energy efficient bias scheme. The proposed write scheme improves

the energy efficiency by adaptively switching between the V/2 and V/3 bias schemes

depending upon the number of selected cells during a write operation. The number

of selected bits during a write operation depends upon the difference between the

patterns of the old data and the new data, as shown in Fig. 6.9. Consider a word size

of eight bits. If the new data are the same as the old data, the number of selected
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0    1    0    1    0    1    0   1

1    1    1    1    0    1    1   0

Figure 6.9: Writing an eight bit word. Four bits of the new string are the same as the
old string; however, only three bits are selected since one bit requires a reset whereas
the other three bits require a set operation.

cells is equal to zero. If however the new data are different than the previous data,

the number of selected cells depends separately upon the number of sets and resets,

since in resistive memories, writing a 1 or a 0 requires two different write operations.

To determine the number of bits, a read-before-write technique is typically used [141].

This approach detects those cells that require switching, reducing excessive energy

consumption during a write operation. By adopting a similar approach to monitor

the number of selected cells during each write operation, the optimal energy efficient

bias scheme can be determined.

The steps summarizing the write process using the energy efficient write scheme

is shown in Fig. 6.10. The initial step is a read-before-write operation followed by

counting the number of cells that will switch for the new string of data. Once the

number of selected cells n is known, n is compared to nth (see Section 6.3.1) for a

specific array. Following this step, the power delivery system is configured to support

either the V/2 or V/3 bias scheme to lower the energy. During this step the crossbar

array remains idle, no energy is therefore consumed. Finally, once the regulator
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Figure 6.10: Steps during the proposed energy efficient write scheme.

voltage converges to the appropriate bias scheme, the write pulse is executed to write

the new data and complete the write process.

6.3.1 Optimal Choice of Bias Scheme

The bias scheme of a crossbar array is altered when the number of selected cells n

crosses a threshold, nth. At this threshold, the write energy of the V/2 and V/3 bias

schemes is equal. Since the energy for the V/2 bias scheme grows with increasing n,

if n < nth, the power delivery system switches to the V/2 bias scheme. If n > nth,

the power delivery system switches to the V/3 bias scheme. The energy savings in
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nth

EV/2= EV/3

Figure 6.11: Energy improvement in terms of the number of selected cells, assuming
N = 128, KV/2 = 20, and KV/3 = 345. The proposed write operation chooses the
most energy efficient bias scheme based on the number of selected cells n with respect
to nth.

terms of the number of selected cells n is shown in Fig. 6.11. Note that if nth is

four, the V/2 bias scheme provides as much as a 2.5x energy improvement for a 128

x 128 array when a single bit is selected. The V/3 bias scheme provides up to a 1.8x

savings in energy when eight bits are selected. Note, however, the size of the array N

as well as the ratio of the nonlinearity factor Kr can affect the most energy efficient

bias scheme. Depending upon N and Kr, nth may reside outside the range of allowed

values of n.

The effect of N and Kr on the energy savings is shown in Fig. 12. Note that

the hybrid bias scheme only benefits specific array sizes for a fixed value of Kr. For

instance, according to Figs. 12a, 12b, and 12c, the hybrid bias scheme can be used
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(a)

(b)
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Array size (N)

Array size (N)

Array size (N)

Figure 6.12: Energy savings for different array sizes and number of selected cells
considering, (a) Kr = 1000/20, (b) Kr = 345/20, and (c) Kr = 345/50.

for an array size of, respectively, 512 x 512 or 256 x 256, 128 x 128 (same as shown in

Fig. 11), and 64 x 64. The curve along the N and n axes spans the regions where no

energy savings exist (i.e., unity). If the array size is above this curve, the bias scheme
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is set to V/2. If below this curve, the bias scheme is set to V/3. If the array size is

neither above nor below this curve, the hybrid bias scheme can be used to improve

the energy efficiency.

By setting the energy for both bias schemes, (6.3) and (6.4), equal, the number

of bits in which both bias schemes consume the same energy nth can be determined.

Based on this equality, nth is

nth =
2N2 − 3KrN

3KrN − 6Kr + 2
, (6.7)

where Kr is the ratio of the nonlinearity factors,

Kr =
KV/3

KV/2

. (6.8)

Note that nth is a function of Kr and the array size N when the interconnect resistance

is negligible. The change of nth as a function of Kr and the array size N are shown

in Fig. 6.13. For large arrays with low Kr, nth increases significantly, reaching 16.

This effect is due to the diminishing savings in energy of the V/3 bias scheme with

increasing array size, resulting in a large number of unselected cells leaking current,

which scales with N2. Furthermore, a lower Kr means the difference in leakage current

between the half-selected cells for both bias scheme decreases. Thus, the V/2 bias

scheme is more energy efficient for a wider number of selected cells. Since the leakage
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Figure 6.13: Number of selected cell in which the energy for both bias schemes are
equal with respect to Kr and the array size N .

current of the unselected cells for the V/3 bias scheme decreases relative to the leakage

current of the V/2 bias scheme, as Kr increases, the V/3 bias scheme becomes more

energy efficient for a wider number of selected cells, hence decreasing nth. In addition,

if the interconnect resistance incurs significant IR voltage loss, nth decreases since

the switching time for the V/2 bias scheme is larger than the V/3 bias scheme due to

the voltage degradation across the selected cells [132]. Increasing Kr from a few tens

to 100 can reduce nth from 16 to six. If nth is larger or equal to the maximum number

of selected cells (i.e., word size), the array is biased with only the V/2 bias scheme

rather than the hybrid bias scheme (see Fig. 6.11). The nonlinearity factor of a 1S1R

cell for the V/2 bias scheme is typically less than 100 whereas the nonlinearity factor
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for the V/3 bias scheme reaches a few thousands. Kr is typically in the range of a

few tens to several hundreds.

6.3.2 Overhead and Challenges

While the V/2 bias scheme requires two voltages, Vwrite and Vwrite/2, the Vwrite/3

bias scheme requires three voltages, namely, Vwrite, Vwrite/3, and 2Vwrite/3. A hy-

brid solution using both bias schemes requires four voltage levels. Providing a large

number of heterogeneous on-chip voltages is challenging due to the limited board

area for the off-chip power supplies and the limited number of power I/Os. In [142],

a boost converter with a charge pump is used to bias the array. This approach is

however not feasible for a hybrid bias scheme with multiple voltage levels since the

switching converter requires large off-chip inductors as well as large capacitors, greatly

increasing the area and therefore the cost [143]. Linear regulators, alternatively, are

less power efficient as opposed to switching converters; however, linear converters are

much smaller since bulky capacitors or inductors are not required [98]. Heterogeneous

power delivery systems with a large number of voltages using on-chip linear regula-

tors have been proposed [95, 144]. These on-chip voltage regulators can be placed

close to the load, further reducing the response time while providing fast local power

management to control the bias scheme (as opposed to an off-chip power manage-

ment solution which exhibits higher latency) [90]. By programming the reference
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voltage of the on-chip regulators, the bias scheme can be altered between V/2 and

V/3 [90,145,146].

The proposed energy efficient write scheme provides energy savings as high as 2.5x

as compared to a conventional system with a single bias scheme. The write process

however incurs additional steps as compared to a conventional write operation with a

constant bias scheme (see Fig. 6.10), increasing the write latency. The write latency

is typically the switching time of the 1S1R cell. In the proposed hybrid write scheme,

however, the read-before-write operation necessitates a read operation for every write

operation. The time required to compute and compare n with respect to nth has to

be considered in addition to the switching time of the 1S1R cell.

In memory systems, the read operation is typically a primary performance bot-

tleneck. If however the write latency increases significantly, it can inhibit memory

performance. Thus, a fast power delivery system is required for time constrained

memory applications such as DRAM and cache memory. For slower memory sys-

tems, such as flash, the stringent timing requirements can be relaxed. While the

read latency is significantly smaller than the write latency [79] and can be as low

as five nanoseconds [128], the time required to program the voltage regulators has

to be within a few nanoseconds to prevent write dependent performance limitations.

Hence, the need for an on-chip voltage regulator (as opposed to an off-chip regulator)
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becomes necessary since, unlike on-chip local regulation, off-chip power management

and regulation cannot provide sub-µs bandwidth [90].

The energy overhead of the energy efficient write scheme is insignificant. The

write operation for a 1S1R crossbar array is typically on the orders of hundreds of

nanojoules [79]. The read operation during the read-before-write requires negligible

energy, typically less than one nanojoule since the read latency is significantly less

than the write latency. The programmable CMOS reference voltage consumes a few

picojoules [146], assuming a switching time on the order of hundreds of nanoseconds.

The primary challenge for the proposed write scheme is lowering the overhead of the

write latency in time constrained memory applications.

6.4 Summary

The energy consumption of a 1S1R crossbar array for two bias schemes, V/2

and V/3, for optimal energy efficiency is discussed. Closed–form expressions that

intuitively model the energy consumption in terms of the nonlinearity factor, size

of the array, and number of selected cells are presented. The most energy efficient

bias scheme depends upon the size of the array as well as the number of selected

cells during a write operation. The energy consumed during both bias schemes scales

differently. The V/2 bias scheme is more energy efficient for large arrays. As the

number of selected cells increases, however, the V/3 bias scheme achieves greater
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energy efficiency. The V/3 bias scheme provides higher efficiency, decreasing the

energy consumption by an order of magnitude for a 64 x 64 array with eight selected

cells. As the array size increases and the number of selected cells decreases, the energy

benefits of the V/3 bias scheme diminish.

