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In Praise of Memory Systems: Cache, DRAM, Disk

Memory Systems: Cache, DRAM, Disk is the first book that takes on the whole hierarchy in a way that is
consistent, covers the complete memory hierarchy, and treats each aspect in significant detail. This book will
serve as a definitive reference manual for the expert designer, yet it is so complete that it can be read by a relative
novice to the computer design space. While memory technologies improve in terms of density and performance,
and new memory device technologies provide additional properties as design options, the principles and meth-
odology presented in this amazingly complete treatise will remain useful for decades. I only wish that a book
like this had been available when I started out more than three decades ago. It truly is a landmark publication.
Kudos to the authors.

—-Al Davis, University of Utah

Memory Systems: Cache, DRAM, Disk fills a huge void in the literature about modern computer architecture.
The book starts by providing a high level overview and building a solid knowledge basis and then provides the
details for a deep understanding of essentially all aspects of modern computer memory systems including archi-
tectural considerations that are put in perspective with cost, performance and power considerations. In addi-
tion, the historical background and politics leading to one or the other implementation are revealed. Overall,
Jacob, Ng, and Wang have created one of the truly great technology books that turns reading about bits and bytes
into an exciting journey towards understanding technology.

—Michael Schuette, Ph.D., VP of Technology Development at OCZ Technology

This book is a critical resource for anyone wanting to know how DRAM, cache, and hard drives really work.
It describes the implementation issues, timing constraints, and trade-offs involved in past, present, and future
designs. The text is exceedingly well-written, beginning with high-level analysis and proceeding to incredible
detail only for those who need it. It includes many graphs that give the reader both explanation and intuition.
This will be an invaluable resource for graduate students wanting to study these areas, implementers, designers,
and professors.

—Diana Franklin, California Polytechnic University, San Luis Obispo
Memory Systems: Cache, DRAM, Disk fills an important gap in exploring modern disk technology with accu-
racy, lucidity, and authority. The details provided would only be known to a researcher who has also contributed

in the development phase. I recommend this comprehensive book to engineers, graduate students, and research-
ers in the storage area, since details provided in computer architecture textbooks are woefully inadequate.

—Alexander Thomasian, IEEE Fellow, New Jersey Institute of Technology and Thomasian and Associates

Memory Systems: Cache, DRAM, Disk offers a valuable state of the art information in memory systems that
can only be gained through years of working in advanced industry and research. It is about time that we have
such a good reference in an important field for researchers, educators and engineers.

~——Nagi Mekhiel , Department of Electrical and Computer Engineering, Ryerson University, Toronto

This is the only book covering the important DRAM and disk technologies in detail, Clear, comprehensive, and
authoritative, I have been waiting for such a book for long time.

—Yiming Hu, University of Cincinnati
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Memory is often perceived as the performance bottleneck in computing architectures. Memory Systems:
Cache, DRAM, Disk, sheds light on the mystical area of memory system design with a no-nonsense approach to
what matters and how it affects performance. From historical discussions to modern case study examples this
book is certain to become as ubiquitous and used as the other Morgan Kaufmann classic textbooks in computer
engineering including Hennessy and Patterson’s Computer Architecture: A Quantitative Approach.

—R. Jacob Baker, Micron Technology, Inc. and Boise State University.

Memory Systems: Cache, DRAM, Disk is a remarkable book that fills a very large void. The book is remarkable
in both its scope and depth. It ranges from high performance cache memories to disk systems. It spans circuit
design to system architecture in a clear, cohesive manner. It is the memory architecture that defines modern
computer systems, after all. Yet, memory systems are often considered as an appendage and are covered in a
piecemeal fashion. This book recognizes that memory systems are the heart and soul of modern computer
systems and takes a ‘holistic’ approach to describing and analyzing memory systems.

The classic book on memory systems was written by Dick Matick of IBM over thirty years ago. So not only does
this book fill a void, it is a long-standing void. It carries on the tradition of Dick Matick’s book extremely well,
and it will doubtless be the definitive reference for students and designers of memory systems for many years to
come. Furthermore, it would be easy to build a top-notch memory systems course around this book. The authors
clearly and succinctly describe the important issues in an easy-to-read manner. And the figures and graphs are
really great—one of the best parts of the book.

When I work at home, I make coffee in a little stove-top espresso maker I got in Spain. It makes good coffee very
efficiently, but ifyou put it on the stove and forget it's there, bad things happen—smoke, melted gasket— burned
coffee meltdown.’ This only happens when I'm totally engrossed in a paper or article. Today, for the first time, it
happened twice in a row—while I was reading the final version of this book.

—]1m Smith, University of Wisconsin—Madison
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You can tell whether a person plays or not by the way he carries the
instrument, whether it means something to him or not.

Then the way they talk and act. If they act too hip, you know they can’t
play [jack].

—Miles Davis

[...] in connection with musical continuity, Cowell remarked at the
New School before a concert of works by Christian Wolff, Earle Brown,
Morton Feldman, and myself, that here were four composers who were
getting rid of glue. That is: Where people had felt the necessity to stick
sounds together to make a continuity, we four felt the opposite neces-
sity to get rid of the glue so that sounds would be themselves.

Christian Wolff was the first to do this. He wrote some pieces vertically
on the page but recommended their being played horizontally left to
right, as is conventional. Later he discovered other geometrical means
for freeing his music of intentional continuity. Morton Feldman di-
vided pitches into three areas, high, middle, and low, and established
a time unit. Writing on graph paper, he simply inscribed numbers of
tones to be played at any time within specified periods of time.

There are people who say, “If music’s that easy to write, I could do it.” Of
course they could, but they don't. I find Feldman's own statement more
affirmative. We were driving back from some place in New England
where a concert had been given. He is a large man and falls asleep
easily. Out of a sound sleep, he awoke to say, “Now that things are so
simple, there’s so much to do.” And then he went back to sleep.

—TJohn Cage, Silence
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reface

“It's the Memory, Stupidl”

Ifyou develop an ear for sounds that are musical it is like developing an ego. You begin to refuse sounds that are not musical
and that way cut yourself off from a good deal of experience.

—John Cage

In 1996 Richar(i Sites, one of the fathers of
computer architecture and lead designers of the DEC

streams. All these factors multiply together to
require about 16 GBytes/s of pin bandwidth to

Alpha, had the following to say about the future of
computer architecture research:

keep this chip busy. It is not clear whether pin
bandwidth can keep up—S32 bytes every 2ns?

Across the industry, today's chips are largely
able to execute code faster than we can feed
them with instructions and data. There are
no longer performance bottlenecks in the
floating-point multiplier or in having only
a single integer unit. The real design action
is in memory subsystems—caches, buses,
bandwidth, and latency.

An anecdote: in a recent database benchmark
study using TPC-C, both 200-MHz Pentium
Pro and 400MHz 21164 Alpha systems were
measured at 4.2-4.5 CPU cycles per instruction
retired. In other words, three out of every four
CPU cycles retired zero instructions: most were
spent waiting for memory. Processor speed has
seriously outstripped memory speed.

Increasing the width of instruction issue
and increasing the number of simultaneous
instruction streams only makes the memory
bottleneck worse. If a CPU chip today needs to
move 2 GBytes/s (say, 16 bytes every 8 ns) across
the pins to keep itself busy, imagine a chip in
the foreseeable future with twice the clock rate,
twice the issue width, and two instruction

I expect that over the coming decade memory
subsystems design will be the only important
design issue for microprocessors. [Sites 1996,
emphasis Sites']

The title of Sites’ article is “It’s the Memory, Stupid!”
Sites realized in 1996 what we as a community are only
now, more than a decade later, beginning to digest
and internalize fully: uh, guys, it really is the memory
system ... little else matters right now, so stop wasting
time and resources on other facets of the design. Most
of his colleagues designing next-generation Alpha
architectures at Digital Equipment Corp. ignored his
advice and instead remained focused on building
ever faster microprocessors, rather than shifting their
focus to the building of ever faster systems. It is per-
haps worth noting that Digital Equipment Corp. no
longer exists.

Theincreasing gap between processor and memory
speeds has rendered the organization, architecture,
and design of memory subsystems an increasingly
important part of computer-systems design. Today,
the divide is so severe we are now in one of those
down-cycles where the processor is so good at

XXXi
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number-crunchingithas completely sidelined itself; it
is too fast for its own good, in a sense. Sites’ prediction
came true: memory subsystems design isnowand has
been for several years the only important design issue
for microprocessors and systems. Memory-hierarchy
parameters affect system performance significantly
more than processor parameters (e.g., they are
responsible for 2-10X changes in execution time, as
opposed to 2-10%), making it absolutely essential
for any designer of computer systems to exhibit an
in-depth knowledge of the memory system’s orga-
nization, its operation, its not-so-obvious behavior,
and its range of performance characteristics. This is
true now, and it is likely to remain true in the near
future.

Thus this book, which is intended to provide
exactly that type of in-depth coverage over a wide
range of topics.

Topics Covered

In the following chapters we address the logical
design and operation, the physical design and opera-
tion, the performance characteristics (i.e., design
trade-offs), and, to a limited extent, the energy con-
sumption of modern memory hierarchies.

In the cache section, we present topics and per-
spectives that will be new (or atleast interesting) to
even veterans in the field. What this implies is that
the cache section is not an overview of processor-
cache organization and its effect on performance—
instead, we build up the concept of cache from
first principles and discuss topics that are incom-
pletely covered in the computer-engineering lit-
erature. The section discusses a significant degree
of historical development in cache-management
techniques, the physical design of modern SRAM
structures, the operating system’s role in cache
coherence, and the continuum of cache archi-
tectures from those that are fully transparent (to
application software and/or the operating system)
to those that are fully visible.

DRAM and disk are interesting technologies
because, unlike caches, they are not typically
integrated onto the microprocessor die. Thus any
discussion of these topics necessarily deals with the

issue of communication: e.g., channels, signalling,
protocols, and request scheduling.

DRAM involves one or more chip-to-chip crossings,
and so signalling and signal integrity are as funda-
mental as circuit design to the technology. In the
DRAM section, we present an intuitive understand-
ing of exactly what happens inside the DRAM so that
the ubiquitous parameters of the interface (e.g.,
fren Teas €tC.) will make sense. We survey the various
DRAM architectures thathave appeared over the years
and give an in-depth description of the technologies
in the next generation memory-system architecture.
We discuss memory-controller issues and investigate
performance issues of modern systems.

The disk section builds from the bottom up,
providing a view of the disk from physical record-
ing principles to the configuration and operation of
disks within system settings. We discuss the opera-
tion of the disk’s read/write heads; the arrangement
of recording media within the enclosure; and the
organization-level view of blocks, sectors, tracks, and
cylinders, as well as various protocols used to encode
data. We discuss performance issues and techniques
used to improve performance, including caching and
buffering, prefetching, request scheduling, and data
reorganization. We discuss the various disk inter-
faces available today (e.g., ATA, serial ATA, SCS], fibre
channel, etc.) as well as system configurations such
as RAID, SAN, and NAS.

The last section of the book, Cross-Cutting Issues,
covers topics that apply to all levels of the memory hier-
archy, such as the tools of analysis and how to use them
correctly, subthreshold leakage power in CMOS devices
and circuits, a look at power breakdowns in future
SRAM, codes for error detection and error correction,
the design and operation of virtual memory systems,
and the hardware mechanisms that are required in
microprocessors to support virtual memory.

Goals and Audience

The primary goal of this book is to bring the reader
to a level of understanding at which the physical
design and/or detailed software emulation of the
entire hierarchy is possible, from cache to disk. As we
argue in the initial chapter, this level of understanding
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is important now and will become increasingly
necessary over time. Another goal of the book is to
discuss techniques of analysis, so that the next gen-
eration of design engineers is prepared to tackle the
nontrivial multidimensional optimization problems
that result from considering detailed side-effects that
can manifest themselves at any point in the entire
hierarchy.

Accordingly, our target audience are those plan-
ning to build and/or optimize memory systems: i.e.,
computer-engineering and computer-science faculty
and graduate students (and perhaps advanced under-
graduates) and developers in the computer design,
peripheral design, and embedded systems industries.

As an educational textbook, this is targeted at
graduate and undergraduate students with a solid
background in computer organization and archi-
tecture. It could serve to support an advanced
senior-level undergraduate course or a second-year
graduate course specializing in computer-systems
design. There is clearly far too much material here for
any single course; the book provides depth on enough
topics to support two to three separate courses. For
example, at the University of Maryland we use the
DRAM section to teach a graduate class called High-
Speed Memory Systems, and we supplement both our
general and advanced architecture classes with mate-
rial from the sections on Caches and Cross-Citting
Issues. The Disk section could support a class focused
solely on disks, and it is also possible to create for
advanced students a survey class that lightly touches
on all the topics in the book. ’

As a reference, this book is targeted toward both
academics and professionals alike. It provides the
breadth necessary to understand the wide scope of
behaviors that appear in modern memory systems,
and most of the topics are addressed in enough depth
that areader should be able to build (or at least model
in significant detail) caches, DRAMs, disks, their
controllers, their subsystems ... and understand their
interactions.

‘What this means is that the book should not only
be useful to developers, but it should also be useful
to those responsible for long-range planning and
forecasting for future product developments and
their issues.

Acknowledgments and Thanks

Beyond the kind folks named in the book’s Dedica-
tion, we have a lot of people to thank. The following
people were enormously helpful in creating the con-
tents of this book:

¢ Prof. Rajeev Barua, ECE Maryland, provided
text to explain scratch-pad memories and
their accompanying partitioning problem
(see Chapter 3).

¢ Dr. Brinda Ganesh, a former graduate
student in Bruce Jacob's research group,
now at Intel DAP, wrote the latency-oriented
section of the DRAM-performance chapter
(see Section 15.5).

* Joseph Gross, a graduate student in Bruce
Jacob’s research group, updated the num-
bers in David Wang’s Ph.D. proposal to
produce the tables comparing the charac-
teristics of modern DRAMs in the book’s
Overview chapter.

¢ Dr. Ed Growchowski, formerly of Hitachi
Global Storage Technologies and currently a
consultant for IDEMA, provided some of the
disk recording density history charts.

¢ Dr. Martin Hassner, Dr. Bruce Wilson, Dr. Matt
White, Chuck Cox (now with IBM), Frank
Chu, and Tony Dunn of Hitatchi Global Stor-
age Technologies provided important consul-
tation on various details of disk drive design.

¢ Dr.Windsor Hsu, formerly of IBM Almaden
Research Center and now with Data
Domain, Inc., provided important consulta-
tion on system issues related to disk drives.

e Dr. Aamer Jaleel, a former graduate student
in Bruce Jacob's research group, now at Intel
VSSAD, is responsible for Chapter 4’s sec-
tions on cache coherence.

° Michael Martin, a graduate student in Bruce
Jacob’s research group, executed simula-
tions for the final table (Ov. 5) and formatted
the four large time-sequence graphs in the
Overview chapter.

¢ Rami Nasr, a graduate student at Mary-
land who wrote his M.S. thesis on the Fully

Petitioners
Ex. 1070, p. xxxiii



XXXiV  Preface

Buffered DIMM architecture, provided
much of the contents of Chdpter 14.

¢ Prof. Marty Peckerar, ECE Maryland,
provided brilliant text and illustrations to
explain the subthreshold leakage problem
(see the book’s Overview and Section 29.2).

¢ Profs. Yan Solihin, ECE NCSU, and Donald
Yeung, ECE Maryland, provided much of the
material on hardware and software prefetch-
ing (Sections 3.1.2 and 3.2.2); this came
from a book chapter on the topic written
by the pair for Kaeli and Yew's Speculative
Execution in High Performance Computer
Architectures (CRC Press, 2005).

¢ Sadagopan Srinivasan, a graduate student in
Bruce Jacob’s research group, performed the
study at the end of Chapter 1 and provided
much insight on the memory behavior of
both streaming applications and multi-core
systems.

¢ Dr. Nuengwong Tuaycharoen, a former
graduate student in Bruce Jacob's research
group, now at Thailand’s Dhurakijpundit
University, performed the experiments, and
wrote the example holistic analysis at the
end of the book’s Overview chapter, directly
relating to the behavior of caches, DRAMs,
and disks in a single study.

¢ Patricia Wadkins and others in the Rochester
SITLab of Hitachi Global Storage Technolo-
gies provided test results and measurement
data for the book’s Section III on Disks.

* Mr. Yong Wang, a signal integrity expert,
formerly of HP and Intel, now with Meta-
RAM, contributed extensively to the
Chapter on DRAM System Signaling and
Timing (Chapter 9).

* Michael Xu at Hitachi Global Storage Technol-
ogies drew the beautiful, complex illustrations,
as well as provided some of the photographs,
in the boolk’s Section I1I on Disks.

In addition, several students involved in tool sup-
port over the years deserve special recognition:

¢ Brinda Ganesh took the reins from David
Wang to maintain DRAMsim; among other

things, she is largely responsible for the
FB-DIMM support in that tool.

¢ Joseph Gross also supports DRAMSsim and
is leading the development of the second
generation version of the software, which is
object-oriented and significantly streamlined.

¢ Nuengwong Tuaycharoen integrated the var-
ious disparate software modules to produce
SYSim, a full-system simulator that gave us
the wonderful time-sequence graphs at the
end of the Overview.

Numerous reviewers spent considerable timereading
early drafts of the manuscript and providing excellent
critiques or our direction, approach, and raw content.
The following reviewers directly contributed to the book
in this way: Ashraf Aboulnaga, University of Waterloo;,
Al Davis, University of Utah; Diana Franklin, California
Polytechnic University, San Luis Obispo; Yiming Hu, Uni-
versity of Cincinnati; David Kaeli, Northeastern Univer-
sity; Nagi Mekhiel, Ryerson University, Toronto; Michael
Schuette, Ph.D., VP of Technology Development at
OCZ Technology; Jim Smith, University of Wisconsin—
Madison; Yan Solin, North Carolina State University; and
Several Anonymous reviewers (i.e., we the authors were
told not to use their names).

The editorial and production staff at Morgan
Kaufmann/Elsevier was amazing to work with: Denise
Penrose pitched the idea to us in the first place (and
enormous thanks go to Jim Smith, who pointed her in
our direction) and Nate McFadden and Paul Gottehrer
made the process of writing, editing, and proofing go
incredibly smoothly.

Lastly, Dr. Richard Matick, the author of the origi-
nal memory-systems book (Computer Storage Sys-
tems and Technology, John Wiley & Sons, 1976) and
currently a leading researcher in embedded DRAM at
IBM T. J. Watson, provided enormous help in direc-
tion, focus, and approach.

Dave, Spencer, Sam, and I are indebted to all of
these writers, illustrators, coders, editors, and review-
ers alike; they all helped to make this book what it is.
To those contributors: thank you. You rock.

Bruce Jacob, Summer 2007
College Park, Maryland

Petitioners
Ex. 1070, p. xxxiv



On Memory Systems

Memory is essential to the operation of a computer
system, and nothing is more important to the devel-
opment of the modern memory system than the con-
cept of the memory hierarchy. While a flat memory
system built of a single technology is attractive for
its simplicity, a well-implemented hierarchy allows a
memory system to approach simultaneously the per-
formance of the fastest component, the cost per bit of
the cheapest component, and the energy consump-
tion of the most energy-efficient component.

For years, the use of a memory hierarchy has
been very convenient, in that it has simplified the
process of designing memory systems. The use of a
hierarchy allowed designers to treat system design
as a modularized process—to treat the memory
system as an abstraction and to optimize individual
subsystems (caches, DRAMs [dynamic RAM], disks)
in isolation.

However, we are finding that treating the hierar-
chy in this way—as a set of disparate subsystems
that interact only through well-defined functional
interfaces and that can be optimized in isola-
tion—no longer suffices for the design of modern
memory systems. One trend becoming apparent is
that many of the underlying implementation issues
are becoming significant. These include the phys-
ics of device and interconnect scaling, the choice
of signaling protocols and topologies to ensure
signal integrity, design parameters such as granu-
larity of access and support for concurrency, and
communication-related issues such as scheduling
algorithms and queueing. These low-level details
have begun to affect the higher level design process

and Their Design

quite dramatically, whereas they were considered
transparent only a design-generation ago. Cache
architectures are appearing that play to the limita-
tions imposed by interconnect physics in deep sub-
micron processes; modern DRAM design is driven
by circuit-level limitations that create system-level
headaches; and modern disk performance is domi-
nated by the on-board caching and scheduling poli-
cies. This is a non-trivial environment in which to
attempt optimal design.

This trend will undoubtedly become more impor-
tant as time goes on, and even now it has tremendous
impact on design results. As hierarchies and their
components grow more complex, systemic behav-
iors—those arising from the complex interaction of
the memory system’s parts—have begun to domi-
nate. The real loss of performance is not seen in the
CPU or caches or DRAM devices or disk assemblies
themselves, but in the subtle interactions between
these subsystems and in the manner in which
these subsystems are connected. Consequently, it is
becoming increasingly foolhardy to attempt system-
level optimization by designing/optimizing each of
the parts in isolation (which, unfortunately, is often
the approach taken in modern computer design).
No longer can a designer remain oblivious to issues
“outside the scope” and focus solely on design-
ing a subsystem. It has now become the case that a
memory-systems designer, wishing to build a prop-
erly behaved memory hierarchy, must be intimately
familiar with issues involved at all levels of an imple-
mentation, from cache to DRAM to disk. Thus, we
wrote this book.
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2 Memory Systems: Cache, DRAM, Disk

Ov.1  Memory Systems

A memory hierarchy is designed to provide mul-
tiple functions that are seemingly mutually exclusive.
We start at random-access memory (RAM): all micro-
processors (and computer systems in general) expect
a random-access memory out of which they operate.
This is fundamental to the structure of modern soft-
ware, built upon the von Neumann model in which
code and data are essentially the same and reside in
the same place (i.e., memory). All requests, whether
for instructions or for data, go to this random-access
memory. At any given moment, any particular datum
in memory may be needed; there is no requirement
that data reside next to the code that manipulates
it, and there is no requirement that two instructions
executed one after the other need to be adjacent in
memory. Thus, the memory system must be able to
handle randomly addressed! requests in a manner
that favors no particular request. For instance, using
a tape drive for this primary memory is unacceptable
for performance reasons, though it might be accept-
able in the Turing-machine sense.

Where does the mutually exclusive part come in?
As we said, all microprocessors are built to expect a
random-access memory out of which they can oper-
ate. Moreover, this memory must be fast, match-
ing the machine’s processing speed; otherwise, the
machine will spend most of its time tapping its foot
and staring at its watch. In addition, modern soft-
ware is written to expect gigabytes of storage for data,
and the modern consumer expects this storage to be
cheap. How many memory technologies provide both
tremendous speed and tremendous storage capacity
at a low price? Modern processors execute instruc-
tions both out of order and speculatively—put sim-
ply, they execute instructions that, in some cases, are
not meant to get executed—and system software is
typically built to expect that certain changes to mem-
ory are permanent. How many memory technologies
provide non-volatility and an undo operation?

While it might be elegant to provide all of these
competing demands with a single technology (say,

for example, a gigantic battery-backed SRAM [static
RAM]), and though there is no engineering problem
that cannot be solved (if ever in doubt about this, sim-
ply query a room full of engineers), the reality is that
building a full memory system out of such a technol-
ogywould be prohibitively expensive today.? The good
news is that it is not necessary. Specialization and
division of labor make possible all of these competing
goals simultaneously. Modern memory systems often
have a terabyte of storage on the desktop and provide
instruction-fetch and data-access bandwidths of 128
GB/s or more. Nearly all of the storage in the system
is non-volatile, and speculative execution on the part
of the microprocessor is supported. All of this can be
found in a memory system that has an average cost of
roughly 1/100,000,000 pennies per bit of storage.

The reason all of this is possible is because of a
phenomenon called locality of reference [Belady 1966,
Denning 1970]. This is an observed behavior that
computer applications tend to exhibit and that, when
exploited properly, allows a small memory to serve in
place of a larger one.

Ov.1.1 Locality of Reference Breeds the
Memory Hierarchy

We think linearly (in steps), and so we program the
computer to solve problems by working in steps. The
practical implications of this are that a computer’s
use of the memory system tends to be non-random
and highly predictable. Thus is born the concept of
locality of reference, so named because memory refer-
ences tend to be localized in time and space:

e Ifyou use something once, you are likely to
use it again.

e Ifyou use something once, you are likely to
use its neighbor.

The first of these principlesis called temporal local-
ity; the second is called spatial locality. We will discuss
them (and another type of locality) in more detail in
Part I Cache of this book, but for now it suffices to

IThough “random” addressing is the commonly used term, authors actually mean arbitrarily addressed requests because,
in most memory systems, a randomly addressed sequence is one of the most efficiently handled events.
2Even Cray machines, which were famous for using SRAM as their main memory, today are built upon DRAM for their

main memory.
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Chapter Overview ON MEMORY SYSTEMS AND THEIR DESIGN 3

say that one can exploit the locality principle and
render a single-level memory system, which we just
said was expensive, unnecessary. If a computer’s use
of the memory system, given a small time window, is
both predictable and limited in spatial extent, then
it stands to reason that a program does not need all
of its data immediately accessible. A program would
perform nearly as well if it had, for instance, a fwo-
level store, in which the first level provides immediate
access to a subset of the program’s data, the second
level holds the remainder of the data but is slower and
therefore cheaper, and some appropriate heuristic is
used to manage the movement of data back and forth
between the levels, thereby ensuring that the most-
needed data is usually in the first-level store.

This generalizes to the memory hierarchy: multiple
levels of storage, each optimized for its assigned task.
By choosing these levels wisely a designer can produce
a system that has the best of all worlds: performance
approaching that of the fastest component, cost per
bit approaching that of the cheapest component, and
energy consumption per access approaching that of
the least power-hungry component.

The modern hierarchy is comprised of the following
components, each performing a particular function or
filling a functional niche within the system:

» Cache (SRAM): Cache provides access to
program instructions and data that has
very low latency (e.g., 1/4 nanosecond per
access) and very high bandwidth (e.g., a
16-byte instruction block and a 16-byte

TaBLE Ov.1

Technology

 Bytes per At':ces'éy(rtyrb.) —

‘Nanosec

' Latehcy per Access Cqs; per Mégabyrté‘r’v ’
100 of picoseconds
.

data block per cycle => 32 bytes per 1/4
nanosecond, or 128 bytes per nanosecond,
or 128 GB/s). It is also important to note
that cache, on a per-access basis, also has
relatively low energy requirements
compared to other technologies.

¢ DRAM: DRAM provides a random-access
storage that is relatively large, relatively fast,
and relatively cheap. It is large and cheap
compared to cache, and it is fast compared
to disk. Its main strength is that it is just fast
enough and just cheap enough to act as an
operating store.

* Disk: Disk provides permanent storage at
an ultra-low cost per bit. As mentioned,
nearly all computer systems expect some
data to be modifiable yet permanent, so the
memory system must have, at some level, a
permanent store. Disk’s advantage is its very
reasonable cost (currently less than 50¢ per
gigabyte), which is low enough for users to
buy enough of it to store thousands of songs,
video clips, photos, and other memory hogs
that users are wont to accumulate in their
accounts (authors included).

Table Ov.1 lists some rough order-of-magnitude
comparisons for access time and energy consump-
tion per access.

Why is it not feasible to build a flat memory system
out of these technologies? Cache is far too expensive
to be used as permanent storage, and its cost to store a
single albumy’s worth of audio would exceed that of the

Cost-performance for various memory technologies

Energy berrAc'cess
$1-100 i

000 (internally 10-100
tched)

000

__nanoseconds

Milliseconds

$1-10 10-100nJ

$0.1 1-100 nJ (per
~ device)

100-1000 mJ

$0.001

8Cost of semiconductor memory is extremely variable, dependent much more on economic factors and sales volume than on
manufacturing issues. In particular, on-chip caches (i.e., those integrated with a microprocessor core) can take up half of the
die area, in which case their “cost” would be half of the selling price of that microprocessor. Depending on the market (e.g.,
embedded versus high end) and sales volume, microprocessor costs cover an enormous range of prices, from pennies per
square millimeter to several dollars per square millimeter.
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4  Memory Systems: Cache, DRAM, Disk

original music CD by several orders of magnitude. Disk
is far too slow to be used as an operating store, and its
average seek time for random accesses is measured in
milliseconds. Of the three, DRAM is the closest to pro-
viding a flat memory system. DRAM is sufficiently fast
enough that, without the support of a cache front-end,
it can act as an operating store for many embedded
systems, and with battery back-up it can be made to
function as a permanent store. However, DRAM alone
is not cheap enough to serve the needs of human
users, who often want nearly a terabyte of permanent
storage, and, even with random access times in the
tens of nanoseconds, DRAM is not quite fast enough to
serve as the only memory for modern general-purpose
microprocessors, which would prefer a new block of
instructions every fraction of a nanosecond.

So far, no technology has appeared that provides
every desired characteristic: low cost, non-volatility,
high bandwidth, low latency, etc. So instead we build
a system in which each component is designed to offer
one or more characteristics, and we manage the opera-
tion of the system so that the poorer characteristics of
the various technologies are “hidden.” For example, if
most of the memory references made by the micro-
processor are handled by the cache and/or DRAM
subsystems, then the disk will be used only rarely,
and, therefore, its extremely long latency will contrib-
ute very little to the average access time. If most of the
data resides in the disk subsystem, and very little of it
isneeded at any given moment in time, then the cache
and DRAM subsystems willnotneed much storage, and,
therefore, their
higher costs per
bit will contrib-
ute very little to
the average cost
of the system.
If done right, a
memory system
has an average
cost approaching
that of bottom-
most layer and an average access time and bandwidth
approaching that of topmost layer.

The memory hierarchy is usually pictured as a pyra-
mid, as shown in Figure Ov.1. The higher levels in the

SpeedCost Size

FIGURE Ov.1: A memory hierachy.

hierarchy have better performance characteristics
than the lower levels in the hierarchy; the higher levels
have a higher cost per bit than the lower levels; and the
system uses fewer bits of storage in the higher levels
than found in the lower levels.

Though modern memory systems are comprised of
SRAM, DRAM, and disk, these are simply technologies
chosen to serve particular needs of the system, namely
permanent store, operating store, and a fast store. Any
technology set would suffice if it (a) provides perma-
nent and operating stores and (b) satisfies the given
computer system’s performance, cost, and power
requirements,

Permanent Store

The system’s permanent store is where everything
lives ... meaning it is home to data that can be modi-
fied (potentially), but whose modifications must be
remembered across invocations of the system (power-
ups and power-downs). In general-purpose systems,
this data typically includes the operating system’s
files, such as boot program, OS (operating system)
executable, libraries, utilities, applications, etc., and
the users’ files, such as graphics, word-processing
documents, spreadsheets, digital photographs, digi-
tal audio and video, email, etc. In embedded systems,
this data typically includes the system’s executable
image and any installation-specific configuration
information that it requires. Some embedded systems
also maintain in permanent store the state of any par-
tially completed transactions to withstand worst-case
scenarios such as the system going down before the
transaction is finished (e.g., financial transactions).

These all represent data that should not disap-
pear when the machine shuts down, such as a user’s
saved email messages, the operating system’s code
and configuration information, and applications and
their saved documents. Thus, the storage must be non-
volatile, which in this context means not susceptible to
power outages. Storage technologies chosen for perma-
nent store include magnetic disk, flash memory, and
even EEPROM (electrically erasable programmable
read-only memory), of which flash memory s a special
type. Other forms of programmable ROM (read-only
memory) such as ROM, PROM (programmable ROM),
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Chapter Overview ON MEMORY SYSTEMS AND THEIR DESIGN 5

or EPROM (erasable programmable ROM) are suitable
for non-writable permanent information such as the
executable image of an embedded system or a gen-
eral-purpose system’s boot code and BIOS.2 Numerous
exotic non-volatile technologies are in development,
including magnetic RAM (MRAM), FeRAM (ferroelec-
tric RAM), and phase-change RAM (PCRAM).

In most systems, the cost per bit of this technology
is avery important consideration. In general-purpose
systems, this is the case because these systems tend
to have an enormous amount of permanent storage. A
desktop can easily have more than 500 GB of perma-
nent store, and a departmental server can have one
hundred times that amount. The enormous number
of bits in these systems translates even modest cost-
per-bit increases into significant dollar amounts.
In embedded systems, the cost per bit is important
because of the significant number of units shipped.
Embedded systems are often consumer devices that
are manufactured and sold in vast quantities, e.g., cell
phones, digital cameras, MP3 players, programmable
thermostats, and disk drives. Each embedded system
might not require more than a handful of megabytes
of storage, yet a tiny 1¢ increase in the cost per mega-
byte of memory can translate to a $100,000 increase
in cost per million units manufactured.

Operating (Ra nolom-/\ccess) Store

As mentioned earlier, a typical microprocessor
expects a new instruction or set of instructions on
every clock cycle, and it can perform a data-read or
data-write every clock cycle. Because the addresses
of these instructions and data need not be sequential
(o1, in fact, related in any detectable way), the mem-
ory system must be able to handle random access—it
must be able to provide instant access to any datum
in the memory system.

The machine’s operating store is the level of memory
that provides random access at the microprocessor’s
data granularity. It is the storage level out of which the
microprocessor could conceivably operate, i.e., it is
the storage level that can provide random access to its

storage, one data word at a time. This storage level is
typically called “main memory.” Disks cannot serve as
main memory or operating store and cannot provide
random access for two reasons: instant access is pro-
vided for only the data underneath the disk’s head at
any given moment, and the granularity of access is not
what a typical processor requires. Disks are block-ori-
ented devices, which means they read and write data
onlyinlarge chunks; the typical granularityis 512 B. Pro-
cessors, in contrast, typically operate at the granularity
of 4 B or 8 B data words. To use a disk, a microprocessor
must have additional buffering memory out of which it
can read one instruction at a time and read or write one
datum at a time. This buffering memory would become
the de facto operating store of the systern.

Flash memory and EEPROM (as well as the exotic
non-volatile technologies mentioned earlier) are poten-
tially viable as an operating store for systems that have
small permanent-storage needs, and the non-volatil-
ity of these technologies provides them with a distinct
advantage. However, not all are set up as an ideal oper-
ating store; for example, flash memory supports word-
sized reads but supports only block-sized writes. If this
type of issue can be handled in a manner that is trans-
parent to the processor (e.g., in this case through addi-
tional data buffering), then the memory technology can
still serve as a reasonable hybrid operating store.

Though the non-volatile technologies seem posi-
tioned perfectlyto serve asoperatingstorein allmanner
of devices and systems, DRAM is the most commonly
used technology. Note that the only requirement of
a memory system’s operating store is that it provide
random access with a small access granularity. Non-
volatility is not a requirement, so long as it is provided
by another level in the hierarchy. DRAM is a popular
choice for operating store for several reasons: DRAM
is faster than the various non-volatile technologies (in
some cases much faster); DRAM supports an unlim-
ited number of writes, whereas some non-volatile
technologies start to fail after being erased and rewrit-
ten too many times (in some technologies, as few as
1-10,000 erase/write cycles); and DRAM processes
are very similar to those used to build logic devices.

3BIOS = basic input/output system, the code that provides to software low-level access to much of the hardware.
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6  Memory Systems: Cache, DRAM, Disk

DRAM can be fabricated using similar materials and
(relatively) similar silicon-based process technologies
as most microprocessors, whereas many of the various
non-volatile technologies require new materials and
(relatively) different process technologies.

Fast (and Relatively Low—Power) Store

If these storage technologies provide such reason-
able operating store, why, then, do modern systems use
cache? Cache is inserted between the processor and the
main memory system whenever the access behavior
of the main memory is not sufficient for the needs or
goals of the system. Typical figures of merit include per-
formance and energy consumption (or power dissipa-
tion). If the performance when operating out of main
memoryisinsufficient, cacheisinterposed between the
processor and main memory to decrease the average
access time for data. Similarly, if the energy consumed
when operating out of main memory is too high, cache
is interposed between the processor and main memory
to decrease the system’s energy consumption.

The data in Table Ov.1 should give some intuition
about the design choice. If a cache can reduce the
number of accesses made to the next level down in the
hierarchy, then it potentially reduces both execution
time and energy consumption for an application. The
gain is only potential because these numbers are valid
only for certain technology parameters. For example,
many designs use large SRAM caches that consume
much more energy than several DRAM chips com-
bined, but because the caches can reduce execution
time they are used in systems where performance is
critical, even at the expense of energy consumption.

Ttisimportantto note at this point that, even though
the term “cache” isusually interpreted to mean SRAM,
a cache is merely a concept and as such imposes
no expectations on its implementation. Caches are

Metadata Data
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Input Key | ' Entry in
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best thought of as compact databases, as shown in
Figure Ov.2. They contain data and, optionally,
metadata such as the unique ID (address) of each
data block in the array, whether it has been updated
recently, etc. Caches can be built from SRAM, DRAM,
disk, or virtually any storage technology. They can be
managed completely in hardware and thus can be
transparent to the running application and even to
the memory system itself; and at the other extreme
they can be explicitly managed by the running appli-
cation. For instance, Figure Ov.2 shows that there is
an optional block of metadata, which if implemented
in hardware would be called the cache’s tags. In that
instance, a key is passed to the tags array, which
produces either the location of the corresponding
item in the data array (a cache hit) or an indication
that the item is not in the data array (a cache miss).
Alternatively, software can be written to index the
array explicitly, using direct cache-array addresses,
in which case the key lookup (as well as its associ-
ated tags array) is unnecessary. The configuration
chosen for the cache is called its organization. Cache
organizations exist at all spots along the continuum
between these two extremes. Clearly, the choice of
organization will significantly impact the cache’s per-
formance and energy consumption.

Predictability of access time is another common fig-
ure of merit. It is a special aspect of performance that is
very important when building real-time systems or sys-
tems with highly orchestrated data movement. DRAM
is occasionally in a state where it needs to ignore exter-
nal requests so that it can guarantee the integrity of its
stored data (this is called refresh and will be discussed in
detail in Part IT of the book). Such hiccups in data move-
ment can be disastrous for some applications. For this
reason, many microprocessors, such as digital signal
processors (DSPs) and processors used in embedded
control applications (called microcontrollers), often

Data
Available

—_—

FIGURE Ov.2: An idealized cache lookup. A cache is logically comprised of two elements: the data array and some management
information that indicates what is in the data array (labeled “metadata”). Note that the key information may be virtual, i.e., data
addresses can be embedded in the software using the cache, in which case there is no explicit key lookup, and only the data
array is needed.
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Chapter Overview ON MEMORY SYSTEMS AND THER DESIGN 7

have special caches that look like small main memo-
ries. These are scratch-pad RAMs whose implementa-
tion lies toward the end of the spectrum at which the
running application manages the cache explicitly. DSPs
typically have two of these scratch-pad SRAMs so that
they can issue on every cycle a new multiply-accumu-
late (MAC) operation, an important DSP instruction
whose repeated operation on a pair of data arrays pro-
duces its dot product. Performing a new MAC opera-
tion every cycle requires the memory system to load
new elements from two different arrays simultaneously
in the same cycle. This is most easily accomplished
by having two separate data busses, each with its own
independent data memory and each holding the ele-
ments of a different array.

Perhaps the most familiar example of a software-
managed memory is the processor’s register file, an
array of storage locations that is indexed directly by bits
within the instruction and whose contents are dictated
entirely by software. Values are brought into the register
file explicitly by software instructions, and old values
are only overwritten if done so explicitly by software.
Moreover, the register file is significantly smaller than
most on-chip caches and typically consumes far less
energy. Accordingly, software’s best bet is often to opti-
mize its use of the register file [Postiff & Mudge 1999].

Ov.1.2 Important Figures of Merit

The following issues have been touched on during
the previous discussion, but at this point it would be
valuable to formally present the various figures of merit
that are important to a designer of memory systems.
Depending on the environment in which the memory
system will be used (supercomputer, departmental
server, desktop, laptop, signal-processing system,
embedded control system, etc.), each metric will carry
more or less weight. Though most academic studies
tend to focus on one axis at a time (e.g., performance),
the design of a memory system is a multi-dimensional
optimization problem, with all the adherent complex-
ities of analysis. For instance, to analyze something in
this design space or to consider one memory system

over another, a designer should be familiar with con-
cepts such as Pareto optimality (described later in this
chapter). The various figures of merit, in no particu-
lar order other than performance being first due to
its popularity, are performance, energy consumption
and power dissipation, predictability of behavior (i.e.,
real time), manufacturing costs, and system reliability.
This section describes them briefly, collectively. Later
sections will treat them in more detail.

Performance

The term “performance” means many things to
many people. The performance of a system is typically
measured in the time it takes to execute a task (i.e., task
latency), but it can also be measured in the number of
tasks that can be handled in a unit time period (i.e.,
task bandwidth). Popular figures of merit for perfor-
mance include the following:*

* Cycles per Instruction (CPI)

_ Total execution cycles
"~ Total user-level instructions committed

¢ Memory-system CPI overhead
= Real CPI - CPI assuming perfect memory

*  Memory Cycles per Instruction (MCPI)

_ Total cycles spent in memory system
Total user-level instructions committed

o (Cache miss rate — _Total cache misses
Total cache accesses

e Cache hit rate = 1 — Cache miss rate

¢ Average access time
— {hit rate - average to service hit)+
(miss rate - average to service miss)
¢ Million Instructions per Second (MIPS)

_ Instructions executed (seconds)
108+ Average required for execution

“Note that the MIPS metric is easily abused. For instance, it is inappropriate for comparing different instruction-set
architectures, and marketing literature often takes the definition of “instructions executed” to mean any particular given
window of time as opposed to the full execution of an application. In such cases, the metric can mean the highest possible
issue rate of instructions that the machine can achieve (but not necessarily sustain for any realistic period of time).
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8 Memory Systems: Cache, DRAM, Disk

A cautionary note: using a metric of performance
for the memory system that is independent of a pro-
cessing context can be very deceptive. For instance,
the MCPI metric does not takeinto accounthowmuch
of the memory system’s activity can be overlapped
with processor activity, and, as a result, memory sys-
tem A which has a worse MCPI than memory system
B might actually yield a computer system with better
total performance. As Figure Ov.5 in a later section
shows, there can be significantly different amounts
of overlapping activity between the memory system
and CPU execution.

How to average a set of performance metrics cor-
rectly is still a poorly understood topic, and it is very
sensitive to the weights chosen (either explicitly or
implicitly) for the various benchmarks considered
[John 2004]. Comparing performance is always the
least ambiguous when it means the amount of time
saved by using one design over another. When we ask
the question this machine is how much faster than
that machine? the implication is that we have been
using that machine for some time and wish to know
how much time we would save by using this machine
instead. The true measure of performance is to com-
pare the total execution time of one machine to
another, with each machine running the benchmark
programs that represent the user’s typical workload
as often as a user expects to run them. For instance,
if a user compiles a large software application ten
times per day and runs a series of regression tests
once per day, then the total execution time should
count the compiler’s execution ten times more than
the regression test.