For the V/3 bias scheme to be as energy efficient as the V/2 bias scheme for

large arrays (N > 128), KV/3 should be two orders of magnitude greater than KV/2.

The appropriate choice of bias scheme can save an order of magnitude of energy.

A higher nonlinearity factor significantly decreases the energy consumption by sup-

pressing leakage currents within the half-selected and unselected cells. The switching

energy is a negligible portion of the total energy for large arrays (N > 128). To pre-

vent excess energy consumption due to leakage currents, write termination circuitry

can be used to prevent over extended write pulses.

To improve the energy efficiency during write operations, an energy efficient write

scheme is proposed. The write operation uses a hybrid bias scheme to exploit both the

V/2 and V/3 bias schemes to enhance the energy efficiency based on the number of

selected cells. The critical number of selected cells in which the bias scheme switches

(nth) is characterized. Energy improvements provided by the hybrid write scheme

can be as high as 2.5x. To effectively exploit the energy efficient write scheme in time

constrained memory systems, the program time of the voltage regulators and the time

to compute nth need to be on the order of a few nanoseconds. The proposed write
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scheme incurs negligible energy overhead. Future work will focus on integrating the

interconnect resistance into the energy models to capture the effects of IR voltage

drops on the switching time of the selected cells and the energy consumption of the

crossbar array.
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Chapter 7

Stability of On-Chip Power
Delivery Systems with Multiple
Low Dropout Regulators

Voltage regulators are fully integrated on-chip to enable granular power man-

agement without communicating off-chip and reducing power consumption with fast

dynamic voltage scaling [147]. In addition, a wide range of heterogeneous voltages

can be generated on-chip without increasing the off-chip board area [148]. These ben-

efits have led to many industrial products that incorporate different types of on-chip

voltage regulators [58, 60, 87, 149], containing as many as 64 regulators in a single

power domain [58].

Fully integrated linear regulators as well as switching converters deliver on-chip

power [59,60,88,150]. While switching and switched capacitor regulators occupy sig-

nificant space due to the bulky inductors and capacitors, capacitor-less LDOs occupy

small area at the expense of lower power efficiency, thereby supporting the deployment
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of a larger number of on-chip regulators [44]. Due to the low integration overhead of

linear regulators, capacitor-less low dropout regulators (LDOs) are widely preferred

over fully integrated switching converters [59,96,150].

A power delivery system that contains multiple on-chip LDO regulators can ex-

hibit instability [151–155]. This phenomenon is a result of the interaction between

the resonance of the off-chip parasitic network and the actively regulated on-chip

power grid. One of the primary requirements of on-chip capacitorless LDOs is en-

suring stability in the absence of a large output capacitor. Conventionally, satisfying

stability requirements under light load conditions ( < 1 mA) is sufficient to ensure

stability for a wide range of load variations [98,108]. The general assumption is once

the regulator is stable under light load conditions, the stability is guaranteed as long

as the regulator operates above the minimum load condition for a range of output

capacitance. Ensuring stability under light loads however does not guarantee stability

when multiple LDO regulators share the same power delivery network (as discussed

in Section 7.1). In this chapter, this second source of instability is demystified. The

effect of resonance due to the parasitic impedances of the power delivery network is

shown to depend on the number of voltage regulators, thereby affecting the stability

of the overall system.

In section 7.1, instability due to the increasing number of LDOs is described. In

section 7.2, a summary of the relevant works from the literature is provided. In section
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Figure 7.1: Linear regulator used to analyze the stability of multiple connected LDOs,
(a) conventional low dropout regulator, and (b) Bode plot of a regulator under dif-
ferent load conditions.

7.3, the relationship between grid stability and the number of LDOs is explored. In

section 7.4, the effect of circuit design parameters on the stability of the power grid

is discussed. In section 8.3, some conclusions are offered.

7.1 Stability of Parallel Connected LDOs

A conventional LDO architecture consisting of a single closed loop with an error

amplifier and a pass transistor is considered here to simplify the stability analysis and

produce an analytic relationship between the system stability and number of LDOs,

as shown in Fig. 7.1. The error amplifier is a two stage operational transconductance
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amplifier with Miller compensation incorporating a nulling resistor [156]. These con-

ventional LDOs are typically modified to support higher phase margin under light

load conditions (1 mA) since a fully integrated regulator does not incorporate a large

output capacitor, producing a non-dominant output pole [99]. To separate the stabil-

ity concerns under light load conditions from the stability concerns when considering

multiple LDOs, a heavy load condition is assumed (on the order of a few hundred

mA). The standalone regulator exhibits a highly stable system, as shown in Fig. 7.1b.

The phase margin is as low as 46o at 1 mA and as high as 116o at 210 mA considering

a 50 pF output capacitance.

The LDO regulator produces a stable transient response to a step load variation

from 175 mA to 210 mA, when considered alone. The same regulator co-existing with

14 other LDOs sharing the same input grid however yields an unstable system, as

shown in Fig. 7.2. Note that a single LDO, exhibiting a stable transient response,

produces an oscillatory response when operating under the same conditions with a

larger number of LDOs. This phenomenon is due to the additional LDOs which

exacerbate the interactions with the off-chip parasitic impedances. Specifically, the

parasitic impedance at the input of each LDO changes with an increasing number

of LDOs, shifting the resonant frequency, thereby increasing the phase shift of the

regulator and producing an unstable power grid (see Section 7.3.1). Moreover, the

power delivery system is stable under light load conditions and unstable under heavy
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Figure 7.2: Comparison of single LDO to multiple connected LDOs sharing a com-
mon power grid, (a) power delivery network with an input voltage of 1.2 volts and
an output voltage of 1 volt, (b) transient response to a load varying from 175 mA to
210 mA in 10 ns considering one and 15 LDOs, and (c) transient response to a load
varying from 1 mA to 3 mA in 10 ns considering one and 15 LDOs. The parasitic
impedances are listed in Table B.1 in the Appendix. The input and output capaci-
tance are, respectively, 1 nF and 50 pF per LDO. The load current as well as the input
and output capacitors proportionally increase with the number of regulators. Each
regulator therefore operates under the same load conditions and AC characteristics
(see Fig. 7.1b).
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load conditions despite lower phase margins under light load conditions (see Fig.

7.1b). The phase margin of a standalone LDO without considering the power delivery

network is therefore not a proper stability metric.

7.2 Existing Work

Most existing work on the stability of capacitor-less on-chip LDOs considers a

single LDO system [98]. One exception is [154], where the effect of multiple on-

chip LDOs on grid stability is reported. The inductive off-chip network used in the

analog power delivery system produces an unstable grid when shared with 16 LDO

regulators, each operating under a load of 20 mA. This work however does not explain

the reason for the degradation in stability with an increasing number of on-chip LDO

regulators.

In [151], the stability of six distributed LDOs sharing a common grid is consid-

ered. A passivity based stability criterion based upon the output impedance of the

LDOs is proposed. This work however assumes an ideal voltage supply at the input of

the on-chip regulators, disregarding the parasitic effects of the off-chip power delivery

network. The source of instability is described as due to the particular load condi-

tions that the regulators are exposed to under unbalanced current sharing, causing

the LDOs to exhibit low or negative phase margin. The source of grid instability

with multiple on-chip regulators is however not due to unbalanced current sharing if
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the regulators exhibit positive phase margin across any load condition. Stable capac-

itorless on-chip LDOs have been reported under no load conditions (0 A) [108] where

most of the capacitorless LDOs exhibit increasing phase margin with increasing load.

Since maintaining sufficient phase margin under any load condition is a primary de-

sign requirement, unbalanced current sharing in the presence of on-chip regulators

cannot by itself cause grid instability as long as the regulators retain a minimum

phase margin under stringent load conditions.

The analyses proposed in [152] consider the parasitic network of the off-chip as

well as the on-chip interconnects, and provide a comprehensive discussion on the

evaluation and optimization of grid stability with multiple digital LDO regulators.

A complex power grid consisting of multiple digital LDOs is evaluated based on the

signal flow graph of an entire system. The stability is evaluated based on a trans-

fer function constructed from a signal flow graph of the grid system using Mason’s

gain formula. In [153], a stability checking methodology based on a hybrid stability

constraint is provided, which considers a comprehensive power delivery network in-

cluding parasitic impedances. A hybrid stability margin based on the hybrid passivity

and finite gain stability theorem is established to evaluate the stability of a power

grid. This stability constraint can be separately considered for each LDO, enabling

the LDOs to be individually tuned to enhance the stability of the grid. In [157], the

hybrid stability constraint is considered to explore the relationship between different
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circuit level parameters and power grid stability. The effect of different LDO topolo-

gies, LDO parameters such as the unity gain frequency, and decoupling capacitors on

grid stability are evaluated.

In this work, the phenomenon of a decreasing resonant frequency due to an in-

creasing number of LDOs is described using a different approach. By separating the

individual LDOs sharing a common input grid while considering the impedance of

the power delivery network, the open loop characteristics are evaluated in terms of

the number of LDOs. Furthermore, a passivity based stability criterion similar to

[151] is used to evaluate the relationship between the phase margin and stability of

the power grid. The degradation in the resonant frequency caused by the off-chip

parasitic impedances is shown to be the primary factor affecting the stability of a

grid with multiple LDOs.