Energy Consumption and Power Dissipation

Energy consumption is related to work accom-
plished (e.g., how much computing can be done
with a given battery), whereas power dissipation is
the rate of consumption. The instantaneous power
dissipation of CMOS (complementary metal-oxide-
semiconductor) devices, such as microprocessors,
is measured in watts (W) and represents the sum
of two components: active power, due to switching
activity, and static power, due primarily to subthresh-
old leakage. To a fitst approximation, average power

dissipation is equal to the following (we will present a
more detailed model later):

Payg = (Pdynamic * Ptatic) = Crot Vzddf+ ieaxVaq (EQ OV.1)

where C; is the total capacitance switched, Vyq is
the power supply, fis the switching frequency, and L
is the leakage current, which includes such sources
as subthreshold and gate leakage. With each genera-
tion in process technology, active power is decreas-
ing on a device level and remaining roughly constant
on a chip level. Leakage power, which used to be
insignificant relative to switching power, increases as
devices become smaller and has recently caught up
to switching power in magnitude [Grove 2002]. In the
future, leakage will be the primary concern.

Energy is related to power through time. The energy
consumed by a computation that requires 7'seconds is
measured in joules (J) and is equal to the integral of the
instantaneous power over time T. If the power dissipa-
tion remains constant over T, the resultant energy con-
sumption is simply the product of power and time.
E= (Payg D = CyotV?aaN + liearVaaT (EQ Ov.2)
where Nis the number of switching events that occurs
during the computation.

In general, if one is interested in extending battery
life or reducing the electricity costs of an enterprise
computing center, then energy is the appropriate
metric to use in an analysis comparing approaches.
If one is concerned with heat removal from a system
or the thermal effects that a functional block can cre-
ate, then power is the appropriate metric. In informal
discussions (i.e., in common-parlance prose rather
than in equations where units of measurement are
inescapable), the two terms “power” and “energy” are
frequently used interchangeably, though such use is
technically incorrect. Beware, because this can lead to
ambiguity and even misconception, which is usually
unintentional, but not always so. For instance, micro-
processor manufacturers will occasionally claim to
have a “low-power” microprocessor that beats its pre-
decessor by a factor of, say, two. This is easily accom-
plished by running the microprocessor at half the
clock rate, which does reduce its power dissipation,
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but remember that power is the rate at which energy
is consumed. However, to a first order, doing so dou-
bles the time over which the processor dissipates that
power. The net result is a processor that consumes the
same amount of energy as before, though it is branded
as having lower power, which is technically not a lie.
Popular figures of merit that incorporate both
energy/power and performance include the following:

¢ Energy-Delay Product

= (Energy required ) . (Time required )
to perform task to perform task

¢ Power-Delay Product

_ (Power required )m . ( Time required )”
to perform task to perform task

s  MIPS per watt

_ __Performance of benchmark in MIPS
Average power dissipated by benchmark

The second equation was offered as a generalized
form of the first (note that the two are equivalent when
m = 1 and n = 2) so that designers could place more
weight on the metric (time or energy/power) that
is most important to their design goals [Gonzalez &
Horowitz 1996, Brooks et al. 2000a].

Predictable (Real-Time) Behavior

Predictability of behavior is extremely important
when analyzing real-time systems, because correct-
ness of operation is often the primary design goal for
these systems (consider, for example, medical equip-
ment, navigation systems, anti-lock brakes, flight
control systems, etc., in which failure to perform as
predicted is not an option).

Popular figures of merit for expressing predictabil-
ity of behavior include the following:

e Worst-Case Execution Time (WCET), taken
to mean the longest amount of time a func-
tion could take to execute

¢ Response time, taken to mean the time
between a stimulus to the system and the
system’s response (e.g., time to respond to
an external interrupt)

¢ Jitter, the amount of deviation from an
average timing value

These metrics are typically given as single num-
bers (average or worst case), but we have found that
the probability density function makes a valuable aid
in system analysis [Baynes et al. 2001, 2003].

Design (and Fabrication and Test) Costs

Cost is an obvious, but often unstated, design goal.
Many consumer devices have cost as their primary
consideration: if the cost to design and manufacture
an item is not low enough, it is not worth the effort
to build and sell it. Cost can be represented in many
different ways (note that energy consumption is a
measure of cost), but for the purposes of this book, by
“cost” we mean the cost of producing an item: to wit,
the cost of its design, the cost of testing the item, and/
or the cost of the item’s manufacture. Popular figures
of merit for cost include the following:

¢ Dollar cost (best, but often hard to even
approximate)

e Design size, e.g., die area (cost of manufactur-
ing aVLSI (very large scale integration) design
is proportional to its area cubed or more)

e Packaging costs, e.g., pin count

¢ Design complexity (can be expressed in
terms of number of logic gates, number of
transistors, lines of code, time to compile
or synthesize, time to verify or run DRC
(design-rule check), and many others,
including a design’s impact on clock cycle
time [Palacharla et al. 1996])

Cost is often presented in a relative sense, allowing
differing technologies or approaches to be placed on
equal footing for a comparison.

¢ Cost per storage bit/byte/KB/MB/etc.
(allows cost comparison between different
storage technologies)

* Die area per storage bit (allows size-
efficiency comparison within same process
technology)

Petitioners
Ex. 1070, p. 9



10 Memory Systems: Cache, DRAM, Disk

In a similar vein, cost is especially informative
when combined with performance metrics. The
following are variations on the theme:

e Bandwidth per package pin (total sustain-
able bandwidth to/from part, divided by
total number of pins in package)

* Execution-time-dollars (total execution time
multiplied by total cost; note that cost can
be expressed in other units, e.g., pins, die
area, etc.)

An important note: cost should incorporate all
sources of that cost. Focusing on just one source of
cost blinds the analysis in two ways: first, the true cost
of the system is not considered, and second, solutions
can be unintentionally excluded from the analysis.
If cost is expressed in pin count, then all pins should
be considered by the analysis; the analysis should not
focus solely on data pins, for example. Similarly, if
cost is expressed in die area, then all sources of die
area should be considered by the analysis; the analy-
sis should not focus solely on the number of banks,
for example, but should also consider the cost of
building control logic (decoders, muxes, bus lines,
etc.) to select among the various banks.

Reliability

Like the term “performance,” the term “reliabil-
ity” means many things to many different people.
In this book, we mean reliability of the data stored
within the memory system: how easily is our stored
data corrupted or lost, and how can it be protected
from corruption or loss? Data integrity is depen-
dent upon physical devices, and physical devices
can fail.

Approaches to guarantee the integrity of stored
data typically operate by storing redundant infor-
mation in the memory system so that in the case of
device failure, some but not all of the data will be lost
or corrupted. If enough redundant information is
stored, then the missing data can be reconstructed.
Popular figures of merit for measuring reliability

5A common variation is “Mean Time To Failure (MTTF).”

characterize both device fragility and robustness of a
proposed solution. They include the following:

* Mean Time Between Failures (MTBF):
given in time (seconds, hours, etc.) or num-
ber of uses

* Bit-error tolerance, e.g., how many bit errors
in a data word or packet the mechanism can
correct, and how many it can detect (but not
necessarily correct)

¢ Error-rate tolerance, e.g., how many errors
per second in a data stream the mechanism
can correct

¢ Application-specific metrics, e.g., how
much radiation a design can tolerate before
failure, etc.

Note that values given for MTBF often seem astro-
nomically high. This is because they are not meant
to apply to individual devices, but to system-wide
device use, as in a large installation. For instance, if
the expected service lifetime of a device is several
years, then that device is expected to fail in several
years, If an administrator swaps out devices every
few years (before the service lifetime is up), then the
administrator should expect to see failure frequen-
cies consistent with the MTBF rating.

Ov.1.3 The Goal of a Memory Hierarchy

As already mentioned, a well-implemented hierar-
chy allows a memory system to approach simultane-
ously the performance of the fastest component, the
costper bit of the cheapest component, and the energy
consumption of the mostenergy-efficient component.
A modern memory system typically has performance
close to that of on-chip cache, the fastest component
in the system. The rate at which microprocessors
fetch and execute their instructions is measured in
nanoseconds or fractions of a nanosecond. A modern
low-end desktop machine has several hundred giga-
bytes of storage and sells for under $500, roughly half
of which goes to the on-chip caches, off-chip caches,
DRAM, and disk. This represents an average cost of
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Chapter Overview ON MEMORY SYSTEMS AND THER DESIGN 11

several dollars per gigabyte—very close to that of disk,
the cheapest component. Modern desktop systems
have an energy cost that is typically in the low tens of
nanojoules per instruction executed—close to that of
on-chip SRAM cache, the least energy-costly compo-
nent in the system (on a per-access basis).

The goal for a memory-system designer is to create
a system that behaves, on average and from the point
of view of the processor, like a big cache that has the
price tag of a disk. A successful memory hierarchy is
much more than the sum of its parts; moreover, suc-
cessful memory-system design is non-trivial.

How the system is built, how it is used (and what
parts of it are used more heavily than others), and on
whichissuesanengineershouldfocusmostofhiseffort
at design time—all these are highly dependent on the
target application of the memory system. Two com-
mon categories of target applications are (a) general-
purpose systems, which are characterized by their
need for universal applicability for just about any
type of computation, and (b) embedded systems,
which are characterized by their tight design restric-
tions along multiple axes (e.g., cost, correctness of
design, energy consumption, reliability) and the fact
that each executes only a single, dedicated software
application its entire lifespan, which opens up pos-
sibilities for optimization that are less appropriate for
general-purpose systems.

Genera|—Purpose Computer Systems

General-purposesystemsarewhatpeoplenormally
think of as “computers.” These are the machines on
your desktop, the machines in the refrigerated server
room at work, and the laptop on the kitchen table.
They are designed to handle any and all tasks thrown
at them, and the software they run on a day-to-day
basis is radically different from machine to machine.

General-purpose systems are typically overbuilt.
By definition they are expected by the consumer to
run all possible software applications with accept-
able speed, and therefore, they are built to handle
the average case very well and the worst case at least
tolerably well. Were they optimized for any particu-
lar task, they could easily become less than optimal
for all dissimilar tasks. Therefore, general-purpose

systemsare optimized for everything, whichisanother
way of saying that they are actually optimized for
nothing in particular. However, they make up for this
in raw performance, pure number-crunching. The
average notebook computer is capable of perform-
ing orders of magnitude more operations per sec-
ond than that required by a word processor or email
client, tasks to which the average notebook is fre-
quently relegated, but because the general-purpose
system may be expected to handle virtually anything
at any time, it must have significant spare number-
crunching ability, just in case.

It stands to reason that the memory system of this
computer must also be designed in a Swiss-army-
knife fashion. Figure Ov.3 shows the organization of
a typical personal computer, with the components
of the memory system highlighted in grey boxes. The
cache levels are found both on-chip (i.e., integrated
on the same die as the microprocessor core) and
off-chip (i.e., on a separate die). The DRAM system
is comprised of a memory controller and a number
of DRAM chips organized into DIMMs (dual in-line
memory modules, printed circuit boards that contain
a handful of DRAMs each). The memory controller
can be located on-chip or off-chip, but the DRAMs
are always separate from the CPU to allow memory
upgrades. The disks in the system are considered
peripheral devices, and so their access is made
through one or more levels of controllers, each rep-
resenting a potential chip-to-chip crossing (e.g., here
a disk request passes through the system controller
to the PCI (peripheral component interconnect) bus
controller, to the SCSI (small computer system inter-
face) controller, and finally to the disk itself).

The software that runs on a general-purpose sys-
tem typically executes in the context of a robust
operating system, one that provides virtual memory.
Virtual memory is a mechanism whereby the operat-
ing system can provide to all running user-level soft-
ware (i.e., email clients, web browsers, spreadsheets,
word-processing packages, graphics and video edit-
ing software, etc.) the illusion that the user-level soft-
ware is in direct control of the computer, when in fact
its use of the computer’s resources is managed by the
operating system. This is a very effective way for an
operating system to provide simultaneous access by
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Frontside bus
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Graphics
Co-Processor

DRAM bus
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North Bridge
PClI bus
scsl Network
Controller Interface
/O Keyboard
Other Low-BW Controller
I/O Devices
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FIGURE 0v.3: Typical PC organization. The memory subsystem is one part of a relatively complex whole. This figure illustrates a
two-way multiprocessor, with each processor having its own dedicated off-chip cache. The parts most relevant to this text are
shaded in grey: the CPU and its cache system, the system and memory controllers, the DIMMs and their component DRAMs, and

the hard drive/s.

large numbers of software packages to small num-
bers of limited-use resources (e.g., physical memory,
the hard disk, the network, etc.).

The virtual memory system is the primary constit-
uent of the memory system, in that it is the primary
determinant of the manner/s in which the memory
system’s components are used by software run-
ning on the computer. Permanent data is stored on
the disk, and the operating store, DRAM, is used as
a cache for this permanent data. This DRAM-based
cache is explicitly managed by the operating system.
The operating system decides what data from the
disk should be kept, what should be discarded, what
should be sent back to the disk, and, for data retained,

where it should be placed in the DRAM system. The
primary and secondary caches are usually transpar-
ent to software, which means that they are managed
by hardware, not software (note, however, the use of
the word “usually’—Ilater sections will delve into this
in more detail). In general, the primary and second-
ary caches hold demand-fetched data, i.e., running
software demands data, the hardware fetches it from
memory, and the caches retain as much of it as pos-
sible. The DRAM system contains data that the oper-
ating system deems worthy of keeping around, and
because fetching data from the disk and writing it
back to the disk are such time-consuming processes,
the operating system can exploit that lag time (during
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FIGURE Ov.4: DSP-style memory system. Example based on Texas Instruments’ TMS320G3x DSP family.

which it would otherwise be stalled, doing nothing)
to use sophisticated heuristics to decide what data to
retain.

Embedded Computer Systems

Embedded systems differ from general-purpose
systems in two main aspects. First and foremost,
the two are designed to suit very different purposes.
While general-purpose systems run a myriad of
unrelated software packages, each having poten-
tially very different performance requirements and
dynamic behavior compared to the rest, embed-
ded systems perform a single function their entire
lifetime and thus execute the same code day in and
day out until the system is discarded or a software
upgrade is performed. Second, while performance is
the primary (in many instances, the only) figure of
merit by which a general-purpose system is judged,
optimal embedded-system designs usually represent
trade-offs between several goals, including manufac-
turing cost (e.g., die area), energy consumption, and
performance.

As aresult, we see two very different design strat-
egies in the two camps. As mentioned, general-
purpose systems are typically overbuilt; they are
optimized for nothing in particular and must make
up for this in raw performance. On the other hand,
embedded systems are expected to handle only one
task that is known at design time. Thus, it is not only
possible, but highly beneficial to optimize an embed-
ded design for its one suited task. If general-purpose
systems are overbuilt, the goal for an embedded sys-
tem is to be appropriately built. In addition, because
effort spent at design time is amortized over the life
of a product, and because many embedded systems
have long lifetimes (tens of years), many embedded
design houses will expend significant resources up
front to optimize a design, using techniques not gen-
erally used in general-purpose systems (for instance,
compiler optimizations that require many days or
weeks to perform).

The memory system of a typical embedded system
is less complex than that of a general-purpose sys-
tem.® Figure Ov.4 illustrates an average digital signal-
processing system with dual tagless SRAMs on-chip,

6Note that “less complex” does not necessarily imply “small,” e.g., consider a typical iPod (or similar MP3 player), whose
primary function is to store gigabytes’ worth of a user’s music and/or image files.
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an off-chip programmable ROM (e.g., PROM, EPROM,
flash ROM, etc.) that holds the executable image, and
an off-chip DRAM that is used for computation and
holding variable data. External memory and device
controllers can be used, but many embedded micro-
processors already have such controllers integrated
onto the CPU die. This cuts down on the system’s die
count and thus cost. Note that it would be possible
for the entire hierarchy to lie on the CPU die, yielding
a single-chip solution called a system-on-chip. This
is relatively common for systems that have limited
memory requirements. Many DSPs and microcon-
trollers have programmable ROM embedded within
them. Larger systems that require megabytes of stor-
age (e.g., in Cisco routers, the instruction code alone
is more than a 12 MB) will have increasing numbers
of memory chips in the system.

On the right side of Figure Ov.4 is the software’s
view of the memory system. The primary distinction
is that, unlike general-purpose systems, is that the
SRAM caches are visible as separately addressable
memories, whereas they are transparent to software
in general-purpose systems.

Memory, whether SRAM or DRAM, usually rep-
resents one of the more costly components in an
embedded system, especially if the memory is
located on-CPU because once the CPU is fabricated,
the memory size cannot be increased. In nearly all
system-on-chip designs and many microcontrollers
as well, memory accounts for the lion’s share of avail-
able die area. Moreover, memory is one of the pri-
mary consumers of energy in a system, both on-CPU
and off-CPU. As an example, it has been shown that,
in many digital signal-processing applications, the
memory system consumes more of both energy and
die area than the processor datapath. Clearly, this is
a resource on which significant time and energy is
spent performing optimization.

Ov.2 Four Anecdotes on Modular Design

It is our observation that computer-system design
in general, and memory-hierarchy design in par-
ticular, has reached a point at which it is no lon-
ger sufficient to design and optimize subsystems

in isolation. Because memory systems and their
subsystems are so complegx, it is now the rule, and not
the exception, that the subsystems we thought to be
independent actually interact in unanticipated ways.
Consequently, our traditional design methodologies
no longer work because their underlying assump-
tions no longer hold. Modular design, one of the
most widely adopted design methodologies, is an oft-
praised engineering design principle in which clean
functional interfaces separate subsystems (i.e., mod-
ules) so that subsystem design and optimization can
be performed independently and in parallel by dif-
ferent designers. Applying the principles of modular
design to produce a complex product can reduce the
time and thus the cost for system-level design, inte-
gration, and test; optimization at the modular level
guarantees optimization at the system level, provided
that the system-level architecture and resulting mod-
ule-to-module interfaces are optimal.

That last part is the sticking point: the principle
of modular design assumes no interaction between
module-level implementations and the choice of
system-level architecture, but that is exactly the kind
of interaction that we have observed in the design
of modern, high-performance memory systems.
Consequently, though modular design has been
a staple of memory-systems design for decades,
allowing cache designers to focus solely on caches,
DRAM designers to focus solely on DRAMs, and disk
designers to focus solely on disks, we find that, going
forward, modular design is no longer an appropriate
methodology.

Earlier we noted that, in the design of memory -
systems, many of the underlying implementation
issues have begun to affect the higher level design
process quite significantly: cache design is driven
by interconnect physics; DRAM design is driven by
circuit-level limitations that have dramatic sys-
tem-level effects; and modern disk performance is
dominated by the on-board caching and scheduling
policies. As hierarchies and their components grow
more complex, we find that the bulk of performance
is lost not in the CPUs or caches or DRAM devices or
disk assemblies themselves, but in the subtle interac-
tions between these subsystems and in the manner in
which these subsystems are connected. The bulk of lost
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performance is due to poor configuration of system-
level parameters such as bus widths, granularity of
access, scheduling policies, queue organizations, and
so forth.

This is extremely important, so it bears repeat-
ing: the bulk of lost performance is not due to the
number of CPU pipeline stages or functional units or
choice of branch prediction algorithm or even CPU
clock speed; the bulk of lost performance is due to
poor configuration of system-level parameters such
as bus widths, granularity of access, scheduling poli-
cies, queue organizations, etc. Today’s computer-
system performance is dominated by the manner in
which data is moved between subsystems, i.e., the
scheduling of transactions, and so it is not surprising
that seemingly insignificant details can cause such a
headache, as scheduling is known to be highly sensi-
tive to such details.

Consequently, one can no longer attempt system-
level optimization by designing/optimizing each of
the parts in isolation (which, unfortunately, is often
the approach taken in modern computer design). In
subsystem design, nothing can be considered “out-
side the scope” and thus ignored. Memory-system
design must become the purview of architects, and
a subsystem designer must consider the system-level
ramifications of even the slightest low-level design
decision or modification. In addition, a designer must
understand the low-level implications of system-
level design choices. A simpler form of this maxim is
as follows:

A designer must consider the system-level
ramifications of circuit- and device-level
decisions as well as the circuit- and device-
level ramifications of system-level decisions.

To illustrate what we mean and to motivate our
point, we present several anecdotes. Though they
focus on the DRAM system, their message is global,
and we will show over the course of the book that the
relationships they uncover are certainly not restricted
to the DRAM system alone, We will return to these
anecdotes and discuss them in much more detail
in-Chapter 27, The Case for Holistic Design, which
follows the technical section of the book,

Ov.2.1 Anecdote [: Systemic Behaviors Exist

In 1999-2001, we performed a study of DRAM
systems in which we explicitly studied only system-
level effects—those that had nothing to do with the
CPU architecture, DRAM architecture, or even DRAM
interface protocol. In this study, we held constant the
CPU and DRAM architectures and considered only a
handful of parameters that would affect how well the
two communicate with each other. Figure Ov.5 shows
some of the results [Cuppu & Jacob 1999, 2001, Jacob
2003]. The varied parameters in Figure Ov.5 are all
seemingly innocuous parameters, certainly not the
type that would account for up to 20% differences in
system performance (execution time) if one param-
eter was increased or decreased by a small amount,
which is indeed the case. Moreover, considering the
top two graphs, all of the choices represent intui-
tively “good” configurations. None of the displayed
values represent strawmen, machine configurations
that one would avoid putting on one’s own desktop.
Nonetheless, the performance variability is signifi-
cant. When the analysis considers a wider range of
bus speeds and burst lengths, the problematic behav-
ior increases. As shown in the bottom graph, the ratio
of best to worst execution times can be a factor of
three, and the local optima are both more frequent
and more exaggerated. Systems with relatively low
bandwidth (e.g., 100, 200, 400 MB/s) and relatively
slow bus speeds (e.g., 100, 200 MHz), if configured
well, can match or exceed the performance of sys-
tem configurations with much faster hardware that is
poorly configured.

Intuitively, one would expect the design space to
be relatively smooth: as system bandwidth increases,
so should system performance. Yet the design space
is far from smooth. Performance variations of 20% or
more can be found in design points that are imme-
diately adjacent to one another. The variations from
best-performing to worst-performing design exceed a
factor of three across the full space studied, and local
minima and maxima abound. Moreover, the behav-
iors are related. Increasing one parameter by a fac-
tor of two toward higher expected performance (e.g.,
increasing the channel width) can move the system off
alocal optimum, but local optimality can be restored
by changing other related parameters to follow suit,
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FIGURE Ov.5: Execution time as a function of bandwidth, channel organization, and granularity of access. Top two graphs from
Cuppu & Jacob [2001] (© 2001 JEEE); bottom graph from Jacob [2003] (© 2003 /EEE).

such as increasing the burst length and cache block of the system under study, and so we have named
size to match the new channel width. This complex these “systemic” behaviors.” This study represents
interaction between parameters previously thought the moment we realized that systemic behaviors exist
to be independent arises because of the complexity and that they are significant. Note that the behavior

“There is a distinction between this type of behavior and what in complex system theory is called “emergent system”
behaviors or properties. Emergent system behaviors are those of individuals within a complex system, behaviors that
an individual may perform in a group setting that the individual would never perform alone. In our environment, the
behaviors are observations we have made of the design space, which is derived from the system as a whole.
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Chapter Overview ON MEMORY SYSTEMS AND THEIR DESIGN 17

is not restricted to the DRAM system. We have seen
it in the disk system as well, where the variations in
performance from one configuration to the next are
even more pronounced.

Recall that this behavior comes from the varying
of parameters that are seemingly unimportant in the
grand scheme of things—at least they would certainly
seem to be far less important than, say, the cache
architecture or the number of functional units in the
processor core. The bottom line, as we have observed,
is that systemic behaviors—unanticipated interac-
tions between seemingly innocuous parameters
and mechanisms—cause significant losses in per-
formance, requiring in-depth, detailed design-space
exploration to achieve anything close to an optimal
design given a set of technologies and limitations.

Ov.2.2 Aneccdote lI: The DLL in DDR SDRAM

Beginning with their first generation, DDR (double
datarate) SDRAM deviceshaveincluded a circuit-level
mechanism that has generated significant contro-
versy within JEDEC (Joint Electron Device Engineer-
ing Council), the industry consortium that created
the DDR SDRAM standard. The mechanism is a delay-
lockedloop (DLL), whose purpose is to more precisely

align the output of the DDR part with the clock on the
system bus. The controversy stems from the cost of the
technology versus its benefits.

The system’s global clock signal, as it enters the
chip, is delayed by the DLL so that the chip’s inter-
nal clock signal, after amplification and distribution
across the chip, is exactly in-phase with the origi-
nal system clock signal. This more precisely aligns
the DRAM part’s output with the system clock. The
trade-off is extra latency in the datapath as well as
a higher power and heat dissipation because the
DLL, a dynamic control mechanism, is continuously
running. By aligning each DRAM part in a DIMM
to the system clock, each DRAM part is effectively
de-skewed with respect to the other parts, and the
DLLs cancel out timing differences due to process
variations and thermal gradients.

Figure Ov.6 illustrates a small handful of alterna-
tive solutions considered by JEDEC, who ultimately
chose Figure Ov.6(b) for the standard. The interest-
ing thing is that the data strobe is not used to cap-
ture data at the memory controller, bringing into
question its purpose if the DLL is being used to help
with data transfer to the memory controller. There is
significant disagreement over the value of the cho-
sen design; an anonymous JEDEC member, when

(b) DLL on DRAM

(d) DLL on MC

(f) Static delay w/ recalibration

FIGURE Ov.6: Several alternatives to the per-DRAM DLL. The figure illustrates a half dozen different timing conventions (a dotted
line indicates a signal is unused for capturing data): (a) the scheme in single data rate SDRAM; (b) the scheme chosen for DDR
SDRAM; (c) moving the DLL onto the module, with a per-DRAM static delay element (Vernier); (d) moving the DLL onto the memory
controller, with a per-DRAM static delay; (e) using a separate read clock per DRAM or per DIMM; and (f) using only a static delay
element and recalibrating periodically to address dynamic changes.
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18 Memory Systems: Cache, DRAM, Disk

asked “what is the DLL doing on the DDR chip?”
answered with a grin, “burning power.” In applica-
tions that require low latency and low power dissipa-
tion, designers turn off the DLL entirely and use only
the data strobe for data capture, ignoring the system
clock (as in Figure Ov.6(a)) [Kellogg 2002, Lee 2002,
Rhoden 2002].

The argument for the DLL is that it de-skews
the DRAM devices on a DIMM and provides a path
for system design that can use a global clocking
scheme, one of the simplest system designs known.
The argument against the DLL is that it would be
unnecessary if a designer learned to use the data
strobe—this would require a more sophisticated
system design, but it would achieve better perfor-
mance at a lower cost. At the very least, it is clear
that a DLL is a circuit-oriented solution to the prob-
lem of system-level skew, which could explain the
controversy.

Ov.2.3 Anecdote lll: A Catch-22 in the Search
for Bandwidth

With every DRAM generation, timing parameters
are added. Several have been added to the DDR spec-
ification to address the issues of power dissipation
and synchronization.

o tpaw (Pour-bank Activation Window) and
tgrp (Row-to-Row activation Delay) put a
ceiling on the maximum current draw of a
single DRAM part. These are protocol-level
limitations whose values are chosen to pre-
vent a memory controller from exceeding
circuit-related thresholds.

*  tpqg is our own name for the DDR system-
bus turnaround time; one can think of it as
the DIMM-to-DIMM switching time that
has implications only at the system level
(i.e., it has no meaning or effect if consid-
ering read requests in a system with but a
single DIMM). By obeying t,gg, one can
ensure that a second DIMM will not drive

the data bus at the same time as a first when
switching from one DIMM to another for
data output.

These are per-device timing parameters that were
chosen to improve the behavior (current draw, timing
uncertainty) of individual devices. However, they do
so at the expense of a significant loss in system-level
performance. When reading large amounts of data
from the DRAM system, an application will have to
read, and thus will have to activate, numerous DRAM
rows. At this point, the tgyy and tygp timing param-
eters kick in and limit the available read bandwidth.
The tgpp parameter specifies the minimum time
between two successive row activation commands
to the same DRAM device (which implies the same
DIMM, because all the DRAMSs on a DIMM are slaved
together®). The tpyy parameter represents a slid-
ing window of time during which no more than four
row activation commands to the same device may
appear.

The parameters are specified in nanoseconds and
not bus cycles, so they become increasingly problem-
atic at higher bus frequencies. Their net effect is to
limit the bandwidth available from a DIMM by limit-
inghow quickly one can get the data out of the DRAM’s
storage array, irrespective of how fast the DRAM's 1/0
circuitry can ship the data back to the memory con-
troller. At around 1 GBps, sustainable bandwidth hits
a ceiling and remains flat no matter how fast the bus
runs because the memory controller is limited in how
quickly it can activate a new row and start reading
data from it.

The obvious solution is to interleave data from
different DIMMSs on the bus. If one DIMM is limited
in how quickly it can read data from its arrays, then
one should populate the bus with many DIMMs and
move through them in a round-robin fashion. This
should bring the system bandwidth up to maximum.
However, the function of tpgg is to prevent exactly
that: tpgg is the bus turnaround time, inserted to
account for skew on the bus and to prevent different
bus masters from driving the bus at the same time.

8This is a minor oversimplification. We would like to avoid having to explain details of DRAM-system organization, such as

the concept of rank, at this point.
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Chapter Overview ON MEMORY SYSTEMS AND THER DESIGN 19

To avoid such collisions, a second DIMM must wait
at least tpqg after a first DIMM has finished before
driving the bus. So we have a catch:

¢ One set of parameters limits device-level
bandwidth and expects a designer to go to
the system level to reclaim performance.

¢ The other parameter limits system-level
bandwidth and expects a designer to go to
the device level to reclaim performance.

The good news is that the problem is solvable
(see Chapter 15, Section 15.4.3, DRAM Command
Scheduling Algorithms), but this is nonetheless a
very good example of low-level design decisions that
create headaches at the system level.

Ov.2.4 Anecdote IV: Proposals to Exploit
Variability in Cell Leakage

The last anecdote is an example of a system-level
design decision that ignores circuit- and device-level
implications. Ever since DRAM was invented, it has
been observed that different DRAM cells exhibit dif-
ferent data-retention time characteristics, typically
ranging between hundreds of milliseconds to tens
of seconds. DRAM manufacturers typically set the
refresh requirement conservatively and require that
every row in a DRAM device be refreshed at least once
every 64 or 32 ms to avoid losing data. Though refresh
might not seem to be a significant concern, in mobile
devices researchers have observed that refresh can
account for one-third of the power in otherwise
idle systems, prompting action to address the issue.
Several recent papers propose moving the refresh
function into the memory controller and refreshing
each row only when needed. During an initialization
phase, the controller would characterize each row
in the memory system, measuring DRAM data-
retention time on a row-by-row basis, discarding
leaky rows entirely, limiting its DRAM use to only
those rows deemed non-leaky, and refreshing once
every tens of seconds instead of once every tens of
milliseconds.

The problem is that these proposals ignore
another, less well-known phenomenon of DRAM cell

variability, namely that a cell with a long retention
time can suddenly (in the time frame of seconds)
exhibit a short retention time [Yaney et al. 1987,
Restle et al. 1992, Ueno et al. 1998, Kim 2004]. Such
an effect would render these power-efficient pro-
posals functionally erroneous. The phenomenon is
called variable retention time (VRT), and though its
occurrence is infrequent, it is non-zero. The occur-
rence rate is low enough that a system using one of
these reduced-refresh proposals could protect itself
against VRT by using error correcting codes (ECC,
described in detail in Chapter 30, Memory Errors and
Error Correction), but none of the proposals so far
discuss VRT or ECC.

Ov.2.5 Perspective

To summarize so far:

AnecdoteI: Systemic behaviors exist and are sig-
nificant (they can be responsible for factors of two to
three in execution time).

AnecdoteIl: TheDLLin DDR SDRAM is a circuit-
level solution chosen to address system-level skew.

AnecdoteIIl: tpggrepresents a circuit-level solu-
tion chosen to address system-level skew in DDR
SDRAM; tpayw and tgpp are circuit-level limitations
that significantly limit system-level performance.

Anecdote IV: Several research groups have rec-
ently proposed system-level solutions to the DRAM-
refresh problem, but fail to account for circuit-level
details that might compromise the correctness of the
resulting system.

Anecdotes II and IiI show that a common practice
in industry is to focus at the level of devices and cir-
cuits, in some cases ignoring their system-level rami-
fications. Anecdote IV shows that a common practice
inresearch is to design systems that have device- and
circuit-level ramifications while abstracting away the
details of the devices and circuits involved. Anecdotel
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20 Memory Systems: Cache, DRAM, Disk

illustrates that both approaches are doomed to failure
in future memory-systems design.

It is clear that in the future we will have to move
away from modular design; one can no longer
safely abstract away details that were previously
considered “out of scope.” To produce a credible
analysis, a designer must consider many different
subsystems of a design and many different levels
of abstraction—one must consider the forest when
designing trees and consider the trees when design-
ing the forest.

Ov.3 Cross-Cutting Issues

Though their implementation details might apply
at a local level, most design decisions must be con-
sidered in terms of their system-level effects and
side-effects before they become part of the system/
hierarchy. For instance, power is a cross-cutting,
system-level phenomenon, even though most power
optimizations are specific to certain technologies and
are applied locally; reliability is a system-level issue,
even though each level of the hierarchy implements
its own techniques for improving it; and, as we have
shown, performance optimizations such as widening
a bus or increasing support for concurrency rarely
result in system performance that is globally optimal.
Moreover, design decisions thatlocally optimize along
one axis (e.g., power) can have even larger effects on
the system level when all axes are considered. Not
only can the global power dissipation be thrown off
optimality by blindly making a local decision, it is
even easier to throw the system off a global optimum
when more than one axis is considered (e.g., power/
performance).

Designing the best system given a set of con-
straintsrequires an approach that considers multiple
axes simultaneously and measures the system-level
effects of all design choices. Such a holistic approach
requires an understanding of many issues, includ-
ing cost and performance models, power, reliabil-
ity, and software structure. The following sections
provide overviews of these cross-cutting issues, and
Part TV of the book will treat these topics in more
detail.

Ov.3.1 Cost/Performance Analysis

To perform a cost/performance analysis correctly,
the designer must define the problem correctly, use
the appropriate tools for analysis, and apply those
tools in the manner for which they were designed.
This section provides a brief, intuitive look at the
problem. Herein, we will use cost as an example of
problem definition, Pareto optimality as an example
of an appropriate tool, and sampled averages as an
example to illustrate correct tool usage. We will dis-
cuss these issues in more detail with more examples
in Chapter 28, Analysis of Cost and Performance.

Problem Definition: Cost

A designer must think in an all-inclusive manner
when accounting for cost. For example, consider a
cost-performance analysis of a DRAM system wherein
performance is measured in sustainable bandwidth
and cost is measured in pin count.

To represent the cost correctly, the analysis
should consider all pins, including those for con-
trol, power, ground, address, and data. Otherwise,
the resulting analysis can incorrectly portray the
design space, and workable solutions can get left
out of the analysis. For example, a designer can
reduce latency in some cases by increasing the
number of address and command pins, but if the
cost analysis only considers data pins, then these
optimizations would be cost-free. Consider DRAM
addressing, which is done half of an address at a
time. A 32-bit physical address is sent to the DRAM
system 16 bits at a time in two different commands;
one could potentially decrease DRAM latency by
using an SRAM-like wide address bus and sending
the entire 32 bits at once. This represents a real cost
in design and manufacturing that would be higher,
but an analysis that accounts only for data pins
would not consider it as such.

Power and ground pins must also be counted
in a cost analysis for similar reasons. High-speed
chip-to-chip interfaces typically require more
power and ground pins than slower interfaces. The
extra power and ground signals help to isolate the
I/0 drivers from each other and the signal lines
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Chapter Overview ON MEMORY SYSTEMS AND THER DESIGN 21

from each other, both improving signal integrity
by reducing crosstalk, ground bounce, and related
effects. 1/0 systems with higher switching speeds
would have an unfair advantage over those with
lower switching speeds (and thus fewer power/
ground pins) in a cost-performance analysis if
power and ground pins were to be excluded from
the analysis. The inclusion of these pins would pro-
vide for an effective and easily quantified trade-off
between cost and bandwidth.

Failure to include address, control, power, and
ground pins in an analysis, meaning failure to be all-
inclusive at the conceptual stages of design, would
tend to blind a designer to possibilities. For example,
an architecturally related family of solutions that at
first glance gives up total system bandwidth so as to
be more cost-effective might be thrown out at the
conceptual stages for its intuitively lower perfor-
mance. However, considering all sources of cost in the
analysis would allow a designer to look more closely
at this family and possibly to recover lost bandwidth
through the addition of pins.

Comparing SDRAM and Rambus system archi-
tectures provides an excellent example of consid-

I
|
4

ering cost as the total number of pins leading to a
continuum of designs. The Rambus memory sys-
tem is a narrow-channel architecture, compared
to SDRAM’s wide-channel architecture, pictured
in Figure Ov.7 Rambus uses fewer address and
command pins than SDRAM and thus incurs an
additional latency at the command level. Rambus
also uses fewer data pins and occurs an additional
latency when transmitting data as well. The trade-off
is the ability to run the bus at a much higher bus fre-
quency, or pin-bandwidth in bits per second per pin,
than SDRAM. The longer channel of the DRDRAM
(direct Rambus DRAM) memory system contributes
directly to longer read-command latencies and lon-
ger bus turnaround times. However, the longer chan-
nel also allows for more devices to be connected to
the memory system and reduces the likelihood that
consecutive commands access the same device. The
width and depth of the memory channels impact
the bandwidth, latency, pin count, and various cost
components of the respective memory systems. The
effect that these organizational differences have on
the DRAM access protocol is shown in Figure Ov.8
which illustrates a row activation and column read
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FIGURE Ov.7; Difference in topology between SDRAM and Rambus memory systems.
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FIGURE Ov.8: Memory access latency in SDRAM and DDR SDRAM memory systems (top) and DRDRAM (bottom).

command for both DDR SDRAM and Direct Rambus
DRAM.

Contemporary SDRAM and DDR SDRAM memory
chips operating at a frequency of 200 MHz can activate a
rowin 3 clock cycles. Once the row is activated, memory
controllers in SDRAM or DDR SDRAM memory systems
can retrieve data using a simple column address strobe
command with a latency of 2 or 3 clock cycles. In Figure
Ov.8(a), Step 1 shows the assertion of a row activation
command, and Step 2 shows the assertion of the column
address strobe signal. Step 3 shows the relative timing
of a high-performance DDR SDRAM memory module
with a CASL (CAS latency) of 2 cycles. For a fair compar-
ison against the DRDRAM memory system, we include
the bus cycle that the memory controller uses to assert
theload command to the memory chips. With this addi-
tional cycle included, a DDR SDRAM memory system
has a read latency of 6 clock cycles (to critical data). Ina
SDRAM or DDR SDRAM memory system that operates
at 200 MHz, 6 clock cycles translate to 30 ns of latency for
a memory load command with row activation latency

inclusive. These latency values are the same for high-
performance SDRAM and DDR SDRAM meinory
systems.

The DRDRAM memory system behaves very
differently from SDRAM and DDR SDRAM memory sys-
tems. Figure Ov.8(b) shows arowactivation command in
Step 1, followed by a column access command in Step 2.
The requested data is then returned by the memory
chip to the memory controller in Step 3. The row acti-
vation command in Step 1 is transmitted by the mem-
ory controller to the memory chip in a packet format
that spans 4 clock cycles. The minimum delay between
the row activation and column access is 7 clock cycles,
and, after an additional (also minimum) CAS (column
address strobe) latency of 8 clock cycles, the DRDRAM
chip begins to transmit the data to the memory control-
ler. One caveat to the computation of the access latency
inthe DRDRAM memory system is that CAS delay in the
DRDRAM memory system is a function of the number
of devices on a single DRDRAM memory channel. On a
DRDRAM memory system with a full load of 32 devices
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TaBLe Ov.2 Peak bandwidth statistics of SDRAM, DDR SDRAM, and DRDRAM memory systems

_ Operating Data  Data
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(Data) Pin Count
SDRAM controller | 183 | 64
DDR SDRAM controller :

DRDRAM controller

Channel (
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“Channel
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per Channel

 3200MB/s
oomes |

Peak Band-
width

on the data bus, the CAS-latency delay may be as large
as 12 clock cycles. Finally, it takes 4 clock cycles for the
DRDRAM memory system to transport the data packet.
Note that we add half the transmission time of the data
packet in the computation of the latency of a memory
request in a DRDRAM memory system due to the fact
that the DRDRAM memory system does not support
critical word forwarding, and the critically requested
data may exist in the latter parts of the data packet;
on average, it will be somewhere in the middle. This
yields a total latency of 21 cycles, which, in a DRDRAM
memory system operating at 600 MHz, translates to a
latency of 35 ns.

The Rambus memory system trades off a longer
latency for fewer pins and higher pin bandwidth (in
this example, three times higher bandwidth). How do
the systems compare in performance?

Peak bandwidth of any interface depends solely
on the channel width and the operating frequency
of the channel. In Table Ov.2, we summarize the sta-
tistics of the interconnects and compute the peak
bandwidths of the memory systems at the interface

Bils per
Sustained  Pin per
BWon  Cycle
StreamAdd  (Peak

Bits per Pin
per Cycle
(Sustained)

| siowes | 04211

1495 MB/s |
14soes |

of the memory controller and at the interface of the
memory chips as well.

Table Ov.3 compares a 133-MHz SDRAM, a 200-
MHz DDR SDRAM system, and a 600-MHz DRDRAM
system. The 133-MHz SDRAM system, as represented
by a PC-133 compliant SDRAM memory system on
an AMD Athlon-based computer system, has a the-
oretical peak bandwidth of 1064 MB/s. The maxi-
mum sustained bandwidth for the single channel of
SDRAM, as measured by the use of the add kernel
in the STREAM benchmark, reaches 540 MB/s. The
maximum sustained bandwidth for DDR SDRAM
and DRDRAM was also measured on STREAM, yield-
ing 1496 and 1499 MB/s, respectively. The pin cost of
each system is factored in, yielding bandwidth per
pin on both a per-cycle basis and a per-nanosecond
basis.

Appropriate Tools: Pareto Optimahty

It is convenient to represent the “goodness” of a
design solution, a particular system configuration,
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as a single number so that one can readily compare
the number with the goodness ratings of other can-
didate design solutions and thereby quickly find the
“best” system configuration. However, in the design
of memory systems, we are inherently dealing with
a multi-dimensional design space (e.g., one that
encompasses performance, energy consumption,
cost, etc.), and so using a single number to represent
a solution’s worth is not really appropriate, unless
we can assign exact weights to the various figures
of merit (which is dangerous and will be discussed
in more detail later) or we care about one aspect to
the exclusion of all others (e.g., performance at any
cost).
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Assuming that we do not have exact weights for the
figures of merit and that we do care about more than
one aspect of the system, a very powerful tool to aid
in system analysis is the concept of Pareto optimality
or Pareto efficiency, named after the Italian economist
Vilfredo Pareto, who invented it in the early 1900s.