7.3 Evaluating the Stability of Multiple LDOs

To evaluate the stability of a power grid, the parasitic impedance of the power

delivery network needs to be considered. To use the classical phase margin of an

open loop, single-input-single-output (SISO) system, the power delivery network is

separated, as shown in Fig. 7.3. To detach an LDO from the grid while including the

impedance of the power grid, the impedance of the power delivery network is split

per each regulator. For example, considering the three LDOs shown in Fig. 7.3 with
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Figure 7.3: Model of a power delivery system with parallel connected LDOs. The
impedance of the power delivery network observed from the input of the LDOs is
represented as a lumped impedance Z, (a) multiple LDOs attached to the same power
grid, and (b) the grid impedance split per LDO, and (c) each LDO is separated based
on the corresponding grid impedance at the input of the LDO.

an input grid impedance Z, the impedances at the input of the LDOs are

Z(1) =
Z1Z

Z123

, Z(2) =
Z2Z

Z123

, Z(3) =
Z3Z

Z123

, (7.1)

Z123 = Z1||Z2||Z3, (7.2)

where Z(k) is the impedance of the power delivery network observed from the input

of an LDO (k), and Zk is the input impedance of an LDO (k). For N LDO regulators

sharing a common input grid, the impedance at the input of an LDO is

Z(k) =
ZkZ

Z123...N

, (7.3)
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Z123...N = Z1||Z2||...||ZN . (7.4)

Note that the impedance at the input of each LDO depends upon the parasitic

impedance of the power delivery network and the input impedance of each LDO.

The open loop response and phase margin of the SISO LDO system considering the

input impedance Z(k) produce useful insight into the relationship between the num-

ber of LDOs and the stability of the power grid. To intuitively relate the number

of LDOs to the grid stability, multiple LDOs consisting of the same topology and

bias conditions is considered. Note that under these conditions, the impedance at the

input of each LDO simplifies to N × Z where N is the number of LDO regulators.

7.3.1 Effect of Number of LDOs on Grid Stability

To evaluate the stability of a grid composed of multiple LDOs, the circuit shown in

Fig. 7.4a is considered. The input to a number of parallel connected LDOs is loaded

with an RLC network characterizing the parasitic impedances. A circuit composed of

multiple LDOs sharing a common grid can be simplified under the condition that each

regulator is symmetric and operates under balanced current sharing, as illustrated

in Fig. 7.4b. Under this condition, the parasitic impedance can be divided into N

sections where N is the number of LDO regulators, each conducting the same current.

As a result, each section of impedance is directly connected to an LDO and detached
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Figure 7.5: Reduction of parallel connected LDOs operating under the same load
conditions [158].

from the rest of the circuit, leading to the circuit shown in Fig. 7.5. Note that this

circuit produces the identical response to load variations if the system with multiple

LDOs remains balanced, regardless of whether the output load is shared or located

across separated grids, as shown in Fig. 7.6. The instability due to the increasing

number of LDOs can therefore be evaluated by this simplified single loop system

consisting of a single LDO using the phase margin as a metric. Note that although this

condition reflects a constrained case for regulators in different blocks, the condition

of balanced loads is more common in shared output grids. In the remainder of this
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N=3

N=15

Figure 7.6: Transient simulation of multiple connected LDO regulators where the
solid line describes the circuit shown in Fig. 7.4a and the dashed line describes the
circuit shown in Fig. 7.5, (a) three LDOs, and (b) 15 LDOs.

section, this system is used to provide intuition behind the degradation in stability

of a multi-LDO system, providing insight into the relationship between grid stability

and the number of LDO regulators.

7.3.2 Source of Instability

The stability of a system depends upon the open loop gain and phase of that

system. The system becomes unstable if the open loop gain is greater than unity

when the phase shift is greater than 180o. To evaluate the stability, a small-signal

model of the simplified circuit shown in Fig. 7.7 is used. The LDO is modeled as a

two pole system [97]. The dominant pole is generated by the error amplifier whereas

the second pole is due to the output capacitor Cout of the LDO regulator. The open
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Figure 7.7: Small-signal model of the simplified circuit shown in Fig. 7.5 [158].

loop gain of the LDO regulator is

H(s) =
Vout
Vin

(s) =
−Aol

(1 + sCearea)(1 + sCout(ro + gmroZ + Z))
, (7.5)

Aol = gmroAea, (7.6)

Aea = gmea
rea, (7.7)

Z =
NR + sNL

1 + sRC + s2LC
, (7.8)

where R, L, and C are, respectively, the parasitic resistance, inductance, and ca-

pacitance at the input, and Aol and Aea are, respectively, the open loop gain of the

LDO regulator and error amplifier over the midband frequency range. The parasitic

impedance at the input of the LDO regulator adds two additional poles and zeros,

producing a biquad characteristic. The open loop transfer function can be re-written
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as

H(s) =
Vout
Vin

(s) ≈
−Aol(1 + sRC + s

2
LC)

(1 + sCearea)(1 + sCoutro)(1 + s
woQ

+ s
2

w
2
o

)
, (7.9)

wo ≈
1√

L(C +NCout)
, (7.10)

Q ≈
√
L(C +NCout)

RC + Cout(NR + ro)
, (7.11)

where wo and Q are, respectively, the resonant angular frequency and quality factor

of the complex poles, produced by the interaction between the LC impedances and

the LDO.

The complex poles, due to the RLC impedances, produces a resonant spike in the

open loop characteristic of the regulator, as shown in Fig. 7.8. Note that the resonant

peak changes with the number of LDOs. As the number of regulators that share a

common input grows from one to ten, the gain at the resonant frequency increases

beyond 0 dB above the initial unity gain frequency (UGF), resulting in multiple zero

crossings. The significant reduction in phase at the resonant frequency therefore

produces an unstable system when the number of LDOs is sufficiently high to shift

the resonant frequency close to the UGF of the LDO. If the resonant frequency is

not sufficiently apart from the UGF, the stability of the system degrades even under

heavy load conditions (> 1 mA). The degradation of the resonant frequency with an
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Figure 7.8: Bode plot of circuit model shown in Fig. 7.5. The effect of an increasing
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210 mA per LDO.
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increasing number of LDOs is the source of instability when the input power grid is

shared among multiple LDOs 1.

Note that this effect resembles the resonant behavior steming from the high quality

factor under light load conditions [98]. Depending upon the circuit architecture, the

LDO can exhibit complex poles under light load conditions (< 1 mA), potentially

producing a high quality factor (> 0.707), degrading the stability. Since a heavy load

is assumed, the biquad characteristic is due to the parasitic impedance at the input

of the LDO (210 mA). Under this condition, the LDO exhibits a single pole behavior

below the UGF when the input parasitic impedance is neglected (see Fig. 7.8). The

resonant behavior is therefore due to the RLC impedance of the power grid.

7.3.3 Degradation of Resonant Frequency

The resonant frequency and quality factor of the parasitic impedance are, respec-

tively,

fres =
1

2π
√
LC

, (7.12)

1The on-chip power delivery network consists of input and output power grids. The input power
grid connecting the off-chip power network to the inputs of the LDOs is shared among all the
regulators. The output power grid delivers the output voltage from the individual regulators to the
distributed loads across the integrated circuit.
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Q =
1

R

√
L

C
. (7.13)

These standard parameters characterizing a power grid remain constant irrespective

of the number of LDOs. When the parasitic impedance of the power grid is combined

with the LDO regulators, however, the resonant frequency as well as the quality factor

changes with respect to the number of LDOs. The spike in the resonant frequency

shifts to a lower frequency when the number of LDOs increases, degrading the grid

stability.

The variation in the resonant frequency is due to the output capacitance of the

LDOs that interacts with the input power grid. Note that if the output capacitance is

negligible, the transfer function does not exhibit any complex poles (thus, no resonant

peak), as described by (7.9) and (7.11). To understand the interaction of the out-

put capacitance with the input power grid, the input impedance of the small-signal

model (see Fig. 7.7), described in (7.14)2, is considered. The magnitude of the input

impedance |Zin| is shown in Fig. 7.9c. Note that the input impedance simplifies to

1
sCout

+ (ro|| 1gm ) under high frequencies (above the corner frequency of |Zin|). The

LDO shown in Fig. 7.9a can be represented as an RC circuit from the input port,

as shown in Fig. 7.9b. Under heavy load conditions, since the pass gate enters the

linear region, the input resistance of the pass transistor (from the source terminal,

2A parallel resistor Rea is considered to account for the additional path to ground through the
error amplifier.
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ro|| 1gm ) significantly decreases. As a result, the input of the LDO is exposed to the

output capacitance. The capacitance at the input of the grid therefore increases with

additional LDOs (due to the increasing output capacitance), shifting the resonant

frequency when the corner frequency of |Zin| is below the resonant frequency (7.12).

The effective resonant frequency based on the small-signal model in (7.9) is ap-

proximately

fres eff ≈
1

2π
√
L(C +NCout)

. (7.15)

This expression is consistent with the remarks on the interactions between the input

and output capacitance of the LDO. When the input power grid is exposed to the

output capacitors, the input capacitance with N LDOs increases from C to approx-

imately C + NCout, leading to the new resonant frequency described in (7.15). The

relationship between the number of on-chip LDOs and the resonant frequency and

the quality factor (based on (7.9) and (7.15)) is illustrated in Fig. 7.10.

Zin(s)

=
(1 + gmrogmea

rea) + s(reaCea + roCout) + s
2
(reaCearoCout)

( 1
Rea

+ 1
Rea

gmrogmea
rea) + s( 1

Rea

reaCea + 1
Rea

roCout + Cout + Coutgmro) + s
2
( 1
Rea

reaCearoCout + reaCeaCout + reaCeaCoutgmro)

(7.14)
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Figure 7.10: Effect of different number of LDO regulators, (a) resonant frequency,

and (b) quality factor, based on the circuit characteristics considered in Fig. 7.8.

The model is based on the small-signal circuit shown in Fig. 7.7.

Note that increasing the number of LDOs from one to ten lowers the resonant

frequency by roughly 100 MHz when considering an input capacitance of 1 nF and

an output capacitance of 50 pF (per LDO).

The degradation in resonant frequency causes instability, particularly in wide

bandwidth LDOs [89, 108] where the closed loop UGF of the circuit is on the or-

der of tens to hundreds of MHz (e.g., [104,106,108,159–161]). Low bandwidth LDOs

are therefore resilient to instability caused by an increasing number of LDOs. LDOs

with high UGF are used in applications such as microprocessors where fast response

times are necessary [108], or analog circuits requiring high power supply rejection
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across a wide range of frequencies [160, 161]. In these applications, careful design of

the power network is necessary to ensure sufficient separation between the LDO UGF

and the resonant frequency of the network.

7.3.4 Condition for Stability

The traditionally assumed worst case stability condition of an LDO under light

load conditions changes when the input of an LDO is coupled to an LC network.

The complex poles due to the input impedances increases the phase shift by 180o,

significantly lowering the phase margin if the resonant frequency is close to the UGF.

If the resonant frequency is close to the UGF, the open loop characteristics of the

LDO produces a non-monotonic response (see Fig. 7.8). At the resonant frequency,

the gain increases while lowering the phase below 0o. As a result, multiple zero

crossings are observed. With non-monotonic behavior of the loop gain, a positive

phase margin at the initial unity gain frequency does not guarantee system stability.

To ensure stability, sufficient phase margin is required at the last 0 dB crossing of the

Bode diagram. Equivalently, the following condition must be satisfied,

∠H(max{f
0dB
}) > 0, (7.16)

where H(f) is the open loop transfer function of the LDO and max{f
0dB
} is the

highest unity gain frequency (i.e., last 0 dB crossing).
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If the phase margin is nonpositive, the power grid is unstable. This conclusion is

based on the passivity based stability criterion in [151], considering two observations

proved in [162] and [163]:

1. An LTI system, when coupled to a passive system, is stable if and only if the

driving point impedance is passive [162].

2. An impedance Z(s) cannot be passive if Z(s) exhibits imaginary or right half

plane (RHP) poles [163].

Note that the second condition also implies bounded-input-bounded-output (BIBO)

stability, i.e., a passive impedance Z(s) is bounded for all bounded inputs [163].

Hence, the output impedance Zout of N parallel LDOs, shown in Fig. 7.11, needs to

satisfy the BIBO stability, exhibiting no RHP poles.

ZOUT

Z

inVinV _+
loadI

Figure 7.11: Output impedance of multiple LDOs sharing a common load.
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The output impedance Zout(s) of N LDOs sharing a common output under bal-

anced loads is

Zout(s) =
( 1
N
)(ro + Zgmro + Z)(1 + sreaCea)

Aol + (1 + sreaCea)(1 + sCout(ro + Zgmro + Z))
. (7.17)

To relate the open loop phase margin to the passivity constraints, Zout is re-written

as

Zout(s) = Z ′out(s)
1

|H(s)|ej(π+θ(s)) + 1
, (7.18)

where θ(s) is the phase of the open loop transfer function (∠H(s)), and Z ′out(s) is

Z ′out(s) =
( 1
N )(ro + Zgmro + Z)

(1 + sCout(ro + Zgmro + Z))
. (7.19)

Evaluating (7.18) at the UGF yields

Zout(jwUGF ) = Z ′out(jwUGF )
1

1 · ej(π+PM) + 1
, (7.20)

where phase margin PM is

PM = 180o −∆θ(jwUGF ). (7.21)

Note that when the phase margin decreases to 0, the output impedance diverges to

infinity, violating the passivity criterion and producing an unstable power grid. The
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effect of a decreasing phase margin on the complex poles of the output impedance is

shown in Fig. 7.12.

N=9

N=11

N=13

N=15

Figure 7.12: Decreasing phase margin shifts the complex poles of the output

impedance pZout± to the RHP.

Note that when the phase margin is nonpositive, the complex poles exhibit non-

negative real parts, producing an unstable power grid. A positive phase margin of

the open loop LDO when considering the input impedance is therefore a necessary

condition to ensure a stable power delivery network.

7.4 Effect of Design Parameters on Grid Stability

In this section, the relationship between the circuit level parameters and the stabil-

ity of the power delivery network is explored. In Section 7.4.1, LDO design parameters
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such as the UGF, output capacitance, and input impedance, and in Section 7.4.2, the

power grid design parameters such as the input parasitic impedances are considered.

7.4.1 LDO Design Parameters

The effect of several LDO design parameters on the stability of a power grid

is explored. The output capacitance, UGF, and input impedance of the LDO are

considered, respectively, in Sections 7.4.1.1, 7.4.1.2, and 7.4.1.3.

7.4.1.1 Output Capacitance

The effective resonant frequency is influenced by the output capacitance Cout, as

described in (7.15). A small output capacitance reduces the variations in the resonant

frequency while a large output capacitance increases the variations with respect to the

number of LDOs, as shown in Fig. 7.13. Variations in the resonant frequency become

negligible when C >> NCout. While a smaller output capacitance may be desired for

this reason, decreasing the output capacitance Cout can increase the quality factor,

exacerbating the peak resonant frequency. This effect is due to the complex poles

of the open loop circuit (see (7.9)) merging with the complex zeros with decreasing

Cout, as shown in Fig. 7.14. Note that if the output capacitance is zero, the complex

poles and zeros are equal, thereby canceling (see (7.11)). For zero output capacitance,

the input impedance has therefore no effect on the open loop transfer characteristics,
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Figure 7.13: Open loop transfer characteristics of an LDO assuming the simulation
setup shown in Fig. 7.8, (a) a large output capacitance, and (b) a small output
capacitance.
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Figure 7.14: Complex poles of the open loop transfer function H(s) become equal to
the complex zeros with decreasing output capacitance.

as noted in (7.9). Under this ideal condition, the stability of the power grid does

not decrease with an increasing number of LDOs. Since some output capacitance

is always present however to either reduce the voltage droop or due to the parasitic

capacitance of the load, the resonance effect needs to be considered.

7.4.1.2 Unity Gain Frequency

Sufficient separation between the UGF and the resonant frequency is necessary to

ensure a stable power delivery network. Under a fixed resonant frequency, the LDOs

can be designed for a lower UGF to increase this separation. For instance, the gain

or 3 dB frequency can be decreased to reduce the UGF, as shown in Fig. 7.15. Note

that a sufficient reduction in gain lowers the resonant spike below 0 dB at a cost of
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Frequency

Decreasing UGF

Decreasing mid-band 

gain and 3dB frequency

Figure 7.15: Reduction in the open loop gain of the LDO significantly lowers the UGF.
Decreasing the mid-band gain from 40 dB to 32 dB reduces the UGF (considering
the first 0 dB crossing) from 100 MHz to 12 MHz.

lower load regulation. Furthermore, the lower the UGF, the slower the response time

of the LDO, increasing the voltage droop. A tradeoff therefore exists between the

power grid stability and power noise due to voltage droops.

The effect of a decreasing UGF on the voltage of the power delivery network is

shown in Fig. 7.16. Note that as the UGF decreases, the output response of the

regulators become more stable. This effect is due to improved phase margins as the

peak resonant frequency falls below the unity gain of the regulator, farther from the

UGF.

7.4.1.3 Input Impedance

The resonant frequency of the input power grid changes with respect to the num-

ber of LDOs due to the interactions between the input power grid and the output
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UGF = 100 MHz

UGF = 25 MHz

UGF = 12 MHz

Figure 7.16: Effect of the UGF on the output power grid shared by ten LDOs, (a) UGF
at 12 MHz, (b) UGF at 25 MHz, and (c) UGF at 100 MHz. An output capacitance
of 100 pF and an input capacitance of 1 nF per LDO is considered with the off-chip
power grid described in the Appendix. A total load variation from 1.75 A to 2.1 A is
assumed (equally divided among the LDOs).

capacitors of the LDOs, as described in Section 7.3.3. The input impedance of an

LDO Zin is equal to the output capacitance above the corner frequency of |Zin| under

heavy load conditions, increasing the total capacitance on the input power grid (from

C to C+NCout) and decreasing the resonant frequency with an increasing number of

LDOs. To prevent degradation of the resonant frequency with additional LDOs, the

corner frequency of |Zin| is increased, as shown in Fig. 7.17. The corner frequency is

fcorner ≈
1

2πReaCout
, (7.22)

where Rea is the resistance of the path to ground through the error amplifier (see

Fig. 7.9). Note that Rea (and therefore the corner frequency of Zin) depend upon the
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Figure 7.17: Increasing the corner frequency of |Zin| reduces the interaction between
the input and output power grids over a wider range of frequencies, (a) LDO with
an additional pull-up transistor to reduce the resistance of the error amplifier Rea
observed from the input power network, and (b) different corner frequencies of |Zin|
under a fixed output capacitance by increasing the quiescent current Iq of the LDO.

topology and quiescent current of the error amplifier. To evaluate the relationship

between the corner frequency of |Zin| and the stability of the power grid, a pull-up

transistor is placed in parallel to the error amplifier, as shown in Fig. 7.17a. For

a fixed output capacitance, Rea is decreased to increase the corner frequency. The

size of the pull-up transistor is increased to reduce Rea at a cost of higher quiescent

current Iq.