Pareto optimality asserts that one candidate solution
to a problem is better than another candidate solution
only if the first dominates the second, i.e., if the first is
better than or equal to the second in all figures of merit.
If one solution has a better value in one dimension but
a worse value in another, then the two candidates are
Pareto equivalent. The best solution is actually a set
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FIGURE 0v.9: Pareto optimality. Members of the Pareto-optimal set are shown in solid black; non-optimal points are grey.
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of candidate solutions: the set of Pareto-equivalent
solutions that is not dominated by any solution.

Figure Ov.9(a) shows a set of candidate solutions
in a two-dimensional space that represent a cost/
performance metric. The x-axis represents system
performance in execution time (smaller numbers
are better), and the y-axis represents system cost in
dollars (smaller numbers are better). Figure Ov.9(b)
shows the Pareto-optimal set in solid black and
connected by a line; non-optimal data points are
shown in grey. The Pareto-optimal set forms a wave-
front that approaches both axes simultaneously.
Figures Ov.9(c) and (d) show the effect of adding four
new candidate solutions to the space: one lies inside
the wavefront, one lies on the wavefront, and two lie
outside the wavefront. The first two new additions,
A and B, are both dominated by at least one member
of the Pareto-optimal set, and so neither is considered
Pareto optimal. Even though B lies on the wavefront,
it is not considered Pareto optimal. The point to the
left of B has better performance than B at equal cost.
Thus, it dominates B.

Point C is not dominated by any member of the
Pareto-optimal set, nor does it dominate any mem-
ber of the Pareto-optimal set. Thus, candidate-
solution Cis added to the optimal set, and its addition
changes the shape of the wavefront slightly. The last
of the additional points, D, is dominated by no mem-
bers of the optimal set, but it does dominate several
members of the optimal set, so D’s inclusion in the
optimal set excludes those dominated members from
the set. As a result, candidate-solution D changes

N =

the shape of the wave front more significantly than
candidate-solution C.

Tool Use: Taking Sampled Averages Correctly

In many fields, including the field of computer
engineering, it is quite popular to find a sampled
average, i.e., the average of a sampled set of numbers,
rather than the average of the entire set. This is useful
when the entire set is unavailable, difficult to obtain,
or expensive to obtain. For example, one might want
to use this technique to keep a running performance
average for a real microprocessor, or one might want
to sample several windows of execution in a terabyte-
size trace file. Provided that the sampled subset is
representative of the set as a whole, and provided that
the technique used to collect the samples is correct,
this mechanism provides a low-cost alternative that
can be very accurate.

The discussion will use as an example a mecha-
nism that samples the miles-per-gallon performance
of an automobile under way. The trip we will study is
an out and back trip with a brief pit stop, as shown
in Figure Ov.10. The automobile will follow a simple
course that is easily analyzed:

1. The auto will travel over even ground for
60 miles at 60 mph, and it will achieve 30
mpg during this window of time.

2. The auto will travel uphill for 20 miles at 60
mph, and it will achieve 10 mpg during this
window of time.

10 minutes idling
0 mph, 0 mpg

60 miles, 60 mph, 30 mpg

FIGURE 0v.10: Course taken by the automobile in the example.

Petitioners
Ex. 1070, p. 25



26 Memory Systems: Cache, DRAM, Disk

10 samples
Points at which samples are taken: I 1
R A S T T
30 mpg I 10 mpg lOmpgl 300 mpg 30 mpg 17tgteTIin
60 minutes 20min  10min 20 min 60 minutes

FIGURE Ov.11: Sampling miles-per-gallon (mpg) over time. The figure shows the trip in time, with each segment of time labeled
with the average miles-per-galion for the car during that segment of the trip. Thus, whenever the sampling algorithm samples
miles-per-galion during a window of time, it will add that value to the running average.

3. The auto will travel downhill for 20 miles at
60 mph, and it will achieve 300 mpg during
this window of time.

4. The auto will travel back home over even
ground for 60 miles at 60 mph, and it will
achieve 30 mpg during this window of time.

5. Inaddition, before returning home, the driver
will sit at the top of the hill for
10 minutes, enjoying the view, with the auto
idling, consuming gasoline at the rate of 1 gal-
lon every 5 hours. This is equivalent to 1/300
gallon per minute or 1/30 of a gallon during
the 10-minute respite. Note that the auto will
achieve 0 mpg during this window of time.

Our car’s algorithm samples evenly in time, so for
our analysis we need to break down the segments of
the trip by the amount of time that they take:

¢ Qutbound: 60 minutes
¢ Uphill: 20 minutes

¢ Idling: 10 minutes

¢ Downbhill: 20 minutes
e Return: 60 minutes

This is displayed graphically in Figure Ov.11, in
which the time for each segment is shown to scale.
Assume, for the sake of simplicity, that the sampling
algorithm samples the car’s miles-per-gallon every
minute and adds that sampled value to the running
average (it could just as easily sample every second
or millisecond). Then the algorithm will sample the
value 30 mpg 60 times during the first segment of the
trip, the value 10 mpg 20 times during the second
segment of the trip, the value 0 mpg 10 times during

the third segment of the trip, and so on. Over the trip,
the car is operating for a total of 170 minutes. Thus,
we can derive the sampling algorithm’s results as fol-
lows:

60 20 10 20 60 20 —
17030 + 17010 + 1700 + 170300 + 17030 = 57.5mpg
(EQ Ow.3)

The sampling algorithm tells us that the auto
achieved 57.5 mpg during our trip. However, a quick
reality check will demonstrate that this cannot be
correct; somewhere in our analysis we have made
an invalid assumption. What is the correct answer,
the correct approach? In Part IV of the book we will
revisit this example and provide a complete picture.
In the meantime, the reader is encouraged to figure
the answer out for him- or herself.

Ov.3.2 Power and Energy

Power has become a “first-class” design goal in
recent years within the computer architecture and
design community. Previously, low-power circuit,
chip, and system design was considered the purview
of specialized communities, but this is no longer the
case, as even high-performance chip manufacturers
can be blindsided by power dissipation problems.

Power Dissipation in Computer Systems

Power dissipation in CMOS circuits arises from two
different mechanisms: static power, which is primar-
ily leakage power and is caused by the transistor not
completely turning off, and dynamic power, which
is largely the result of switching capacitive loads
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between two different voltage states. Dynamic power
is dependent on frequency of circuit activity, since no
power is dissipated if the node values do not change,
while static power is independent of the frequency
of activity and exists whenever the chip is powered
on. When CMOS circuits were first used, one of their
main advantages was the negligible leakage current
flowing with the gate at DC or steady state. Practically
all of the power consumed by CMOS gates was due
to dynamic power consumed during the transition
of the gate. But as transistors become increasingly
smaller, the CMOS leakage current starts to become
significant and is projected to be larger than the
dynamic power, as shown in Figure Ov.12.

In charging a load capacitor C up AV volts and
discharging it to its original voltage, a gate pulls
an amount of current equal to C - AV from the Vyq
supply to charge up the capacitor and then sinks
this charge to ground discharging the node. At the
end of a charge/discharge cycle, the gate/capacitor
combination has moved C - AV of charge from Vyq
to ground, which uses an amount of energy equal to
C- AV V44 thatis independent of the cycle time. The
average dynamic power of this node, the average rate
of its energy consumption, is given by the following
equation [Chandrakasan & Brodersen 1995]:

Pynamic= C- AV Vgg- - f (EQ Ov.4)

Dividing by the charge/discharge period (i.e., mul-
tiplying by the clock frequency f) produces the rate of
energy consumption over that period. Multiplying by
the expected activity ratio o, the probability that the
node will switch (in which case it dissipates dynamic
power; otherwise, it doesnot), yields an average power
dissipation over a larger window of time for which the
activity ratio holds (e.g., this can yield average power
for an entire hour of computation, not just a nano-
second). The dynamic power for the whole chip is the
sum of this equation over all nodes in the circuit.

It is clear from EQ Ov.4 what can be done to reduce
the dynamic power dissipation of a system. We can
either reduce the capacitance being switched, the volt-
age swing, the power supply voltage, the activity ratio,
or the operating frequency. Most of these options are
available to a designer at the architecture level.

Note that, for a specific chip, the voltage swing
AVis usually proportional to Vgq4, so EQ Ov.4 is often
simplified to the following:

Paynamic = C* V2aq- o f (EQ Ov.5)

Moreover, the activity ratio o.is often approximated
as 1/2, giving the following form:

Paynamic = § - C- V2 f (EQ Ov.6)
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FIGURE 0v.12: Projections for dynamic and leakage, along with gate length. (Figure taken from Kim et al. [2004a]).
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Static leakage power is due to our inability to
completely turn off the transistor, which leaks cur-
rent in the subthreshold operating region [Taur &
Ning 1998]. The gate couples to the active channel
mainly through the gate oxide capacitance, but there
are other capacitances in a transistor that couple the
gate to a “fixed charge” (charge which cannot move)
present in the bulk and not associated with current
flow [Peckerar et al. 1979, 1982]. If these extra capaci-
tances are large (note that they increase with each
process generation as physical dimensions shrink),
then changing the gate bias merely alters the densi-
ties of the fixed charge and will not turn the channel
off. In this situation, the transistor becomes a leaky
faucet; it does not turn off no matter how hard you
turn it.

Leakage power is proportional to Vyq. It is a linear,
not a quadratic, relationship. For a particular process
technology, the per-device leakage power is given as
follows [Butts & Sohi 2000]:

Pgtatic = Ileakage ' Vzdd (EQ Ov.7)

Leakage energy is the product of leakage power
times the duration of operation.

Ttis clear from EQ Ov.7 what can be done to reduce
the leakage power dissipation of a system: reduce
leakage current and/or reduce the power supply volt-
age. Both options are available to a designer at the
architecture level.

Heat in VLSI circuits is becoming a significant and
related problem. The rate at which physical dimen-
sions such as gate length and gate oxide thickness
have been reduced is faster than for other parameters,
especially voltage, resulting in higher power densities
on the chip surface. To lower leakage power and main-
tain device operation, voltage levels are set according
tothesilicon bandgap and intrinsic built-in potentials,
in spite of the conventional scaling algorithm. Thus,
power densities are increasing exponentially for next-
generation chips. For instance, the power density of
Intel’s Pentium chip line has already surpassed that
of a hot plate with the introduction of the Pentium
Pro [Gelsinger 2001]. The problem of power and heat
dissipation now extends to the DRAM system, which

traditionally has represented low power densities and
low costs. Today, higher end DRAMs are dynamically
throttled when, due to repeated high-speed access to
the same devices, their operating temperatures sur-
pass design thresholds. The next-generation memory
system embraced by the DRAM community, the Fully
Buffered DIMM architecture, specifies a per-module
controller that, in many implementations, requires
a heatsink. This is a cost previously unthinkable in
DRAM-system design.

Disks have many components that dissipate
power, including the spindle motor driving the plat-
ters, the actuator that positions the disk heads, the
bus interface circuitry, and the microcontroller/s and
memory chips. The spindle motor dissipates the bulk
of the power, with the entire disk assembly typically
dissipating power in the tens of watts.

Schemes for Reducing Power and Energy

There are numerous mechanisms in the litera-
ture that attack the power dissipation and/or energy
consumption problem. Here, we will briefly describe
three: dynamic voltage scaling, the powering down
of unused blocks, and circuit-level approaches for
reducing leakage power.

Dynamic Voltage Scaling Recall that total energy
is the sum of switching energy and leakage energy,
which, to a first approximation, is equal to the
following:

Brot= [(Cior* V2ag @)

+ (Nyot* Ileakage' Vadl- T (EQ Ov.8)

T is the time required for the computation, and
Niot is the total number of devices leaking current.
Variations in processor utilization affect the amount
of switching activity (the activity ratio o). However,
a light worlload produces an idle processor that
wastes clock cycles and energy because the clock
signal continues propagating and the operating
voltage remains the same. Gating the clock during
idle cycles reduces the switched capacitance Ciy
during idle cycles. Reducing the frequency f during
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periods of low workload eliminates most idle cycles
altogether.

None of the approaches, however, affects C,o;V244
for the actual computation or substantially reduces
the energy lost to leakage current. Instead, reducing
the supply voltage V44 in conjunction with the fre-
quency f achieves savings in switching energy and
reduces leakage energy. For high-speed digital CMOS,
a reduction in supply voltage increases the circuit
delay as shown by the following equation [Baker et al.
1998, Baker 2005]:

_ CrVaa

Tyj=——+9% EQ Ov.9
4 UCouWIL) (Vag—Vy? ¢ )

where

* T,isthe delay or the reciprocal of the
frequency f

¢ Vyqis the supply voltage

e (Cj is the total node capacitance

¢ nisthe carrier mobility

* C,,isthe oxide capacitance

s V,is the threshold voltage

¢ WI/Lis the width-to-length ratio of the
transistors in the circuit

This can be simplified to the following form, which
gives the maximum operating frequency as a func-
tion of supply and threshold voltages:

~ (Vag~Wp?

(EQ Ov.10)
Vad

Juax

As mentioned earlier, the threshold voltage is
closely tied to the problem of leakage power, so it
cannot be arbitrarily lowered. Thus, the right-hand
side of the relation ends up being a constant pro-
portion of the operating voltage for a given process
technology. Microprocessors typically operate at
the maximum speed at which their operating volt-
age level will allow, so there is not much headroom
to arbitrarily lower Vyq by itself. However, V44 can be
lowered if the clock frequency is also lowered in the
same proportion. This mechanism is called dynamic
voltage scaling (DVS) [Pering & Broderson 1998] and

is appearing in nearly every modern microprocessor.
The technique sets the microprocessor’s frequency to
the most appropriate level for performing each task
at hand, thus avoiding hurry-up-and-wait scenarios
that consume more energy than is required for the
computation (see Figure Ov.13). As Weiser points out,

Task ready at time 0;
no other task is ready.
Task requires time T to
complete, assuming

Task’s output
is not needed

top clock frequency F. until time 2T
Power oc VF =y :
| Energy E
L L,
@) Time

Reducing the clock frequency F by half
E lowers the processor’s power dissipation
Power oc V2— and still allows task to complete by deadline.
2 | The energy consumption remains the same.

\‘_E,“e’gy,,'?__l_,

(b) Time

Reducing the voltage level V by half reduces
5 the power dissipation further, without any
V“F | corresponding increase in execution time.
Powere| Z | = .
2) 2
Energy E/4

©) Time

FIGURE Ov.13: Dynamic voitage scaling. Not every task
needs the CPU’s full computational power. In many cases, for
example, the processing of video and audio streams, the only
performance requirement is that the task meet a deadline,
see (a). Such cases create opportunities to run the CPU at
a lower performance level and achieve the same perceived
performance while consuming less energy. As (b) shows,
reducing the clock frequency of a processor reduces power
dissipation but simply spreads a computation out over time,
thereby consuming the same total energy as before. As (c)
shows,reducing the voltage level as well as the clock fre-
quency achieves the desired goal of reduced energy con-
sumption and appropriate performance level. Figure and
caption from Varma et al. {2003].
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idle time represents wasted energy, even if the CPU
is stopped [Weiser et al. 1994].

Note that it is not sufficient to merely have a chip
that supports voltage scaling. There must be a heu-
ristic, either implemented in hardware or software,
that decides when to scale the voltage and by how
much to scale it. This decision is essentially a pre-
diction of the near-future computational needs of
the system and is generally made on the basis of
the recent computing requirements of all tasks and
threads running at the time. The development of
good heuristics is a tricky problem (pointed out by
Weiser et al. [1994]). Heuristics that closely track
performance requirements save little energy, while
those that save the most energy tend to do so at the
expense of performance, resulting in poor response
time, for example.

Most research quantifies the effect that DVS has
on reducing dynamic power dissipation because
dynamic power follows Vg4 in a quadratic relation-
ship: reducing V4 can significantly reduce dynamic
power. However, lowering Vgq also reduces leak-
age power, which is becoming just as significant as
dynamic power. Though the reduction is only linear,
it is nonetheless a reduction.

Note also that even though DVS is commonly
applied to microprocessors, it is perfectly well suited
to the memory system as well. As a processor’s speed
is decreased through application of DVS, it requires
less speed out of its associated SRAM caches, whose
power supply can be scaled to keep pace. This will
reduce both the dynamic and the static power dissi-
pation of the memory circuits.

Powering-Down Unused Blocks A popular
mechanism for reducing power is simply to turn
off functional blocks that are not needed. This is
done at both the circuit level and the chip or I/0-
device level.

At the circuit level, the technique is called clock
gating. The clock signal to a functional block (e.g.,
an adder, multiplier, or predictor) passes through
a gate, and whenever a control circuit determines
that the functional block will be unused for several
cycles, the gate halts the clock signal and sends

a non-oscillating voltage level to the functional
block instead. The latches in the functional block
retain their information; do not change their out-
puts; and, because the data is held constant to the
combinational logic in the circuit, do not switch.
Therefore, it does not draw current or consume
energy.

Note that, in the naive implementation, the cir-
cuits in this instance are still powered up, so they
still dissipate static power; clock gating is a tech-
nique that only reduces dynamic power. Other
gating techniques can reduce leakage as well. For
example, in caches, unused blocks can be pow-
ered down using Gated-Vyq [Powell et al. 2000}
or Gated-ground [Powell et al. 2000] techniques.
Gated-Vyq puts the power supply of the SRAM in
a series with a transistor as shown in Figure Ov.14.
With the stacking effect introduced by this tran-
sistor, the leakage current is reduced drastically.
This technique benefits from having both low-
leakage current and a simpler fabrication process
requirement since only a single threshold voltage
is conceptually required (although, as shown in
Figure Ov.14, the gating transistor can also have a
high threshold to decrease the leakage even further
at the expense of process complexity).

At the device level, for instance in DRAM chips
or disk assemblies, the mechanism puts the device
into a low-activity, low-voltage, and/or low-fre-
quency mode such as sleep or doze or, in the case
of disks, spin-down. For example, microprocessors
can dissipate anywhere from a fraction of a watt to
over 100 W of power; when not in use, they can be
put into a low-power sleep or doze mode that con-
sumes milli-watts. The processor typically expects
an interrupt to cause it to resume normal operation,
for instance, a clock interrupt, the interrupt output
of a watchdog timer, or an external device interrupt.
DRAM chips typically consume on the order of 1 W
each; they have a low-power mode that will reduce
this by more than an order of magnitude. Disks typi-
cally dissipate power in the tens of watts, the bulk
of which is in the spindle motor. When the disk is
placed in the “spin-down” mode (i.e., it is not rotat-
ing, but it is still responding to the disk controller),
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FIGURE Ov.14: Gated-V;4 technique using a high-|; transistor to gate Vyq.
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FIGURE Ov.15: Different multi-; configurations for the 6T memory cell showmg which leakage currents are reduced for each

configuration.

the disk assembly consumes a total of a handful of
watts [Gurumurthi et al. 2003].

Leakage Power in SRAMs Low-power SRAM
techniques provide good examples of approaches
for lowering leakage power. SRAM designs targeted
for low power have begun to account for the increas-
ingly larger amount of power consumed by leakage
currents.

One conceptually simple solution is the use of
multi-threshold CMOS circuits. This involves using
process-level techniques to increase the threshold
voltage of transistors to reduce the leakage cur-
rent. Increasing this threshold serves to reduce
the gate overdrive and reduces the gate’s drive
strength, resulting in increased delay. Because
of this, the technique is mostly used on the non-
critical paths of the logic, and fast, low- V; transistors

are used for the critical paths. In this way the delay
penalty involved in using higher V; transistors can
be hidden in the non-critical paths, while reducing
the leakage currents drastically. For example, multi-
V; transistors are selectively used for memory cells
since they represent a majority of the circuit, reap-
ing the most benefit in leakage power consumption
with a minor penalty in the access time. Different
multi-V; configurations are shown in Figure Ov.15,
along with the leakage current path that each con-
figuration is designed to minimize.

Anothet technique that reduces leakage power in
SRAM s is the Drowsy technique [Kim et al. 2004a].
This is similar to gated-Vyq and gated-ground
techniques in that it uses a transistor to condition-
ally enable the power supply to a given part of the
SRAM. The difference is that this technique puts
infrequently accessed parts of the SRAM into a
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FIGURE Ov.16: A drowsy SRAM cell containing the transistors
that gate the desired power supply.

state-preserving, low-power mode. A second power
supply with a lower voltage than the regular sup-
ply provides power to memory cells in the “drowsy”
mode. Leakage power is effectively reduced because
of its dependence on the value of the power sup-
ply. An SRAM cell of a drowsy cache is shown in
Figure Ov.16.

Ov.3.3 Reliability

Like performance, reliability means many things
to many people. For example, embedded systems
are computer systems, typically small, that run dedi-
cated software and are embedded within the context
of a larger system. They are increasingly appearing in
the place of traditional electromechanical systems,
whose function they are replacing because one can
now find chip-level computer systems which can be
programmed to perform virtually any function at a
price of pennies per system. The reliability problem
stems from the fact that the embedded system is a
state machine (piece of software) executing within
the context of a relatively complex state machine
(real-time operating system) executing within the
context of an extremely complex. state machine
(microprocessor and its memory system). We are
replacingsimpleelectromechanicalsystemswithultra-
complex systems whose correct function cannot be
guaranteed. This presents an enormous problem
for the future, in which systems will only get more

complex and will be used increasingly in safety-
critical situations, where incorrect functioning can
cause great harm.

This is a very deep problem, and one that is not
likely to be solved soon. A smaller problem that we
can solve right now—one that engineers currently
do—is to increase the reliability of data within the
memory system. If a datum is stored in the memory
system, whether in a cache, in a DRAM, or on disk, it
is reasonable to expect that the next time a processor
reads that datum, the processor will get the value that
was written.

How could the datum’s value change? Solid-state
memory devices (e.g., SRAMs and DRAMs) are sus-
ceptible to both hard failures and soft errors in the
same manner that other semiconductor-based elec-
tronic devices are susceptible to both hard failures
and soft failures. Hard failures can be caused by elec-
tromigration, corrosion, thermal cycling, or electro-
static shock. In contrast to hard failures, soft errors
are failures where the physical device remains func-
tional, but random and transient electronic noises
corrupt the value of the stored information in the
memory system. Transient noise and upset comes
from a multitude of sources, including circuit noise
(e.g., crosstalk, ground bounce, etc.), ambient radia-
tion (e.g., even from sources within the computer
chassis), clock jitter, or substrate interactions with
high-energy particles. Which of these is the most
common is obviously very dependent on the operat-
ing environment.

Figure Ov.17 illustrates the last of these examples. It
pictures the interactions between high-energy alpha
particles and neutrons with the silicon lattice. The fig-
ure shows that when high-energy alpha particles pass
through silicon, the alpha particle leaves an ionized
trail, and the length of that ionized trail depends on
the energy of the alpha particle. The figure also illus-
trates that when high-energy neutrons pass through
silicon, some neutrons pass through without affect-
ing operations of the semiconductor device, but some
neutrons collide with nuclei in the silicon lattice. The
atomic collision can result in the creation of multiple
ionized trails as the secondary particles generated
in the collision scatter in the silicon lattice. In the
presence of an electric field, the ionized trails of
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FIGURE Ov.17: Generation of electron-hole pairs in silicon by alpha particles and high-energy neutrons.

TasLe Ov.4  Cross-comparison of failure rates for SRAM, DRAM, and disk
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of those devices (e.g., in the case of disks or DRAMSs, hundreds or more) will collectively see the expected failure rate: i.e.,
several hundred disks will collectively see several million device hours of operation before a single disk fails.
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electron-hole pairs behave as temporary surges in
current or as charges that can change the data values
in storage cells. In addition, charge from the ionized
trails of electron-hole pairs can impact the volt-
age level of bit lines as the value of the stored data
is resolved by the sense amplifiers. The result is that
the soft error rate (SER) of a memory-storage device
depends on a combination of factors including the
type, number, and energy distribution of the incident
particles as well as the process technology design
of the storage cells, design of the bit lines and sense

amplifiers, voltage level of the device, as well as the
design of the logic circuits that control the movement
of data in the DRAM device.

Table Ov.4 compares the failure rates for SRAM,
DRAM, and disk. SRAM device error rates have his-
torically tracked DRAM devices and did so up until
the 180-nm process generation. The combination
of reduced supply voltage and reduced critical cell
charge means that SRAM SERs have climbed dra-
matically for the 180-nm and 130-nm process gen-
erations. In a recent publication, Monolithic System
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Technology, Inc. (MoSys) claimed that for the 250-nm
process generation, SRAM SERs were reported to be
in the range of 100 failures per million device-hours
per megabit, while SERs were reported to be in the
range of 100,000 failures per megabit for the 130-nm
process generation. The generalized trend is expected
to continue to increase as the demand for low power
dissipation forces a continued reduction in supply
voltage and reduced critical charge per cell.
Solid-state memory devices (SRAMs and DRAMS)
are typically protected by error detection codes
and/or ECC. These are mechanisms wherein data
redundancy is used to detect and/or recover from
single- and even multi-bit errors. For instance, par-
ity is a simple scheme that adds a bit to a protected
word, indicating the number of even or odd bits in
the word. If the read value of the word does not match
the parity value, then the processor knows that the
read value does not equal the value that was initially
written, and an error has occurred. Error correction
is achieved by encoding a word such that a bit error
moves the resulting word some distance away from
the original word (in the Hamming-distance sense)
into an invalid encoding. The encoding space is cho-
sen such that the new, invalid word is closest in the
space to the original, valid word. Thus, the original
word can always be derived from an invalid code-
word, assuming a maximum number of bit errors.
Due to SRAM’s extreme sensitivity to soft errors,
modern processors now ship with parity and single-
bit error correction for the SRAM caches. Typically,
the tag arrays are protected by parity, whereas the
data arrays are protected by single-bit error cor-
rection. More sophisticated multi-bit ECC algo-
rithms are typically not deployed for on-chip SRAM
caches in modern processors since the addition
of sophisticated computation circuitry can add to
the die size and cause significant delay relative to
the timing demands of the on-chip caches. More-
over, caches store frequently accessed data, and in
case an uncorrectable error is detected, a proces-
sor simply has to re-fetch the data from memory.
In this sense, it can be considered unnecessary to
detect and correct multi-bit errors, but sufficient to
simply detect multi-bit errors. However, in the

physical design of modern SRAMs, often designers
will intentionally place capacitors above the SRAM
cell to improve SER.

Diskreliability is a more-researched area than data
reliability in disks, because data stored in magnetic
disks tends to be more resistant to transient errors
than data stored in solid-state memories. In other
words, whereas reliability in solid-state memories is
largely concerned with correcting soft errors, reliabil-
ity in hard disks is concerned with the fact that disks
occasionally die, taking most or all of their data with
them. Given that the disk drive performs the function
of permanent store, its reliability is paramount, and,
as Table Ov.4 shows, disks tend to last several years.
This data is corroborated by a recent study from
researchers at Google [Pinheiro et al. 2007]. The study
tracks the behavior and environmental parameters of
a fleet of over 100,000 disks for five years.

Reliability in the disk system is improved in much
the same manner as ECC: data stored in the disk sys-
tem is done so in a redundant fashion. RAID (redun-
dantarray ofinexpensive disks) is atechnique wherein
encoded data is striped across multiple disks, so that
even in the case of a disk’s total failure the data will
always be available.

Ov.3.4 Virtual Memory

Virtual memory is the mechanism by which the
operating system provides executing software access
to the memory system. In this regard, it is the primary
consumer of the memory system: its procedures, data
structures, and protocols dictate how the compo-
nents of the memory system are used by all software
that runs on the computer. It therefore behooves
the reader to know what the virtual memory system
does and how it does it. This section provides a brief
overview of the mechanics of virtual memory. More
detailed treatments of the topic can also be found
on-line in articles by the author [Jacob & Mudge
1998a—c].

In general, programs today are written to run on
no particular hardware configuration. They have
no knowledge of the underlying memory system.
Processes execute in imaginary address spaces that

Petitioners
Ex. 1070, p. 34



Chapter Overview ON MEMORY SYSTEMS AND THEIR DESIGN 35

are mapped onto the memory system (including
the DRAM system and disk system) by the operat-
ing system. Processes generate instruction fetches
and loads and stores using imaginary or “virtual”
names for their instructions and data. The ulti-
mate home for the process’s address space is non-
volatile permanent store, usually a disk drive; this
is where the process’s instructions and data come
from and where all of its permanent changes go
to. Every hardware memory structure between
the CPU and the permanent store is a cache for
the instructions and data in the process’s address
space. This includes main memory—main memory
is really nothing more than a cache for a process’s
virtual address space. A cache operates on the prin-

ciple that a small, fast storage device can hold the
most important data found on a larger, slower stor-
age device, effectively making the slower device
look fast. The large storage area in this case is the
process address space, which can range from kilo-
bytes to gigabytes or more in size. Everything in the
address space initially comes from the program file
stored on disk or is created on demand and defined
to be zero. This is illustrated in Figure Ov.18.

Address Translation

Translating addresses from virtual space to physi-
cal space is depicted in Figure Ov.19. Addresses are
mapped at the granularity of pages. Virtual memory is
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FIGURE 0v.18: Caching the process address space. In the first view, a process is shown referencing locations in its address
space. Note that all loads, stores, and fetches use virtual names for objects. The second view illustrates that a process references
locations in its address space indirectly through a hierarchy of caches. The third view shows that the address space is not a linear
object stored on some device, but is instead scattered across hard drives and dynamically allocated when necessary.
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FIGURE 0v.19: Mapping virtual pages into physical page frames.

essentially a mapping of virtual page numbers (VPN5s)
to page frame numbers (PENs). The mapping is a func-
tion, and any virtual page can have only one location.
However, the inverse map is not necessarily a function.
It is possible and sometimes advantageous to have sev-
eral virtual pages mapped to the same page frame (to
share memory between processes or threads or to allow
different views of data with different protections, for
example). This is depicted in Figure Ov.19 by mapping
two virtual pages (0x00002 and OxFFFFC) to PFN 12.

If DRAM is a cache, what is its organization? For
example, an idealized fully associative cache (one in
which any datum can reside at any location within
the cache’s data array) is pictured in Figure Ov.20.
A data tag is fed into the cache. The first stage com-
pares the input tag to the tag of every piece of data
in the cache. The matching tag points to the data’s

location in the cache. However, DRAM is not physi-
cally built like a cache. For example, it has no inher-
ent concept of a tags array: one merely tells memory
what data location one wishes to read or write, and
the datum at that location is read out or overwritten.
There is no attempt to match the address against a
tag to verify the contents of the data location. How-
ever, if main memory is to be an effective cache for
the virtual address space, the tags mechanism must
be implemented somewhere. There is clearly a myr-
iad of possibilities, from special DRAM designs that
include a hardware tag feature to software algorithms
that make several memory references to look up one
datum. Traditional virtual memory has the tags array
implemented in software, and this software structure -
often holds more entries than there are entries in the
data array (i.e., pages in main memory). The software
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structure is called a page table; it is a database of
mapping information. '

The page table performs the function of the tags
array depicted in Figure Ov.20. For any given memory
reference, it indicates where in main memory (corre-
sponding to “data array” in the figure) that page can
be found. There are many different possible organi-
zations for page tables, most of which require only a
few memory references to find the appropriate tag
entry. However, requiring more than one memory
reference for a page table lookup can be very costly,
and so access to the page table is sped up by cach-
ing its entries in a special cache called the transia-
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tion lookaside buffer (TLB) [Lee 1960], a hardware
structure that typically has far fewer entries than
there are pages in main memory. The TLB is a hard-
ware cache which is usually implemented as a con-
tent addressable memory (CAM), also called a fully
associative cache.

The TLB takes as input a VPN, possibly extended
by an address-space identifier, and returns the cor-
responding PFN and protection information. This is
illustrated in Figure Ov.21. The address-space identi-
fier, if used, extends the virtual address to distinguish it
from similar virtual addresses produced by other pro-
cesses. For aload or store to complete successfully, the

Data Array

- Data
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Data Array
dataslot7

data slot 6
data slot 5
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data slot 3 ,
data slot 2 i
datasiott - -
" datasloto

Data
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FIGURE Ov.20: An idealized cache lookup. A cache is comprised of two parts: the tag’s array and the data array. in the example
organization, the tags act as a database. They accept as input a key (an address) and output either the location of the item in the

data array or an indication that the item is not in the data array.
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FIGURE Ov.21: Virtual-to-physical address translation using a TLB.
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TLB must contain the mapping information for that
virtual location. If it does not, a TLB miss occurs, and
the system® must search the page table for the appro-
priate entry and place it into the TLB. If the system fails
to find the mapping information in the page table, or
if it finds the mapping but it indicates that the desired
page is on disk, a page fault occurs. A page fault inter-
rupts the OS, which must then retrieve the page from
disk and place it into memory, create a new page if the
page does not yet exist (as when a process allocates a
new stack frame in virgin territory), or send the pro-
cess an error signal if the access is to illegal space.

Shared Memory

Shared memory is a feature supported by vir-
tual memory that causes many problems and gives
rise to cache-management issues. It is a mecha-
nism whereby two address spaces that are normally

: Process A

Process B

Process C

protected from each other are allowed to intersect at
points, still retaining protection over the non-inter-
secting regions. Several processes sharing portions
of their address spaces are pictured in Figure Ov.22,
The shared memory mechanism only opens up a
pre-defined portion of a process’s address space; the
rest of the address space is still protected, and even
the shared portion is only unprotected for those pro-
cesses sharing the memory. For instance, in Figure
Ov.22, the region of A's address space that is shared
with process B is unprotected from whatever actions
B might want to take, but it is safe from the actions
of any other processes. It is therefore useful as a sim-
ple, secure means for inter-process communication.
Shared memory also reduces requirements for physi-
cal memory, as when the text regions of processes are
shared whenever multiple instances of a single pro-
gram are run or when multiple instances of a com-
mon library are used in different programs.

Process D

FIGURE Ov.22: Shared memory. Shared memory allows processes to overlap portions of their address space while retaining
protection for the nonintersecting regions. This is a simple and effective method for inter-process communication. Pictured are
four process address spaces that have overlapped. The darker regions are shared by more than one process, while the lightest

regions are still protected from other processes.

9In the discussions, we will use the generic term “system” when the acting agent is implementation-dependent and can
refer to either a hardware state machine or the operating system. For example, in some implementations, the page table
search immediately following a TLB miss is performed by the operating system (MIPS, Alpha); in other implementations, it

is performed by the hardware (PowerPC, x86).
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The mechanism works by ensuring that shared
pages map to the same physical page. This can be
done by simply placing the same PEN in the page
tables of two processes sharing a page. An example is
shown in Figure Ov.23. Here, two very small address
spaces are shown overlapping at several places, and
one address space overlaps with itself; two of its vir-
tual pages map to the same physical page. This is
not just a contrived example. Many operating sys-
tems allow this, and it is useful, for example, in the
implementation of user-level threads.

Process A’s Address Space
pre ! -
L 2R SN
\\
A's Page Table: )
/S A

| i

Physical Memory

Some Commercial Examp|es

A few examples of what has been done in industry
can help to illustrate some of the issues involved.

MIPS Page Table Design MIPS [Heinrich 1995,
Kane & Heinrich 1992] eliminated the page table-
walking hardware found in traditional memory man-
agement units and, in doing so, demonstrated that
software can table-walk with reasonable efficiency. It
also presented a simple hierarchical page table design,
shown in Figure Ov.24. On a TLB miss, the VPN of the

Process B's Address Space

B's F'agé Table: :

[Eeise

FIGURE Ov.23: An exampie of shared memory. Two process address spaces—one comprised of six virtual pages and the other
of seven virtual pages—are shown sharing several pages. Their page tables maintain information on where virtual pages are
located in physical memory. The darkened pages are mapped to several locations; note that the darkest page is mapped at two
locations in the same address space.
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Mapped Virtual Memory
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FIGURE Ov.24: The MIPS 32-bit hierarchical page table. MIPS hardware provides support for a 2-MB linear virtual page table that
maps the 2-GB user address space by constructing a virtual address from a faulting virtual address that indexes the mapping PTE
(page-table entry) in the user page table. This 2-MB page table can easily be mapped by a 2-KB user root page table.
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address that missed the TLB is used as an index into
the user page table, which is accessed using a virtual
address. The architecture provides hardware support
for this activity, storing the virtual address of the base
of the user-level page table in a hardware register
and forming the concatenation of the base address
with the VPN. This is illustrated in Figure Ov.25. On
a TLB miss, the hardware creates a virtual address
for the mapping PTE in the user page table, which
must be aligned on a 2-MB virtual boundary for the
hardware’s lookup address to work. The base pointer,
called PTEBase, is stored in a hardware register and is
usually changed on context switch.

PowerPC Segmented Translation The IBM 801
introduced a segmented design that persisted through
the POWER and PowerPC architectures [Chang
& Mergen 1988, IBM & Motorola 1993, May et al. 1994,
Weiss & Smith 1994]. It is illustrated in Figure Ov.26.
Applications generate 32-bit “effective” addresses that
are mapped onto a larger “virtual” address space at the
granularity of segments, 256-MB virtual regions. Sixteen
segments comprise an application’s address space. The
top four bits of the effective address select a segment
identifier from a set of 16 registers. This segment ID
is concatenated with the bottom 28 bits of the effec-
tive address to form an extended virtual address. This
extended address is used in the TLB and page table.
The operating system performs data movement and
relocation at the granularity of pages, not segments.

The architecture does not use explicit address-
space identifiers; the segment registers ensure
address space protection. If two processes duplicate
an identifier in their segment registers, they share
that virtual segment by definition. Similarly, protec-
tion is guaranteed if identifiers are not duplicated. If
memory is shared through global addresses, the TLB
and cache need not be flushed on context switch!®
because the system behaves like a single address
space operating system. For more details, see Chapter
31, Section 31.1.7, Perspective: Segmented Addressing
Solves the Synonym Problem.

Faulting Virtual Address ! Virtual Page Number ' Page Offset
Virtual address for PTE v
TLB Context: | PTEBase Virtual Page Number ]

LOAD
Page Table Entry
Page Frame Number . Status Bits
ASEE T S
\
Inserted into TLB, along with Virtual Page Number

FIGURE 0v.25: The use of the MIPS TLB context register. The
VPN of the faulting virtual address is placed into the context
register, creating the virtual address of the mapping PTE. This
PTE goes directly into the TLB.

32-bit Effective Address

Segno, Segment Offset  Page Offset’
Sggment Registers ‘
52-bit
Virtual !
Address v v
Segment ID Segment Offset ' Page Offset
Virtual Page Number
i i
| .
TLBand ; Cache -
Page Table

X
TAG COMPARE ~

! DATA

FIGURE 0v.26: PowerPC segmented address translation. Pro-
cesses generate 32-bit effective addresses that are mapped
onto a 52-bit address space via 16 segment registers, using the
top 4 bits of the effective address as an index. it is this extended
virtual address that is mapped by the TLB and page table. The
segments provide address space protection and can be used for
shared memory.

10Fushing is avoided until the system runs out of identifiers and must reuse them. For example, the address-space identi-
fiers on the MIPS R3000 and Alpha 21064 are six bits wide, with a maximum of 64 active processes [Digital 1994, Kane &
Heinrich 1992]. If more processes are desired, identifiers must be constantly reassigned, requiring TLB and virtual-cache

flushes.
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Ov.4 An Example Holistic Analysis

Disk I/0 accounts for a substantial fraction of an
application’s execution time and power dissipation.
AnewDRAM technology called Fully Buffered DIMM
(FB-DIMM) has been in development in the industry
[Vogt 2004a, b, Haas &Vogt 2005), and, though it provides
storage scalability significantly beyond the current
DDRx architecture, FB-DIMM has met with some resis-
tance due to its high power dissipation. Our modeling
results show that the energy consumed in a moderate-
size FB-DIMM system is indeed quite large, and it can
easily approach the energy consumed by a disk.

This analysis looks at a trade-off between storage in
the DRAM system and in the disk system, focusing on
the disk-side write buffer; if configured and managed
correctly, the write buffer enables a system to approach
the performance of a large DRAM installation at half
the energy. Disk-side caches and write buffers have
been proposed and studied, but their effect upon total
system behavior has not been studied. We present
the impact on total system execution time, CPI, and
memory-system power, including the effects of the
operating system. Using a full-system, execution-
based simulator that combines Bochs, Wattch, CACTI,
DRAMsim, and DiskSim and boots the RedHat Linux
6.0 kernel, we have investigated the memory-system
behavior of the SPEC CPU2000 applications. We study
the disk-side cache in both single-disk and RAID-5
organizations. Cache parameters include size, orga-
nization, whether the cache supports write caching
or not, and whether it prefetches read blocks or not.
Our results are given in terms of L1/L2 cache accesses,
power dissipation, and energy consumption; DRAM-
system accesses, power dissipation, and energy con-
sumption; disk-system accesses, power dissipation,
and energy consumption; and execution time of the
application plus operating system, in seconds. The
results are not from sampling, but rather from a simu-
lator that calculates these values on a cycle-by-cycle
basis over the entire execution of the application.

Ov.41 Fully-Buffered DIMM vs. the Disk Cache

It is common knowledge that disk I/0 is expen-
sive in both power dissipated and time spent wait-
ing on it. What is less well known is the system-wide

breakdown of disk power versus cache power versus
DRAM power, especially in light of the newest DRAM
architecture adopted by industry, the FB-DIMM. This
new DRAM standard replaces the conventional mem-
ory bus with a narrow, high-speed interface between
the memory controller and the DIMMs. It has been
shown to provide performance similar to that of
DDRx systems, and thus, it represents a relatively low-
overhead mechanism (in terms of execution time) for
scaling DRAM-system capacity. FB-DIMM’s latency
degradation is not severe. It provides a noticeable
bandwidth improvement, and it is relatively insensi-
tive to scheduling policies [Ganesh et al. 2007].

FB-DIMM was designed to solve the problem of
storage scalability in the DRAM system, and it pro-
vides scalability well beyond the current JEDEC-style
DDRx architecture, which supports at most two to
four DIMMs in a fully populated dual-channel sys-
tem (DDR2 supports up to two DIMMs per channel;
proposals for DDR3 include limiting a channel to a
single DIMM). The daisy-chained architecture of
FB-DIMM supports up to eight DIMMs per channel,
and its narrow bus requires roughly one-third the
pins of a DDRx SDRAM system. Thus, an FB-DIMM
system supports an order of magnitude more DIMMSs
than DDRx. This scalability comes at a cost, however.
The DIMM itself dissipates almost an order of mag-
nitude more power than a traditional DDRx DIMM.
Couple this with an order-of-magnitude increase in
DIMMs per system, and one faces a serious problem.