The additional path to ground supplied by the error amplifier limits the frequency

range where the input impedance of the LDO is equivalent to the impedance of the

output capacitance, preventing the input power grid to be loaded by the output

capacitor of the LDOs. Increasing the corner frequency fcorner therefore mitigates

the stability of the power grid, as shown in Fig. 7.18. The stability of the power grid
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Figure 7.18: Increasing the corner frequency of Zin reduces the interaction of the
output capacitance with the input power grid, improving the stability of the power
delivery network. The same power delivery network described in Fig. 7.15 is assumed
with a UGF of 100 MHz.

improves as the corner frequency increases from 20 to 60 MHz at a cost of higher

Iq. A tradeofff therefore exists between the current efficiency and the stability of the

power delivery network.

7.4.2 Power Grid Parameters

A power delivery network can support a more stable multi-LDO system by ex-

ploiting the strong dependence between the grid stability and the parasitic impedance

of the power delivery network. A complex power delivery network typically consists

of parasitic board and package impedances as well as the impedance of the controlled

collapse chip connections (C4s), as shown in Fig. B.1. While the package and board

impedances have little effect on system stability due to the large off-chip capacitors
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(typically tens to hundreds of µF), the resonance produced by the C4 inductance

and on-chip capacitance is often significant [164–166]. This resonance, typically a few

hundred MHz, exhibits a higher quality factor due to the small on-chip capacitance

(from tens to hundreds of nF). In this section, the power delivery network described

in the Appendix is considered. The number of LDOs N is ten and the UGF is 100

MHz (see Fig. 7.1b, assuming a load condition of 210 mA). The input capacitance is

1 nF per LDO. The resonant frequency due to the C4s is 112 MHz.

To improve the stability of the power grid, either the quality factor is reduced

to increase the system damping or the resonant frequency is increased to further

separate the UGF of the LDOs. One approach to increase the damping is using a

more resistive power delivery network. Resistive power grids are more stable at a cost

of greater power noise, as shown in Fig. 7.19. Note that increasing the C4 parasitic

resistance by an order of magnitude stabilizes the power grid. This effect is due to

the quality factor Q that is inversely proportional to the resistance, as described in

(7.11). This approach is suitable in those systems with low current demand (e.g., 1

to 2 A) where the IR drop is negligible.

Alternatively, reducing the C4 parasitic inductance LC4 improves the grid stability.

The benefits of decreasing LC4 are twofold. A lower parasitic inductance increases

the resonant frequency, thereby increasing the separation with the UGF. Moreover,

the lower the inductance, the smaller the quality factor. Power delivery networks that
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RC4 = 2 mW

RC4 = 1 mW

RC4 = 100 mW

Figure 7.19: C4 parasitic resistance RC4 is increased to reduce the quality factor
and improve the stability of the power grid. Transient response of the output grid
considering, (a) RC4 = 2 mΩ, (b) RC4 = 1 mΩ, and (c) RC4 = 0.1 mΩ. The power
delivery network and parasitic impedances are listed in the Appendix with a load
variation of 1.75 A to 2.1 A evenly distributed among the ten LDOs. The resonant
frequency is 112 MHz.

are less inductive can therefore support a greater number of LDOs, as shown in Fig.

7.20. For a parasitic inductance of 100 pH, five LDOs sharing the same power grid is

sufficient to produce RHP poles and destabilize the power grid. Moreover, to support

ten LDOs, this parasitic inductance needs to be reduced to a few tens of pH or less.

The LDOs operating with a UGF of 100 MHz are exposed to a resonant frequency of

approximately 110 MHz when LC4 = 100 pH and N = 10. Reducing the inductance

to 10 pH increases the resonant frequency to 350 MHz, improving the stability of the

power delivery network.

Lastly, adding on-chip capacitance to the input power grid reduces the quality fac-

tor. Due to the weak relationship between the quality factor and the input capacitance
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Increasing N: 1, 3, 5, 7,10

Increasing inductance:10, 25, 75, 100 [pH]

Unstable

UnstableInductance = 100 pH

N = 10

Figure 7.20: Pole movement of the output impedance at the driving point, (a) con-
sidering single and multiple LDOs, and (b) several C4 parasitic inductances.

(Q ∝ 1√
C

), a large input capacitance is needed to increase the damping character-

istics. Note that increasing the capacitance decreases the resonant frequency. The

input capacitance therefore needs to be sufficiently high to not exacerbate the grid

stability. Specifically, if C >> NCout, the complex poles and zeros are approximately

similar, reducing the phase roll off at the resonant frequency. The required input

capacitance in terms of the number of LDOs and input parasitic inductance is shown

in Fig. 7.21. Note that the required capacitance at the input of the regulators reaches

a few tens of nanofarads per LDO when the number of regulators is more than ten.

Reducing the parasitic inductance significantly lowers the required input capacitance

since the difference between the complex poles and zeros decreases with a smaller
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Figure 7.21: Effect of inductance and number of LDOs on the input capacitance re-
quired to prevent a phase shift of more than 45o at the resonant frequency (considering
the circuit characteristics used in Fig. 7.5).

inductance. The overhead of large input capacitance can therefore be mitigated by

reducing the parasitic inductance.

7.5 Summary

The stability of a power delivery system composed of multiple on-chip LDO reg-

ulators is explored. Ensuring stability under light load conditions is insufficient to

guarantee the stability of a power delivery system shared by multiple LDO regulators.

The phase margin of a standalone LDO, without considering the impedance of the

input power grid, yields a misleading stability metric. The stability of a power net-

work is shown to degrade as the number of regulators increases due to the resonance
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generated by the RLC parasitic impedances. With a greater number of LDOs, the

resonant frequency decreases, degrading the stability of the power grid when the unity

gain of the regulator and resonant frequency of the input grid are insufficiently apart.

Ensuring sufficient separation between the UGF and resonant frequency is critical to

maintain a stable power grid while supporting a larger number of on-chip LDOs.
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Chapter 8

Distributed Pass Gates in Power
Delivery Systems with Digital Low
Dropout Regulators

In high performance, high complexity integrated systems, power noise is a primary

challenge due to increasing load currents and parasitic interconnect resistances [44].

Furthermore, lower supply voltages have made digital circuits highly sensitive to

power noise. In a deeply scaled integrated system (for example, below 28 nm), a

noise voltage of a few tens of millivolts can be sufficient to produce a timing failure.

The on-chip power delivery network has therefore become a primary concern [167,168].

To reduce power consumption in high performance, high complexity systems, dig-

ital low dropout (LDO) regulators are integrated on-chip to enable fast dynamic

voltage scaling [89,169]. A digital LDO consists of a single controller driving multiple

pass gates. A digital LDO controller (typically a bidirectional shift register) receives

a control signal from a comparator which compares a reference voltage to the output
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voltage of the regulator, sampled from the power grid, as shown in Fig. 8.1 [170].

Depending upon the difference between the reference and grid voltages, the controller

Digital 

controller

CLK

Vref

Vin

Vout

Figure 8.1: A digital low dropout regulator.

either turns on or off a set of pass transistors. The digital LDO includes a digital

controller with a dedicated clock signal. A set of pass gates is switched by the active

edge of the clock signal.

To reduce power noise, a low parasitic resistance between the pass gates and

the load is desirable. The parasitic resistance can be reduced by either decreasing

the distance between the pass gates and the load or by utilizing the low resistance,

upper metal interconnects. In practice, the upper metal layers are limited and shared

among the clock distribution network, input power grid, and global signals [169]. Due

to these limited metal resources, the higher resistance, lower metal layers are often

used to route the pass gates to the loads. As a result, the pass gates need to be placed

close to the loads [169]. In this chapter, a methodology to distribute the pass gates of
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a digital LDO to reduce IR drops across a power grid is proposed. Based on the load

distribution, a centroid that represents the region of a grid with the largest current

demand is introduced. These grid centroids are used to determine the location of the

pass gates.

In Section 8.1, the proposed pass gate distribution methodology is described. In

Section 8.2, an analysis of power noise is provided. The proposed methodology is

also compared to other conventional distribution techniques. In Section 8.3, some

conclusions are offered.

8.1 Distributed Pass Gates

A digital LDO compares a reference voltage to a voltage sampled from a single

node within a power grid. A small portion of the power grid is therefore actively reg-

ulated. One approach to enlarge the regulated portion of a power grid is distributing

multiple LDOs across a grid. This approach however requires additional area and

reduces the energy efficiency due to higher quiescent currents. Furthermore, multiple

LDOs can decrease the stability of a power grid [151, 158]. To maintain a regulated

voltage across the power grid using a single digital LDO, the IR drops need to be

low. To reduce the IR drops, the proposed digital LDO methodology switches on the

pass gates at the centroid of the power delivery network, as shown in Fig. 8.2. In the

case of a single centroid, the current is injected into the grid from the node where
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Figure 8.2: Pass gates located at the centroid of a grid to source the distributed load
currents.

the centroid is located. In subsection 8.1.1, the centroid of a grid is described, and a

heuristic to estimate the centroid is provided in subsection 8.1.2.