To give an idea of the problem, Figure Ov.27 shows
the simulation results of an entire execution of the
gzip benchmark from SPEC CPU2000 on a complete-
system simulator. The memory system is only mod-
erate in size: one channel and four DIMMs, totalling
a half-gigabyte. The graphs demonstrate numerous
important issues, but in this book we are concerned
with two items in particular:

* Program initialization is lengthy and repre-
sents a significant portion of an application’s
run time. As the CPI graph shows, the first
two-thirds of execution time are spent deal-
ing with the disk, and the corresponding CPI
(both average and instantaneous) ranges
from the 100s to the 1000s. After this initial-
ization phase, the application settles into a
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Cache Accesses (per 10 ms) and System CP|
gzip — 512MB

time(s)

Cache Power (per |0 ms) and Cumulative Energy
gzip — 512MB

time(s)

DRAM & Disk Power/Cumulative Energy/Access Numbers
gzip —512MB

FIGURE 0v.27: Full execution of Gzip. The figure shows the entire run of gzip. System configuration is a 2-GHz Pentium proces-
sor with 512 MB of DDR2-533 FB-DIMM main memory and a 12k-RPM disk drive with built-in disk cache. The figure shows the
interaction between all components of the memory system, including the L1 instruction and data caches, the unified L2 cache, the
DRAM system, and the disk drive. All graphs use the same x-axis, which represents execution time in seconds. The x-axis does not
start at zero; the measurements exclude system boot time, invocation of the shell, etc. Each data point represents aggregated (not
sampled) activity within a 10-ms epoch. The CPI graph shows two system CPI values: one is the average CPI for each 10-ms epoch,
and the other is the cumulative average CPI. A duration with no CPI data point indicates that no instructions were executed due to
I/0 latency. During such a window the CPI is essentially infinite, and thus, it is possible for the cumulative average to range higher
than the displayed instantaneous CPI. Note that the GPI, the DRAM accesses, and the disk accesses are plotted on log scales.
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more compute-intensive phase in which the
CPI asymptotes down to the theoretical sus-
tainable performance, the single-digit values
that architecture research typically reports.

* By the end of execution, the total energy
consumed in the FB-DIMM DRAM system
(a half a kilojoule) almost equals that of
the energy consumed by the disk, and
it is twice that of the L1 data cache, L1
instruction cache, and unified L2 cache
combined.

Currently, there is substantial work happening
in both industry and academia to address the lat-
ter issue, with much of the work focusing on access
scheduling, architecture improvements, and data
migration. To complement this work, we look at
a wide range of organizational approaches, ie.,
attacking the problem from a parameter point of
view rather than a system-redesign, component-
redesign, or new-proposed-mechanism point of
view, and find significant synergy between the disk
cache and the memory system. Choices in the disk-
side cache affect both system-level performance and
system-level (in particular, DRAM-subsystem-level)
energy consumption. Though disk-side caches have
been proposed and studied, their effect upon the total
system behavior, namely execution time or CPI or
total memory-system power including the effects of
the operating system, is as yet unreported. For exam-
ple, Zhu and Hu [2002] evaluate disk built-in cache
using both real and synthetic workloads and report
the results in terms of average response time. Smith
[1985a and b] evaluates a disk cache mechanism
with real traces collected in real IBM mainframes
on a disk cache simulator and reports the results in
terms of miss rate. Huh and Chang [2003] evaluate
their RAID controller cache organization with a syn-
thetic trace. Varma and Jacobson [1998] and Solworth
and Orji [1990] evaluate destaging algorithms and
write caches, respectively, with synthetic workloads.
This study represents the first time that the effects of
the disk-side cache can be viewed at a system level
(considering both application and operating-system
effects) and compared directly to all the other com-
ponents of the memory system.

We use a full-system, execution-based simulator
combining Bochs [Bochs 2006], Wattch [Brooks et al.
2000], CACTI [Wilton & Jouppi 1994], DRAMsim [Wang
et al. 2005, September], and DiskSim [Ganger et al.
2006]. It boots the RedHat Linux 6.0 kernel and there-
fore can capture all application behavior, and all operat-
ing-system behavior, including I/0 activity, disk-block
buffering, system-call overhead, and virtual memory
overhead such as translation, table walking, and page
swapping. We investigate the disk-side cache in both
single-disk and RAID-5 organizations. Cache parame-
ters include size, organization, whether the cache sup-
ports write caching or not, and whether it prefetches
read blocks or not. Additional parameters include disk
rotational speed and DRAM-system capacity.

We find a complex trade-off between the disk
cache, the DRAM system, and disk parameters like
rotational speed. The disk cache, particularly its
write-buffering feature, represents a very powerful
tool enabling significant savings in both energy and
execution time. This is important because, though the
cache’s support for write buffering is often enabled in
desktop operating systems (e.g., Windows and some
but not all flavors of Unix/Linux [Ng 2006)), it is typi-
cally disabled in enterprise computing applications
[Ng 2006], and these are the applications most likely
to use FB-DIMMs [Haas & Vogt 2005]. We find sub-
stantial improvement between existing implemen-
tations and an ideal write buffer (i.e., this is a limit
study). In particular, the disk cache’s write-buffering
ability can offset the total energy consumption of
the memory system (including caches, DRAMs, and
disks) by nearly a factor of two, while sacrificing a
small amount of performance.

Ov.4.2 Fully Buffered DIMM: Basics

The relation between a traditional organiza-
tion and a FB-DIMM organization is shown in Fig-
ure Ov.28, which motivates the design in terms of a
graphics-card organization. The first two drawings
show a multi-drop DRAM bus next to a DRAM bus
organization typical of graphics cards, which use
point-to-point soldered connections between the
DRAM and memory controller to achieve higher
speeds. This arrangement is used in FB-DIMM.
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FIGURE 0v.28: FB-DIMM and its motivation. The first two pictures compare the memory organizations of a JEDEC SDRAM system
and a graphics card. Above each design is its side-profile, indicating potential impedance mismatches (sources of reflections). The
organization on the far right shows how the FB-DIMM takes the graphics-card organization as its de facto DIMM. In the FB-DIMM
organization, there are no multi-drop busses; DIMM-to-DIMM connections are point to point. The memory controller is connected
to the nearest AMB via two unidirectional links. The AMB is, in turn, connected 1o its southern neighbor via the same two links.

A slave memory controller has been added onto each
DIMM, and all connections in the system are point
to point. A narrow, high-speed channel connects the
master memory controller to the DIMM-level mem-
ory controllers (called Advanced Memory Buffers ox
AMBs). Since each DIMM-to-DIMM connection is
a point-to-point connection, a channel becomes a
de facto multi-hop store and forward network. The
FB-DIMM architecture limits the channel length to
eight DIMMs, and the narrower inter-module bus
requires roughly one-third as many pins as a tradi-
tional organization. As a result, an FB-DIMM orga-
nization can handle roughly 24 times the storage
capacity of a single-DIMM DDR3-based system,
without sacrificing any bandwidth and even leaving
headroom for increased intra-module bandwidth.
The AMB acts like a pass-through switch, directly
forwarding the requests it receives from the controller

to successive DIMMs and forwarding frames from
southerly DIMMs to northerly DIMMs or the mem-
ory controller. All frames are processed to determine
whether the data and commands are for the local
DIMM. The FB-DIMM system uses a serial packet-
based protocol to communicate between the memory
controller and the DIMMs. Frames may contain data
and/or commands. Commands include DRAM com-
mands such as row activate (RAS), column read (CAS),
refresh (REF) and so on, as well as channel commands
such as write to configuration registers, synchroniza-
tion commands, etc. Frame scheduling is performed
exclusively by the memory controller. The AMB only
converts the serial protocol to DDRx-based commands
without implementing any scheduling functionality.
The AMB is connected to the memory control-
ler and/or adjacent DIMMSs via unidirectional links:
the southbound channel which transmits both data
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and commands and the northbound channel which
transmits data and status information. The south-
bound and northbound datapaths are 10 bits and
14 bits wide, respectively. The FB-DIMM channel
clock operates at six times the speed of the DIMM
clock; i.e., the link speed is 4 Gbps for a 667-Mbps
DDRx system. Frames on the north- and southbound
channel require 12 transfers (6 FB-DIMM channel
clock cycles) for transmission. This 6:1 ratio ensures
that the FB-DIMM frame rate matches the DRAM
command clock rate.

Southbound frames comprise both data and
commands and are 120 bits long; northbound
frames are data only and are 168 bits long. In addi-
tion to the data and command information, the
frames also carry header information and a frame
CRC (cyclic redundancy check) checksum-that is
used to check for transmission errors. A north-
bound read-data frame transports 18 bytes of data
in 6 FB-DIMM clocks or 1 DIMM clock. A DDRx sys-
tem can burst back the same amount of data to the
memory controller in two successive beats lasting
an entire DRAM clock cycle. Thus, the read band-

FB-DIMM
clock

Southbound
Bus

width of an FB-DIMM system is the same as that of
a single channel of a DDRx system. Due to the nar-
rower southbound channel, the write bandwidth
in FB-DIMM systems is one-half that available in a
DDRx system. However, this makes the fotal band-
width available in an FB-DIMM system 1.5 times
that of a DDRx system.

Figure Ov.29 shows the processing of a read trans-
action in an FB-DIMM system. Initially, a command
frame is used to transmit a command that will per-
form row activation. The AMB translates the request
and relays it to the DIMM. The memory controller
schedules the CAS command in a following frame.
The AMB relays the CAS command to the DRAM
devices which burst the data back to the AMB. The
AMB bundles two consecutive bursts of data into
a single northbound frame and transmits it to the
memory controller. In this example, we assume a
burst length of four corresponding to two FB-DIMM
data frames. Note that although the figures do not
identify paramefers like t_CAS, t RCD, and t CWD,
the memory controller must ensure that these con-
straints are met.

DIiMM
clock

DIMM

Command
Bus

DIMM
Data Bus

Northbound
Bus

FIGURE Ov.29: Read transaction in an FB-DIMM system. The figure shows how a read transaction is performed in an FB-DIMM
system. The FB-DIMM serial busses are clocked at six times the DIMM busses. Each FB-DIMM frame on the southbound bus takes
six FB-DIMM clock periods to transmit. On the northbound bus a frame comprises two DDRx data bursts. ‘
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The primary dissipater of power in an FB-DIMM
channel is the AMB, and its power depends on its
position within the channel. The AMB nearest to
the memory controller must handle its own traffic
and repeat all packets to and from all downstream
AMBs, and this dissipates the most power. The AMB
in DDR2-533 FB-DIMM dissipates 6 W, and it is cur-
rently 10 W for 800 Mbps DDR2 [Staktek 2006]. Even
if one averages out the activity on the AMB in a long
channel, the eight AMBs in a single 800-Mbps chan-
nel can easily dissipate 50 W. Note that this number
is for the AMBs only; it does not include power dis-
sipated by the DRAM devices.

Ov.4.3 Disk Cachzs: Basics

Today’s disk drives all come with a built-in cache
as part of the drive controller electronics, ranging in
size from 512 KB for the micro-drive to 16 MB for the
largest server drives. Figure Ov.30 shows the cache
and its place within a system. The earliest drives
had no cache memory, as they had little control
electronics. As the control of data transfer migrated

from the host-side control logic to the drive’s own
controller, a small amount of memory was needed
to act as a speed-matching buffer, because the disk’s
media data rate is different from that of the inter-
face. Buffering is also needed because when the
head is at a position ready to do data transfer, the
host or the interface may be busy and not ready to
receive read data. DRAM is usually used as this buf-
fer memory.

In a system, the host typically has some memory
dedicated for caching disk data, and if a drive is
attached to the host via some external controller, that
controller also typically has a cache. Both the system
cache and the external cache are much larger than
the disk drive’s internal cache. Hence, for most work-
loads, the drive’s cache is not likely to see too many
reuse cache hits. However, the disk-side cache is very
effective in opportunistically prefetching data, as
only the controller inside the drive knows the state
the drive is in and when and how it can prefetch
without adding any cost in time. Finally, the drive
needs cache memory if it is to support write cach-
ing/buffering.

Applications Web :
Server se etc.
Operating system Kernel Buhf;lfgg &aeché | | — Buffer cache

Disk cache

/ PR

Hardware

. DRAMJ ‘(a) ’

FIGURE Ov.30: Buffer caches and disk caches. Disk blocks are cached in several places, including (a) the operating system’s
buffer cache in main memory and (b), on the disk, in another DRAM buffer, called a disk cache.
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* With write caching, the drive controller services a
write request by transferring the write data from the
host to the drive’s cache memory and then reports
back to the host that the write is “done,” even
though the data has not yet been written to the disk
media (data not yet written out to disk is referred to
as dirty). Thus, the service time for a cached write is
about the same as that for a read cache hit, involving
only some drive controller overhead and electronic
data transfer time but no mechanical time. Clearly,
write caching does not need to depend on having
the right content in the cache memory for it to work,
unlike read caching. Write caching will always work,
i.e., a write command will always be a cache hit, as
long as there is available space in the cache mem-
ory. When the cache becomes full, some or all of the
dirty data are written out to the disk media to free
up space. This process is commonly referred to as
destage.

Ideally, destage should be done while the drive
is idle so that it does not affect the servicing of read
requests. However, this may not be always possible.
The drive may be operating in a high-usage system
with little idle time ever, or the writes often arrive in
bursts which quickly fill up the limited memory space
of the cache. When destage must take place while the
drive is busy, such activity adds to the load of drive
at that time, and a user will notice a longer response
time for his requests. Instead of providing the full
benefit of cache hits, write caching in this case merely
delays the disk writes. '

Zhu and Hu [2002] have suggested that large
disk built-in caches will not significantly benefit
the overall system performance because all mod-
ern operating systems already use large file system
caches to cache reads and writes. As suggested by
Przybylski [1990], the reference stream missing a
first-level cache and being handled by a second-
level cache tends to exhibit relatively low locality. In
a real system, the reference stréam to the disk sys-
tem has missed the operating system’s buffer cache,
and the locality in the stream tends to be low. Thus,
our simulation captures all of this activity. In our
experiments, we investigate the disk cache, includ-
ing the full effects of the operating system’s file-sys-
tem caching.

Ov.4.4 Experimental Results

Figure Ov.27 showed the execution of the GZIP
benchmark with a moderate-sized FB-DIMM DRAM
system: halfa gigabyte of storage. At512 MB, thereisno
page swapping for this application. When the storage
size is cut in half to 256 MB, page swapping begins but
does not affect the execution time significatly. When
the storage size is cut to one-quarter of its original size
(128 MB), the page swapping is significant enough
to slow the application down by an order of magni-
tude. This represents the hard type of decision that a
memory-systems designer would have to face: if one
can reduce power dissipation by cutting the amount
of storage and feel negligible impact on performance,
then one has too much storage to begin with.

Figure Ov.31 shows the behavior of the system
when storage is cut to 128 MB. Note that all aspects
of system behavior have degraded; execution time
is longer, and the system consumes more energy.
Though the DRAM system’s energy has decreased
from 440 J to just under 410 J, the execution time has
increased from 67 to 170 seconds, the total cache
energy hasincreased from 275 to 450, the disk energy
has increased from 540 to 1635 J, and the total energy
has doubled from 1260 to 2515 J. This is the result of
swapping activity—not enough to bring the system to
its knees, but enough to be relatively painful.

We noticed that there exists in the disk subsystem
the same sort of activity observed in a microproces-
sor’s load/store queue: reads are often stalled waiting
for writes to finish, despite the fact that the disk has
a 4-MB read/write cache on board. The disk’s cache
is typically organized to prioritize prefetch activity
over write activity because this tends to give the best
performance results and because the write buffering
is often disabled by the operating system. The solu-
tion to the write-stall problem in microprocessors
has been to use write buffers; we therefore modified
DiskSim to implement an ideal write buffer on the
disk side that would not interfere with the disk cache.
Figure Ov.32 indicates that the size of the cache seems
to make little difference to the behavior of the system.
The important thing is that a cache is present. Thus,
we should not expect read performance to suddenly
increase as a result of moving writes into a separate
write buffer.
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Cache Accesses (per 10 ms) and System CPI
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FIGURE 0v.31: Full execution of GZIP, 128 MB DRAM. The figure shows the entire run of GZIP. System configuration is a 2 GHz
Pentium processor with 128 MB of FB-DIMM main memory and a 12 K-RPM disk drive with built-in disk cache. The figure shows
the interaction between all components of the memory system, including the L1 instruction cache, the L1 data cache, the unified
L2 cache, the DRAM system, and the disk drive. All graphs use the same x-axis, which represents the execution time in seconds.
The x-axis does not start at zero; the measurements exclude system boot time, invocation of the shell, etc. Each data point repre-
sents aggregated (not sampled) activity within a 10-ms epoch. The CPI graph shows 2 system CPI values: one is the average CPI
for each 10-ms epoch, the other is the cumulative average CPI. A duration with no CPI data point indicates that no instructions
were executed due to 1/0 latency. The application is run in single-user mode, as is common for SPEC measurements; therefore,
disk delay shows up as stall time. Note that the CPl, the DRAM accesses, and the Disk accesses are plotted on log scales.
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FIGURE 0v.32: The effects of disk cache size by varying the number of segments. The figure shows the effects of a different
number of segments with the same segment size in the disk cache. The system configuration is 128 MB of DDR SDRAM with a
12k-RPM disk. There are five bars for each benchmark, which are (1) no cache, (2) 1 segment of 512 sectors each, (3) 2 segments
of 512 sectors each, (4) 16 segment of 512 sectors each, and (5) 24 segment of 512 sectors each. Note that the CPI values are for
the disk-intensive portion of application execution, not the CPU-intensive portion of application execution (which could otherwise

blur distinctions).

Figure Ov.33 shows the behavior of the system with
128 MB and an ideal write buffer. As mentioned, the
performance increase and energy decrease is due to
the writes being buffered, allowing read requests to
progress. Execution time is 75 seconds (compared
to 67 seconds for a 512 MB system); and total energy
is 1100 J (compared to 1260 J for a 512-MB system).
For comparison, to show the effect of faster read and
write throughput, Figure Ov.34 shows the behavior of
the system with 128 MB and an 8-disk RAID-5 system.
Execution time is 115 seconds, and energy consump-
tion is 8.5 KJ. This achieves part of the performance
effect as write buffering by improving write time,
thereby freeing up read bandwidth sooner. However,
the benefit comes at a significant cost in energy.

Table Ov.5 gives breakdowns for gzip in tabu-
lar form, and the graphs beneath the table give the
breakdowns for gzip, bzip2, and ammp in graphical
form and for a wider range of parameters (different
disk RPMs). The applications all demonstrate the
same trends: to cut down the energy of a 512-MB
system by reducing the memory to 128 MB which

causes both the performance and the energy to get
worse. Performance degrades by a factor of 5-10;
energy increases by 1.5X to 10X. Ideal write buffer-
ing can give the best of both worlds (performance of
a large memory system and energy consumption of
a small memory system), and its benefit is indepen-
dent of the disk’s RPM. Using a RAID system does
not gain significant performance improvement, but
it consumes energy proportionally to the number
of disks. Note, however, that this is a uniprocessor
model running in single-user mode, so RAID is not
expected to shine.

Figure Ov.35 shows the effects of disk caching
and prefetching on both single-disk and RAID sys-
tems. In RAID systems, disk caching has only mar-
ginal effects to both the CPI and the disk average
response time. However, disk caching with prefetch-
ing has significant benefits. In a slow disk system (i.e.,
5400 RPM), RAID has more tangible benefits over a
non-RAID system. Nevertheless, the combination of
using RAID, disk cache, and fast disks can improve
the overall performance up to a factor of 10. For the
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FIGURE 0v.33: Full execution of GZIP, 128 MB DRAM and ideal write buffer. The figure shows the entire run of GZIP. System
configuration is a 2 GHz Pentium processor with 128 MB of FB-DIMM main memory and a 12 K-RPM disk drive with built-in disk
cache. The figure shows the interaction between all components of the memory system, including the L1 instruction cache, the
L1 data cache, the unified L2 cache, the DRAM system, and the disk drive. All graphs use the same x-axis, which represents
the execution time in seconds. The x-axis does not start at zero; the measurements exclude system boot time, invocation of
the shell, etc. Each data point represents aggregated (not sampled) activity within a 10-ms epoch. The CPI graph shows two
system CPI values: one is the average CPI for each 10-ms epoch, the other is the cumulative average CPl. A duration with no
CPI data point indicates that no instructions were executed due to I/0 latency. The application is run in single-user mode, as is

common for SPEC measurements; therefore, disk delay shows up as stall time. Note that the CPl, the DRAM accesses, and the
Disk accesses are plotted on log scales.
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FIGURE 0v.34: Full execution of GZIP, 128 MB DRAM and RAID-5 disk system. The figure shows the entire run of GZIP. System
configuration is a 2 GHz Pentium processor with 128 MB of FB-DIMM main memory and a RAID-5 system of eight 12-K-RPM disk
drives with built-in disk cache. The figure shows the interaction between all components of the memory system, including the L1
instruction cache, the L1 data cache, the unified L2 cache, the DRAM system, and the disk drive. All graphs use the same x-axis,
which represents the execution time in seconds. The x-axis does not start at zero; the measurements exclude sysiem boot time,
invocation of the shell, etc. Each data point represents aggregated (not sampled) activity within a 10-ms epoch. The GPI graph
shows two system CPI values: one is the average CPl for each 10-ms epoch, the other is the cumulative average CPl. A duration
with no CPI data point indicates that no instructions were executed due to I/0 latency. The application is run in single-user mode,

as is common for SPEC measurements; therefore, disk delay shows up as stall time. Note that the CPl, the DRAM accesses, and
the Disk accesses are plotted on log scales.
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average response time, even though the write
response time in a RAID system is much higher than
the write response time in a single-disk system, this
trend does not translate directly into the overall per-
formance. The write response time in a RAID system
is higher due to parity calculations, especially the
benchmarks with small writes. Despite the improve-
ment in performance, care must be taken in applying
RAID because RAID increases the energy proportion-
ally to the number of the disks.