8.1.1 Grid Centroid

The centroid of a grid is the location within a power grid that minimizes the

maximum IR drop when connected to either a voltage or current source. Consider a

network consisting of two current loads, as shown in Fig. 8.3. The centroid between

these two current sources, I1 and I2, is located to ensure that, if connected to a

current source, the maximum voltage drop is minimized. To minimize the maximum

IR drop, the centroid is placed between two loads to ensure that I1R1 = I2R2, where



171

I1
I2

R1 R2

I1+I2

I2I1

(x1, y1) (x2, y2)

(xcent, ycent)

Figure 8.3: Centroid of two load currents.

R1 is the resistance between I1 and the centroid, and R2 is the resistance between I2

and the centroid.

Suppose I1 and I2 are located within a grid structured power network. The

location of the centroid between two current sources is

(
x1 +

(x2 − x1)I2
I1 + I2

, y1 +
(y2 − y1)I2
I1 + I2

)
, (8.1)

where (x1, y1) and (x2, y2) are, respectively, the location of current sources I1 and I2

on the grid. The resistance between two nodes, (x1, y1) and (x2, y2), is assumed to be

linearly proportional to the Manhattan distance between these nodes (∝ |x1 − x2|+

|y1 − y2|). Note that the grid centroid gravitates towards the load requiring higher

current.

8.1.2 Proposed Heuristic

To estimate the centroid of a grid consisting of multiple current sources, an itera-

tive approach is considered here. Pseudocode for estimating the centroid is shown in
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Heuristic 1. The runtime for determining the centroid of n current loads is O(n−1).

Heuristic 1 Calculate (xcent, ycent)

1: INPUT: Set of n current loads and coordinates
2: OUTPUT: Centroid coordinates
3: Icent ← I1 . Initialize centroid
4: (xcent, ycent)← (x1, y1)
5: for all i = 2 to n do
6: I1 ← Icent
7: I2 ← Ii
8: (x1, y1)← (xcent, ycent)
9: (x2, y2)← (xi, yi)

10: Icent ← I1 + I2 . Update centroid

11: (xcent, ycent)←
(
x1 + (x2−x1)I2

I1+I2
, y1 + (y2−y1)I2

I1+I2

)
12: end for
13: return (xcent, ycent)

During each step of the iteration, a new centroid between the old centroid and a load

current is determined based on (8.1). This iterative process is illustrated in Fig. 8.4.

The heuristic places the centroid closer to those regions loaded with a higher current

to minimize the maximum IR drop. Alternatively, the centroid of n load currents can

be determined using

(xcent, ycent) =

( n∑
i=1

xiIi

n∑
j=1

Ij

,

n∑
i=1

yiIi

n∑
j=1

Ij

)
. (8.2)

Note that (8.2) is based on Heuristic 1, assuming the centroid between two loads is

(8.1).
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Figure 8.4: Iterative process for determining the centroid of three load currents, (a)
the centroid is initially assigned to load current I1, (b) a new centroid between I1
and I2 is determined and replaces the old centroid, (c) a new centroid is determined
between the current centroid and I3, replacing the old centroid, and (d) the final
centroid is replaced by a source connected to the load currents.

To reduce IR drops across the grid, the pass gates are placed at the centroid of the

grid (see Fig. 8.2). If the maximum IR drop is greater than a critical threshold V th
drop

(which depends upon the technology node), the grid is partitioned into quadrants to

support distributed centroids. The steps describing the partitioning process is shown

in Fig. 8.5. For example, a power grid divided into four different quadrants, each

with a unique centroid is illustrated in Fig. 8.6a. A centroid is determined within

each quadrant using the procedure outlined in Heuristic 1, as shown in Fig. 8.6b. The

grid can be further divided into finer granularity by breaking each quadrant into an
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Figure 8.5: Recursive process to determine multiple centroids.

additional four quadrants, leading to 16 regions. The pass gates are placed at these

quadrant centroids to distribute the current across the grid, as shown in Fig. 8.7. A

power grid consisting of Q centroids and a digital LDO with an N-bit bidirectional

shift register embodies Q×N pass gates. A set of Q pass gates of Q×N pass gates

are turned on at the active edge of the clock signal of the digital LDO, each located at

a different centroid within the Q quadrants. The pass gates are sized in proportion to

the current demand within the specific centroid to reduce the amplitude of any limit
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Q4

Q2

Q3

Q1

(a)                                                     (b)

Figure 8.6: Iterative process for determining the location of the quadrant centroids,
(a) power grid divided into four quadrants, and (b) a centroid is placed within each
quadrant. A diamond represents an individual centroid.

Figure 8.7: A power grid composed of 16 regions with separate centroids.

cycle oscillations [171]. In the next section, the proposed digital LDO is compared to

conventional placement methodologies.
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(a)                                                 (b)                                                 (c)

Figure 8.8: Different pass gate distribution topologies, (a) top–bottom [96, 150], (b)
daisy chain [172], and (c) distribution from [169].

8.2 Power Grid Analysis

The proposed pass gate distribution topology is compared to three different dis-

tribution topologies. These distribution topologies are introduced in subsection 8.2.1.

The power grid analysis and a comparison of different distribution topologies are

explored in subsection 8.2.2.

8.2.1 Distribution Topologies

Three different pass gate distribution topologies have been considered; top–bottom,

daisy chain, and the distribution topology described in [169], as shown in Fig. 8.8. In

the top–bottom topology, the pass gates are clustered in the upper and lower sections

of a power grid. The low resistance, upper metal layers are used to distribute the

current from the top and bottom portions of the grid to the loads, ensuring low IR
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drops. This technique is prohibitive in those cases where the upper metal layers are

largely used by the clock distribution network, global signals, and the input portion

of the power distribution network [169]. Alternatively, the daisy chain topology is

typically considered in power gating schemes. Since the pass gates used for power

gating are also used for digital LDOs [105], the daisy chain distribution is considered

here. In the daisy chain configuration, the pass gates are serially turned on to reduce

the transient current (C dV
dt current where C is the power grid capacitance) (see Fig.

8.8b). The propagation delay between the two ends of the chain prevents the pass

gates to simultaneously turn on, limiting the C dV
dt current. The topology illustrated

in Fig. 8.8c has recently been proposed to distribute the pass gates of a digital LDO

[169]. Similar to the daisy chain topology, a clustered group of pass gates is switched

in a serial fashion at the active edge of the clock signal. Two clusters switch from the

top and bottom sections of the grid toward the center of the grid.

8.2.2 Comparison of Pass Gate Distribution Topologies

In this subsection, the proposed distribution topology is compared to the topolo-

gies described in subsection 8.2.1. A power analysis is conducted considering a 32×32

output grid with a 1 Ω resistance between adjacent grid nodes. The resistance of the

input and ground grids are assumed to be negligible (due to the low resistance, upper

metal layers and the large number of distributed C4 power connections). The input
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voltage is 1.2 volts and the output voltage is 1 volt. A total current load of 150 mA

is assumed. The total size of the pass gates is set according to the total current load

and is maintained equal across all topologies. A digital LDO with two controllers of

32-bit bidirectional shift registers is considered to enable both coarse and fine modes

of operation for mitigating limit cycle oscillations [171]. In the proposed topology, 16

centroids are considered (see Fig. 8.7), and the grid voltage is sampled from the pri-

mary centroid of the grid (the initial centroid before partitioning). The grid voltage

is sampled from the center of the grid in the other topologies.

A voltage map of the power grid assuming a uniform load distribution is shown in

Fig. 8.9. The output grid voltage is averaged across time to determine the DC voltage

(filtering out the limit cycle oscillations). The difference between the maximum and

minimum voltages are 5 mV for the proposed distribution topology and the topology

described in [169], whereas this difference is 18 and 22 mV for, respectively, the

top–bottom and daisy chain topologies.

The daisy chain topology suffers from significant IR drops, on the order of tens of

millivolts. Since the grid voltage is sampled at the center of the grid, the digital LDO

stops turning on additional pass gates once the voltage at the center node is equal to

the reference voltage. The pass gates toward the end of the chain therefore remain

closed, resulting in an unbalanced distribution of pass gates. The current therefore
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Figure 8.9: Power grid analysis assuming a uniform load distribution, (a) proposed
centroid-based distribution topology, (b) top–bottom topology [96, 150], (c) daisy
chain topology [172], and (d) distribution topology from [169].

flows from the upper portion of the chain towards the lower portion, leading to the

voltage degradation shown in Fig. 8.9c.

The top–bottom topology also suffers from significant IR drops since the pass

gates are not distributed across the power grid. A set of pass gates are simultaneously

switched from both clusters on the top and bottom regions of the grid, producing a

symmetric voltage map (see Fig. 8.9b). The current flowing from the upper and
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lower sections towards the grid center produces a higher voltage at the edge of the

grid, forming a valley pattern.

The high IR drop of the top-bottom topology is mitigated using the topology

described in [169]. Since the clustered pass gates are distributed and simultaneously

controlled from both the upper and lower parts of the grid, the distance the currents

travel within the grid is reduced. Under a uniform load condition, both the proposed

centroid-based topology and [169] significantly eliminate any IR drops.

Under nonuniform load conditions where the portion of the grid is loaded with

large currents, the daisy chain, top-bottom, and the topology described in [169] ex-

hibit significantly higher IR drops, as shown in Fig. 8.10. The difference between

the maximum and minimum voltages after re-evaluating the centroids are 9.5 mV

for the proposed distribution topology, 25 mV for the topology described in [169],

and 38 and 33 mV for, respectively, the top–bottom and daisy chain topologies. The

distribution topology described in [169], daisy chain, and top–bottom are sensitive

to nonuniform load distributions since the location of the pass gates do not consider

the location of the load currents. The proposed centroid-based distribution topology

however determines the regions loaded with the highest currents, and places and sizes

the pass gates according to the location and current demand of the centroids. A low

IR drop across the power grid is therefore maintained despite highly nonuniform load

distributions, as shown in Fig. 8.10a.
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Figure 8.10: Power grid analysis considering nonuniform load distribution, (a) pro-
posed centroid-based distribution topology, (b) top–bottom topology [96, 150], (c)
daisy chain topology [172], and (d) distribution topology from [169].

To explore the effect of a nonuniform load distribution on the steady state voltage

variations, a set of Monte Carlo simulations is described, as shown in Fig. 8.11. The

magnitude of the load between each node of the output and ground grids is treated

as an independent random variable. These random variables are assigned a number

sampled from a Gaussian distribution with a mean equal to the current load when

the load is uniformly distributed ( 0.15
32×32 amperes per node). For each sample, the

centroid is re-evaluated using the procedure outlined in Heuristic 1. A Monte Carlo
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Figure 8.11: Monte Carlo simulations evaluating the difference between the maxi-
mum and minimum voltage across a power grid considering four different pass gate
distribution topologies.

simulation is conducted for four cases where, in each case, the sparsity of the current

distribution is altered to produce different degrees of nonuniform load distribution.

For example, considering 75% sparsity, 256 (0.25×32×32) different load currents are

distributed across the grid (as opposed to 32 × 32 = 1, 024 nonzero current loads).

Note that the total load current is maintained at 150 mA. A higher sparsity therefore

exacerbates the load nonuniformity across the power grid. The mean and variance of

the histograms are summarized, respectively, in Tables 8.1 and 8.2.

The voltage variations across the power grid significantly increases for the topology

described in [169], top–bottom, and daisy chain since these distribution topologies do
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Table 8.1: Mean of distributions

Sparsity (%) Centroid method [169] Top-Bottom Daisy Chain

75 6.07 7.04 21.85 18.68
90 7.25 10.61 24.76 21.19
95 8.61 14.82 27.94 23.85

97.5 10.55 21.19 33.02 28.88

Table 8.2: Variance of distributions

Sparsity (%) Centroid method [169] Top-Bottom Daisy Chain

75 0.15 2.40 2.22 7.26
90 0.65 7.71 6.55 22.42
95 1.95 16.37 12.78 38.55

97.5 5.43 35.08 26.57 70.79

not consider the location of the loads. The mean of the differences between the max-

imum and minimum voltages on the grid increases by 200%, from sub-ten millivolts

up to more than 20 millivolts for the distribution topology described in [169]. For

the proposed centroid-based distribution topology, top–bottom, and daisy chain, the

mean increases by, respectively, 72%, 55%, and 56%. Under a highly nonuniform load

distribution, the proposed centroid topology retains an average voltage difference two

to three times lower than the average voltage difference of the other three topologies.

Furthermore, the variance significantly increases for the topology described in [169],

top–bottom, and daisy chain. As a result, a large number of cases exist in which

these topologies lead to higher voltage variations across the grid under steady state

conditions. In contrast, the proposed centroid-based approach maintains a relatively

low variance of less than 10 millivolts under highly nonuniform load conditions. The
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proposed pass gate distribution topology is therefore more suitable to ensure mini-

mal voltage variations across a power grid. Note however that the grid centroids are

based on a specific load condition. The loads considered here represent average load

conditions (magnitude and location) within a power grid.

8.3 Summary

In this work, the effect of different pass gate distribution topologies on a power

distribution grid utilizing a digital LDO is evaluated. The concept of a power grid

centroid is introduced to determine those regions within a power grid loaded with

the highest currents. Based on this centroid approach, a pass gate distribution topol-

ogy is presented. The proposed topology is compared to three different pass gate

distribution topologies. Since the existing topologies do not consider the location of

the loads, the voltage variations across the power grid are greater as compared to

the proposed topology based on centroids. Statistical simulations conclude that the

voltage variations across the grid significantly increase when using existing distribu-

tion topologies under highly nonuniform load conditions. In contrast, the proposed

centroid topology demonstrates significantly lower voltage variations across the grid

despite a highly nonuniform load distribution.
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Chapter 9

Conclusions

The grid is an indispensable apparatus in the design toolbox of engineers. The

grid is a structure commonly considered across a broad range of fields to aid the

analysis and development of complex systems, from architecting buildings and cities

to integrated circuits. Grid structures have been prevalent in integrated circuits since

the early days of the semiconductor industry in the 1960’s through today in state-

of-the-art, highly complex VLSI systems. From memory arrays to power delivery

systems, from floorplanning to automated routing, grids are applied across many

facets of integrated circuits. The regularity, density, and path diversity of grids,

highly desirable qualities in complex integrated systems, are exploited to improve

numerous design and analysis challenges. In this dissertation, the underlying reasons

for using a grid structure in VLSI systems is investigated along with a set of challenges

in designing grid-based circuits and systems such as in resistive memory arrays and

on-chip power grids.
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Two issues in the design of nonvolatile resistive memories with selectors have been

addressed; the computational complexity of large arrays and the energy consumption

during write operations. To reduce the computational complexity of designing and

analyzing large nonvolatile resistive arrays with cell selectors, a set of closed-form

expressions characterizing the size limitations of these arrays has been developed for

both V/2 and V/3 bias schemes. The expressions model the size of the array in terms

of circuit and device parameters such as the interconnect resistance, nonlinearity

factor, and on–off resistance. The models, exhibiting good agreement with SPICE,

provide intuitive insight into the relationships between the array performance (e.g.,

voltage degradation and read margin) and certain circuit parameters without increas-

ing computational complexity. These models consider the steady state conditions

and are therefore not suitable for capturing switching dynamics that are necessary to

characterize the energy consumed by a resistive array. To address this deficiency, the

energy consumption of resistive memories with cell selectors during write operation

has also been explored.

The write energy is typically orders of magnitude greater than the read energy and

can significantly affect the total energy consumption of a resistive memory array. The

write energy of a resistive array is modeled considering two different bias schemes,

the V/2 and V/3 bias schemes. A critical insight gained from these models is the

V/2 bias scheme, which is typically assumed to be the most energy efficient bias
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scheme, can be less energy efficient than the V/3 bias scheme depending upon the

array size, nonlinearity factor, and number of selected cells. By exploiting the effect

of the number of selected cells on the most energy efficient bias scheme, a hybrid bias

scheme, which uses both V/2 and V/3 bias schemes, is proposed. Energy savings of

as much as 2.5x have been demonstrated using this hybrid bias scheme.

Beyond resistive memory, design challenges of on-chip power grids with integrated

LDOs have also been addressed. Specifically, the stability of power grids when shared

among multiple analog LDOs has been explored. Conventionally, the stability of an

on-chip, capacitorless LDO is guaranteed by ensuring sufficient phase margin under

light load conditions since light loads typically produce the worst case stability condi-

tions. Instability in a power grid under heavy load conditions has however also been

demonstrated when the grid is shared among multiple LDOs. The fundamental cause

of instability in a grid with multiple on-chip LDOs has been revealed. The resonant

frequency of the power grid is shown to decrease with a larger number of LDOs. The

decreasing separation between the unity gain and resonant frequency is the source of

instability within a power grid.

Lastly, the challenge of integrating digital LDOs with on-chip power distribution

networks is explored. The pass gates of a digital LDO, when clustered within the

upper and lower regions of a power grid, produces significant voltage variations due

to IR drops across the power grid. The IR drops increase when the load currents
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are distributed in a nonuniform fashion. The low resistance, upper metal layers can

be leveraged to reduce these IR drops. However, since these metal layers are shared

among different networks and are therefore limited, the high resistance, lower metal

layers are often used, exacerbating the voltage variations across the power grid. To

reduce these IR drops, a topology for distributing the pass gates that considers the

location of the loads is proposed. The concept of a grid centroid is introduced to

describe the region within a grid loaded with the highest currents. Based on these

centroids, the pass gates are distributed across the grid to reduce IR drops. Monte

Carlo simulations show a significant reduction in IR drops for a large number of

different load distributions as compared to existing pass gate distribution topologies.

In conclusion, grids are amazing. The simple and regular structure that enhances

density has tamed the design complexity of VLSI systems for decades, enabling large

robust computing platforms available to a huge number of people. The grid however

is by no means the silver bullet to design complex VLSI systems. For example, the

density of the grid within a resistive memory produces other challenges such as sneak

current paths and half-select cells, limiting array performance. It is therefore criti-

cal to understand the application-specific nature of grid structures to satisfy design

constraints.

As J. Muller-Brockmann once stated, “... one must learn how to use the grid; it
is an art that requires practice [23].”
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Chapter 10

Future Work

While grids can be used to improve a variety of different characteristics of VLSI

systems (see Chapter 2), a grid structure can also inhibit system performance. For

example, sneak paths, half-selected cells, and leakage currents in resistive memory

arrays (see Chapters 4 and 5), which hinder array performance (latency and energy

consumption), are caused by the grid structure. A tradeoff therefore exists in resistive

memory systems between density and performance. In addition to these issues, a

frequently selected row in a memory system can interact with unselected adjacent

lines, unintentionally changing the state of the unselected cells. This undesirable

effect is known as the RowHammer effect [173–175]. In this chapter, future research

directions are offered to address these issues in nonvolatile resistive memories. In

Section 10.1, the RowHammer effect is described. In Section 10.2, the RowHammer

phenomenon in resistive memory arrays is explained. In Section 10.3, a research
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direction to address this issue in resistive memories is discussed. In Section 10.4,

some conclusions are offered.

10.1 RowHammer Effect

The RowHammer effect, first reported in commodity DRAM systems [174], is the

frequent access (at the DRAM refresh rate) of the same row (hence, row hammering)

within a memory array, resulting in altered data on adjacent, unselected rows. This

issue produces both erroneous data within the memory as well as a security vulnera-

bility. In fact, a malicious attack leveraging the RowHammer effect is demonstrated

in [174]. The RowHammer effect is therefore a critical reliability and security concern

in memory systems.

The number of affected cells due to the RowHammer effect significantly increases

in advanced technology nodes [173]. The underlying reason for the RowHammer effect

is the small physical distance between the word lines, leading to unintended interac-

tions. Similarly, the RowHammer effect can occur in nonvolatile resistive memories

where the cell area can be as small as 4F 2. Under this situation, the distance be-

tween adjacent rows is equal to the minimum feature size, F . Noise coupling between

adjacent lines therefore needs to be evaluated, in particular when an aggressor row



191

(selected wordline) is consecutively activated, injecting noise into a victim row (an un-

selected adjacent wordline). In the next section, the RowHammer effect is discussed

in the context of nonvolatile resistive arrays.

10.2 RowHammer Effect in Nonvolatile Resistive

Arrays

With device and interconnect scaling, the space between interconnects decreases

while the aspect ratio of the interconnect increases [18]. The coupling capacitance

therefore significantly increases in advanced technology nodes. In resistive memory

arrays where the cell area is as small as 4F 2 (e.g., considering 1R or 1S1R memory

cells), the coupling capacitance between adjacent interconnects can be large, increas-

ing power consumption and, more importantly, coupling noise from the selected rows

or columns, as shown in Fig. 10.1. When writing to or reading from a resistive

memory array, a select voltage is applied to the selected row. During the transition

from an unselected state to a selected state, the selected row can inject noise into an

adjacent line, producing a voltage spike on the unselected rows (see Fig 10.1). The

larger the coupling capacitance, the higher the noise spike because the impedance

between the two adjacent lines is lower. More importantly, the amplitude of the noise

spike increases on the portion of the interconnect farther from the voltage source (the



192

Vunselect

Vselect

Figure 10.1: Noise coupling from a selected row to an unselected adjacent row.

driver on the unselected row). This effect is due to the increasing resistance as the

physical distance from the driver increases [18].

If the amplitude of the noise spike is greater than the threshold voltage of a resis-

tive cell (assuming 1R or 1S1R resistive cells), the resistance states begin to drift. To

switch the cell from a high resistance state to a low resistance state, the amplitude

of the noise spike has to be at least as wide as the switching latency of the mem-

ory cell. While the noise amplitude is typically smaller than the switching latency,

consecutive access of a selected row, producing frequent spikes, can significantly drift

the resistance state of the unselected cells on adjacent, unselected rows. Degradation

of the read margin or even unintended bit flipping (i.e., the RowHammer effect) can
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be produced. This issue is further exacerbated in multi-bit resistive memory (e.g.,

RRAM and PCM) where multiple resistance states are leveraged to enable multi-bit

memory cells. Since the noise margin is lower in a multi-bit resistive cell, capacitive

coupling becomes a more critical reliability concern.

10.3 Proposed Research Direction

To address the RowHammer effect in resistive arrays to improve memory reliabil-

ity, two tasks requiring further research are described in this section. First, a set of

guidelines is necessary to evaluate the coupling noise between selected and unselected

rows. The number of consecutive read and write operations to flip the worst case cells

on an adjacent row or column (e.g., the cells farther from the source) needs to be mod-

eled in terms of the coupling capacitance and parasitic resistance, device threshold

(either voltage or current), and array size. These models are needed to characterize

the tradeoff between array density and noise immunity. Furthermore, multiple bias

schemes (e.g., V/2, V/3, and floating bias schemes) need to be separately considered

to determine the most and least reliable bias schemes in terms of noise immunity.

In addition, the magnitude of the access voltage needs to be evaluated to ensure

low noise coupling. The magnitude of the read voltage is typically set high enough to

maintain sufficient read margin but low enough to prevent cell disturbances. Similarly,

the write voltage is set sufficiently high to ensure a low write latency but sufficiently
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low to prevent any cell disturbances. In the context of the RowHammer effect, the

write and read voltages need to be re-evaluated to ensure the cells on the adjacent

unselected lines are also not disturbed.

The second research task aims to devise techniques to reduce the coupling noise or

improve the noise immunity. The most commonly used solution in DRAM systems to

mitigate the RowHammer effect is to increase the refresh rate at a cost of higher power

consumption [173]. In resistive memories however the memory cells are not refreshed

since most resistive memory technologies are nonvolatile. Imposing a refresh routine

on a nonvolatile resistive memory is infeasible since the write energy is typically high

(particularly for RRAM and PCM) and the refresh latency would impose significant

performance overhead. Alternatively, increasing the interconnect pitch to reduce the

coupling capacitance increases the cell area beyond 4F 2, greatly increasing the cost

per bit. A potential solution to reduce this overhead is to recognize those cells most

sensitive to resistance drift. Those cells closest to the source on the unselected lines

are more noise immune since the parasitic resistance between a cell and driver is

smaller. Those cells farther from the source are therefore exposed to greater noise

spikes and resistance drift. By only targeting those cells beyond a critical distance

from the driver, the overhead of the refresh can be mitigated. These critical cells

can be more frequently read to detect the level of resistance drift to decide whether

or not to impose a refresh routine. Those cells exposed to large noise spikes on
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unselected lines is however unclear and need to be studied to determine the energy

and performance overhead to refresh the nonvolatile resistive cells. Coupling these

two tasks of noise immunity characterization and mitigation is necessary to provide

an energy efficient, low latency solution to the RowHammer effect.

10.4 Summary

Grid based structures in resistive memory arrays improve density but produce

several issues such as the half-select problem, leakage currents, and sneak paths.

In addition to these issues, the RowHammer effect in resistive memories is addressed

here. The highly dense nature of a resistive array requires a short distance between the

rows and columns, thereby degrading the reliability of the memory due to coupling

noise between the selected and unselected lines. While this issue is well studied

in DRAM systems [173–175], the effect on nonvolatile resistive memories remains

unclear. To address this gap of knowledge, a possible research path is proposed.

Specifically, two critical tasks need to be considered. The relationship between array

density and size with respect to the number of unintentional bit flips needs to be

characterized. The region within the array most vulnerable to large noise spikes also

needs to be determined. Second, based on guidelines developed from the first task,

design solutions that reduce the overhead of conventional solutions (e.g., refreshing

all of the rows or increasing the metal pitch) need to be investigated. The insights



196

produced from these tasks will greatly improve the reliability of highly dense, grid

structured nonvolatile resistive memory arrays.
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Appendix A

Derivation of Switching Energy
Consumption

To estimate the switching energy of a resistive cell, the resistance is modeled as a

linear function during the switching interval. The resistance during a set operation is

R(t) = Roff +
t

tset
(Ron −Roff ), (A.1)

assuming the set operation is initiated between t = 0 and t = tset. If the interconnect

resistance is negligible, the voltage across the cell is equal to the write voltage Vwrite.

The power consumption is

Pset(t) =
V 2
write

R(t)
. (A.2)
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Integrating (A.2) over the set period, the energy consumption is

Eset =

∫ tset

t=0

Pset(t)dt =
V 2
write

Ron −Roff
ln(

Ron
Roff

)tset. (A.3)

For a symmetric resistive cell where the set and reset voltages as well as switching

times are equal, the set and reset energy consumption is also the same.
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Appendix B

Off-chip Power Delivery Network

The off-chip power delivery network considered in Sections 7.1 and 7.4 is shown in

Fig. B.1. The value of the individual impedances is listed in Table B.1. The value of

the board and package impedances are from [165]. The lumped parasitic inductance

and resistance connecting the package to the integrated circuit (e.g., using C4s) are

assumed to be, respectively, 100 pH and 100 µΩ.

Table B.1: Off-chip parasitic impedances

Parameters Value Parameters Value

Lpcb
S 21 pH Cpcb

P 240 µF

Rpcb
S 94 µΩ Rpcb

P 165.4 µΩ

Lpckg
S 120 pH Lpcb

P 33.92 nH

Rpckg
S 1.1 mΩ Cpckg

P 26.4 µF

LC4 100 pH Rpckg
P 541.5 µΩ

RC4 100 µΩ Lpckg
P 4.61 µH
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PCB Package C4
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Figure B.1: Off-chip power delivery network model considered in Sections 7.1 and 7.4
[165].