Perhaps the most interesting resultin Figure Ov.35is
that the CPI values (top graph) track the disk’s average
read response time (bottom graph) and not the disk’s
average response time (which includes both reads and
writes, also bottom graph). This observation holds true
forbothread-dominated applications and applications
with significant write activity (as are gzip and bzip2).
The reason this is interesting is that the disk commu-
nity tends to report performance numbers in terms of
average response time and not average read response
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time, presumably believing the former to be a better
indicator of system-level performance than the latter.
Our results suggest that the disk community would
be better served by continuing to model the effects of
write traffic (as it affects read latency) by reporting per-
formance as the average read response time.

Ov.4.5 Conclusions

We find that the disk cache can be an effective tool
for improving performance at the system level. There
is a significant interplay between the DRAM system
and the disk’s ability to buffer writes and prefetch
reads. An ideal write buffer homed within the disk has
the potential to move write traffic out of the way and
begin working on read requests far sooner, with the
result that a system can be made to perform nearly
as well as one with four times the amount of main
memory, but with roughly half the energy consump-
tion of the configuration with more main memory.
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FIGURE Ov.35: The effects of disk prefetching. The experiment tries to identify the effects of prefetching and caching in the disk
cache. The configuration is 112 MB of DDR SDRAM running hzip2. The three hars in each group represent a single-disk system,
4-disk RAID-5 system, and 8-disk RAID-5 system. The figure above shows the CPI of each configuration, and the figure below
shows the average response time of the disk requests. Note that the CPI axis is in linear scale, but the disk average response time
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This is extremely important, because FB-DIMM
systems are likely to have significant power-dissipa-
tion problems, and because of this they will run at
the cutting edge of the storage-performance trade-
off. Administrators will configure these systems to
use the least amount of storage available to achieve
the desired performance, and thus a simple reduc-
tion in FB-DIMM storage will result in an unaccept-
able hit to performance. We have shown that an ideal
write buffer in the disk system will solve this problem,
transparently to the operating system.

Ov.5 What to Expect

What are the more important architecture-level
issues in store for these technologies? On what prob-
lems should a designer concentrate?

For caches and SRAMs in particular, power dis-
sipation and reliability are primary issues. A rule of
thumb is that SRAMs typically account for at least
one-third of the power dissipated by microproces-
sors, and the reliability for SRAM is the worst of the
three technologies.

For DRAMs, power dissipation is becoming an
issue with the high I/O speeds expected of future sys-
tems. The FB-DIMM, the only proposed architecture
seriously being considered for adoption that would
solve the capacity-scaling problem facing DRAM
systems, dissipates roughly two orders of magnitude
more power than a traditional organization (due to
an order of magnitude higher per DIMM power dis-
sipation and the ability to put an order of magnitude
more DIMMs into a system).

For disks, miniaturization and development of
heuristics for control are the primary consider-

ations, but a related issue is the reduction of power
dissipation in the drive’s electronics and mechanisms.
Another point is that some time this year, the indus-
try will be seeing the first generation of hybrid disk
drives: those with flash memory to do write caching.
Initially, hybrid drives will be available only for mobile
applications. One reason for a hybrid drive is to be
able to have a disk drive in spin-down mode longer
(no need to spin up to do a write). This will save more
power and make the battery of a laptop last longer.

For memory systems as a whole, a primary issue
is optimization in the face of subsytems that have
unanticipated interactions in their design param-
eters. :

From this book, a reader should expect to learn
the details of operation and tools of analysis that
are necessary for understanding the intricacies and
optimizing the behavior of modern memory systems.
The designer should expect of the future a memory-
system design space that will become increasingly
difficult to analyze simply and in which alternative
figures of merit (e.g., energy consumption, cost, reli-
ability) will become increasingly important. Future
designers of memory systems will have to perform
design-space explorations that consider the effects of
design parameters in all subsystems of the memory
hierarchy, and they will have to consider multiple
dimensions of design criteria (e.g., performance,
energy consumption, cost, reliability, and real-time
behavior).

In short, a holistic approach to design that con-
siders the whole hierarchy is warranted, but this
is very hard to do. Among other things, it requires
in-depth understanding at all the levels of the hierar-
chy. It is our goal that this book will enable just such
an approach.
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The first question | ask myself when something doesn’t seem to be beautiful is why do
| think it's not beautiful, And very shortly you discover that there is no reason.

— John Cage
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CHAPTER 7

Overview of DRAM:s

DRAM is the “computer memory” that you order
through the mail or purchase at the store. It is what
you put more of into your computer as an upgrade
to improve the computer’s performance. It appears in
most computers in the form shown in Figure 7.1—the
ubiquitous memory module, a small computer board
(a printed circuit board, or PCB) that has a handful of
chips attached to it. The eight black rectangles on the
pictured module are the DRAM chips: plastic pack-
ages, each of which encloses a DRAM die (a very thin,
fragile piece of silicon).

Figure 7.2 illustrates DRAM’s place in a typical
PC. An individual DRAM device typically connects
indirectly to a CPU (i.e., a microprocessor) through a
memory controller. In PC systems, the memory con-
troller is part of the north-bridge chipset that handles
potentially multiple microprocessors, the graphics
co-processor, communication to the south-bridge
chipset (which, in turn, handles all of the system’s
1/0 functions), as well as the interface to the DRAM
system. Though still often referred to as “chipsets”

these days, the north- and south-bridge chipsets are
no longer sets of chips; they are usually implemented
as single chips, and in some systems the functions of
both are merged into a single die.

Because DRAM is usually an external device by
definition, its use, design, and analysis must consider
effects of implementation that are often ignored in
the use, design, and analysis of on-chip memories
such as SRAM caches and scratch-pads. Issues that a
designer must consider include the following:

¢ Pins (e.g., their capacitance and inductance)
¢ Signaling

» Signal integrity

* Packaging

* Clocking and synchronization

* Timing conventions

Failure to consider these issues when designing
a DRAM system is guaranteed to result in a sub-
optimal, and quite probably non-functional, design.

FIGURE 7.1: A memory module. A memory module, or BIMM (dual in-line memory module), is a circuit board with a handful of

DRAM chips and associated circuitry attached to it.
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FIGURE 7.2: A typical PC organization. The DRAM subsystem is one part of a relatively complex whole. This figure illustrates a
two-way multi-processor, with each processor having its own dedicated secondary cache. The parts most relevant to this report
are shaded in darker grey: the CPU, the memory controller, and the individual DRAMs.

Thus, much of this section of the book deals with low-
level implementation issues that were not covered in
the previous section on caches.

7.1 DRAM Basics: Internals, Operation

A random-access memory (RAM) that uses
a single transistor-capacitor pair for each bit is
called a dynamic random-access memory or DRAM.
Figure 7.3 shows, in the bottom right corner, the
circuit for the storage cell in a DRAM. This circuit is
dynamic because the capacitors storing electrons
are not perfect devices, and their eventual leakage
requires that, to retain information stored there, each

capacitor in the DRAM must be periodically refreshed
(i.e., read and rewritten).

Each DRAM die contains one or more memory
arrays, rectangular grids of storage cells with each cell
holding one bit of data. Because the arrays are rectan-
gular grids, itis useful to think of them in terms associ-
ated with typical grid-like structures. A good example
is a Manhattan-like street layout with avenues run-
ning north-south and streets running east-west.
When one wants to specify a rendezvous location in
such a city, one simply designates the intersection of
a street and an avenue, and the location is specified
without ambiguity. Memory arrays are organized just
like this, except where Manhattan is organized into
streets and avenues, memory arrays are organized
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Data In/Out = -
Buffers =

Row-Decoder

Storage Cell
and its Access

Word Line
\ |

a capacitor

L

Bit Line

a transistor

FIGURE 7.3: Basic organization of DRAM internals. The DRAM memory array is a grid of storage cells, where one bit of data is

stored at each intersection of a row and a column.

into rows and columns. ADRAM chip’s memory array
with the rows and columns indicated is pictured in
Figure 7.3. By identifying the intersection of a row
and a column (by specifying a row address and a col-
umn address to the DRAM), a memory controller can
access an individual storage cell inside a DRAM chip
s0 as to read or write the data held there.

One way to characterize DRAMs is by the number
of memory arrays inside them. Memory arrays within
a memory chip can work in several different ways.
They can act in unison, they can act completely inde-
pendently, or they can act in a manner that is some-
where in between the other two. If the memory arrays
are designed to act in unison, they operate as a unit,
and the memory chip typically transmits or receives
a number of bits equal to the number of arrays each
time the memory controller accesses the DRAM. For
example, in a simple organization, a x4 DRAM (pro-
nounced “by four”) indicates that the DRAM has at
least four memory arrays and that a column width is
4 bits (each column read or write transmits 4 bits of
data). In ax4 DRAM part, four arrays each read 1 data

bit in unison, and the part sends out 4 bits of data
each time the memory controller makes a column
read request. Likewise, a x8 DRAM indicates that the
DRAM has at least eight memory arrays and that a
column width is 8 bits. Figure 7.4 illustrates the inter-
nal organization of x2, x4, and x8 DRAMs. In the past
two decades, wider output DRAMs have appeared,
and x16 and x32 parts are now common, used pri-
marily in high-performance applications. '

Note that each of the DRAM illustrations in Figure 7.4
represents multiple arrays but a single bank. Each set
of memory arrays that operates independently of other
sets is referred to as a bank, not an array. Each bank
is independent in that, with only a few restrictions, it
can be activated, precharged, read out, etc. at the same
time that other banks (on the same DRAM device or on
other DRAM devices) are being activated, precharged,
etc. The use of multiple independent banks of mem-
ory has been a common practice in computer design
since DRAMSs were invented. In particular, interleaving
multiple memory banks has been a popular method
used to achieve high-bandwidth memory busses using
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FIGURE 7.4: Logical organization of wide data-out DRAMs. If the DRAM outputs more than one bit at a time, the internal organiza-
tion is that of multiple arrays, each of which provides one bit toward the aggregate data output.

low-bandwidth devices. In an interleaved memory sys-
tem, the data bus uses a frequency that is faster than
any one DRAM bank can support; the control circuitry
toggles back and forth between multiple banks to
achieve this data rate. For example, if a DRAM bank can
produce a new chunk of data every 10 ns, one can tog-
gle back and forth between two banks to produce anew
chunk every 5 ns, or round-robin between four banks
to produce a new chunk every 2.5 ns, thereby effec-
tively doubling or quadrupling the data rate achievable
by any one bank. This technique goes back at least to
the mid-1960s, where it was used in two of the highest
performance (and, as it turns out, best documented)
computers of the day: the IBM System/360 Model 91
[Anderson et al. 1967] and Seymour Cray’s Control Data
6600 [Thornton 1970].

Because a system can have multiple DIMMs, each
of which can be thought of as an independent bank,
and the DRAM devices on each DIMM can imple-
ment internally multiple independent banks, the
word “rank” was introduced to distinguish DIMM-
level independent operation versus internal-bank-
level independent operation. Figure 7.5 illustrates
the various levels of organization in a modern DRAM
system. A system is composed of potentially many
independent DIMMs. Each DIMM may contain one

or more independent ranks. Each rank is a set of
DRAM devices that operate in unison, and internally
each of these DRAM devices implements one or more
independent banks. Finally, each bank is composed
of slaved memory arrays, where the number of arrays
is equal to the data width of the DRAM part (i.e., a x4
part has four slaved arrays per bank). Having concur-
rency at the rank and bank levels provides bandwidth
through the ability to pipeline requests. Having mul-
tiple DRAMSs acting in unison at the rank level and
multiple arrays acting in unison at the bank level pro-
vides bandwidth in the form of parallel access.

The busses in a JEDEC-style organization are clas-
sified by their function and organization into data,
address, control, and chip-select busses. An example
arrangement is shown in Figure 7.6, which depicts a
memory controller connected to two memory mod-
ules. The data bus that transmits data to and from
the DRAMs is relatively wide. It is often 64 bits wide,
and it can be much wider in high-performance sys-
tems. A dedicated address bus carries row and col-
umn addresses to the DRAMs, and its width grows
with the physical storage on a DRAM device (typical
widths today are about 15 bits). A control bus is com-
posed of the row and column strobes,! output enable,
clock, clock enable, and other related signals. These

1A “strobe” is a signal that indicates to the recipient that another signal, e.g., data or command, is present and valid.
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FIGURE 7.5: DIMMs, ranks, banks, and arrays. A system has potentially many DIMMs, each of which may contain one or more
ranks. Each rank is a set of ganged DRAM devices, each of which has potentially many banks. Each bank has potentially many
constituent arrays, depending on the part’s data width.
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FIGURE 7.6: JEDEC-style memory bus organization. The figure shows a system of a memory controller and two memory modules
with a 16-bit data bus and an 8-bit address and command bus.

signals are similar to the address-bus signals in that networks, and thus, the size of the chip-select “bus”
they all connect from the memory controller to every  scales with the maximum amount of physical mem-
DRAM in the system. Finally, there is a chip-select oryin the system.

network that connects from the memory controller This last bus, the chip-select bus, is essential
to every DRAM in a rank (a separately addressable in a JEDEC-style memory system, as it enables the
set of DRAMs). For example, a memory module can intended recipient of a memory request. A value
contain two ranks of DRAM devices; for every DIMM  is asserted on the chip-select bus at the time of a
in the system, there can be two separate chip-select request (e.g., read or write). The chip-select bus
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A: Transaction request may be delayed in Queue

B: Transaction request sent to Memory Controller

C: Transaction converted to Command Sequences
{may be queued)

D: Command/s Sent to DRAM

E,: Requires only a CAS or

E,: Requires RAS + CAS or

Eg: Requires PRE + RAS + CAS

F: Transaction sent back to CPU
DRAM Latency=A+B+C+D+E+F

FIGURE 7.7: System organization and the steps of a DRAM
read. Reading data from a DRAM is not as simple as an SRAM,
and at several of the stages the request can be stalled.

contains a separate wire for every rank of DRAM in
the system. The chip-select signal passes over a wire
unique to each small set of DRAMs and enables or
disables the DRAMs in that rank so that they, respec-
tively, either handle the request currently on the bus
or ignore the request currently on the bus. Thus, only
the DRAMs to which the request is directed handle
the request. Even though all DRAMs in the system
are connected to the same address and control bus-
ses and could, in theory, all respond to the same
request at the same time, the chip-select bus pre-
vents this from happening.

Figure 7.7 focuses attention on the micropro-
cessor, memory controller, and DRAM device and
illustrates the steps involved in a DRAM request.
As mentioned previously, a DRAM device con-
nects indirectly to a microprocessor through a
memory controller; the microprocessor connects
to the memory controller through some form of
network (bus, point-to-point, crossbar, etc.); and
the memory controller connects to the DRAM
through another network (bus, point-to-point, etc.).
The memory controller acts as a liaison between
the microprocessor and DRAM so that the micro-
processor does not need to know the details of the

DRAM’s operation. The microprocessor presents
requests to the memory controller that the memory
controller satisfies. The microprocessor connects
to potentially many memory controllers at once;
alternatively, many microprocessors could be con-
nected to the same memory controller. The simplest
case (a uniprocessor system) is illustrated in the fig-
ure. The memory controller connects to potentially
many DRAM devices at once. In particular, DIMMs
are the most common physical form in which con-
sumers purchase DRAM, and these are small PCBs
with a handful of DRAM devices on each. A memory
controller usually connects to at least one DIMM
and, therefore, multiple DRAM devices at once.
Figure 7.7 also illustrates the steps of a typical
DRAM read operation. After ordering and queueing
requests, the microprocessor sends a given request
to the memory controller. Once the request arrives at
the memory controller, it is queued until the DRAM is
ready and all previous and/or higher priority requests
have been handled. The memory controller’s inter-
face to the DRAM is relatively complex (compared
to that of an SRAM, for instance); the row-address
strobe (RAS) and column-address strobe (CAS) com-
ponents are shown in detail in Figure 7.8. Recall from
Figure 7.3 that the capacitor lies at the intersection
of a wordline and a bitline; it is connected to the bit-
line through a transistor controlled by the wordline.
A transistor is, among other things, a switch, and
when the voltage on a wordline goes high, all of the
transistors attached to that wordline become closed
switches (turned on), connecting their respective
capacitors to the associated bitlines. The capaci-
tors at each intersection of wordline and bitline are
extremely small and hold a number of electrons that
are miniuscule relative to the physical characteristics
of those bitlines. Therefore, special circuits called
sense amplifiers are used to detect the values stored
on the capacitors when those capacitors become
connected to their associated bitlines. The sense
amplifiers first precharge the bitlines to a voltage level
that is halfway between logic level 0 and logic level 1.
When the capacitors are later connected to the bit-
lines through the transistors, the capacitors change
the voltage levels on those bitlines very slightly. The
sense amplifiers detect the minute changes and pull
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FIGURE 7.8: The multi-phase DRAM-access protocol. The row access drives a BRAM page onto the hitlines to be sensed by the
sense amps. The column address drives a subset of the DRAM page onto the bus (e.g., 4 bits).

the bitline voltages all the way to logic level 0 or 1.
Bringing the voltage on the bitlines to fully high or
fully low, as opposed to the precharged state between
high and low, actually recharges the capacitors as
long as the transistors remain on.

Returning to the steps in handling the read request.
The memory controller must decompose the pro-
vided data address into components that identify the
appropriate rank within the memory system, the bank
within that rank, and the row and column inside the
identified bank. The components identifying the row
and column are called the row address and the col-
umn address. The bank identifier is typically one or
more address bits. The rank number ends up causing
a chip-select signal to be sent out over a single one of
the separate chip-select lines.

Once the rank, bank, and row are identified, the
bitlines in the appropriate bank must be precharged
(set to a logic level halfway between 0 and 1). Once
the appropriate bank has been precharged, the sec-
ond step is to activate the appropriate row inside the
identified rank and bank by setting the chip-select
signal to activate the set of DRAMs comprising the

desired bank, sending the row address and bank
identifier over the address bus, and signaling the
DRAM’s RAS pin (row-address strobe—the bar indi-
cates that the signal is active when it is low). This tells
the DRAM to send an entire row of data (thousands
of bits) into the DRAM’s sense amplifiers (circuits
that detect and amplify the tiny logic signals repre-
sented by the electric charges in the row’s storage
cells). This typically takes a few tens of nanoseconds,
and the step may have already been done (the row
or page could already be open or activated, meaning
that the sense amps might already have valid data in
them).

Once the sense amps have recovered the values,
and the bitlines are pulled to the appropriate logic
levels, the memory controller performs the last step,
which is to read the column (column being the name
given to the data subset of the row that is desired),
by setting the chip-select signal to activate the set of
DRAMSs comprising the desired bank,? sending the
column address and bank identifier over the address
bus, and signaling the DRAM’s CAS pin (column-
address strobe—like RAS, the bar indicates that it is

2This step is necessary for SDRAM; it is not performed for older, asynchronous DRAMs (it is subsumed by the earlier

chip-select accompanying the RAS).
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active when low). This causes only a few select bits3
in the sense amplifiers to be connected to the output
drivers, where they will be driven onto the data bus.
Reading the column data takes on the order of tens of
nanoseconds. When the memory controller receives
the data, it forwards the data to the microprocessor.

The process of transmitting the address in two
different steps (i.e., separately transmitted row and
column addresses) is unlike that of SRAMs. Initially,
DRAMs had minimal I/0 pin counts because the
manufacturing cost was dominated by the number
of I/0 pins in the package. This desire to limit I/0
pins has had a long-term effect on DRAM architec-
ture; the address pins for most DRAMs are still multi-
plexed, meaning that two different portions of a data
address are sent over the same pins at different times,
as opposed to using more address pins and sending
the entire address at once.

Most computer systems have a special signal that
acts much like a heartbeat and is called the clock.
Aclock transmits a continuous signal with regular
intervals of “high” and “low” values. It is usually illus-
trated as a square wave or semi-square wave with each
period identical to the next, as shown in Figure 7.9. The
upward portion of the square wave is called the positive
or rising edge of the clock, and the downward portion
of the square wave is called the negative or falling edge
of the clock. The primary clock in a computer system is
called the system clock or global clock, and it typically
resides on the motherboard (the PCB that contains the
microprocessor and memory bus). The system clock
drives the microprocessor and memory controller and
many of the associated peripheral devices directly. If
the clock drives the DRAMs directly, the DRAMSs are
called synchronous DRAMs. If the clock does not drive
the DRAMs directly, the DRAMs are called asynchro-
nous DRAMs. In a synchronous DRAM, steps internal
to the DRAM happen in time with one or more edges
of this clock. In an asynchronous DRAM, operative
steps internal to the DRAM happen when the mem-
ory controller commands the DRAM to act, and those
commands typically happen in time with one or more
edges of the system clock.

7.2 Evolution of the DRAM Architecture

In the 1980s and 1990s, the conventional DRAM
interface started to become a performance bottle-
neckin high-performance as well as desktop systems.
The improvement in the speed and performance of
microprocessors was significantly outpacing the
improvement in speed and performance of DRAM
chips. As a consequence, the DRAM interface began
to evolve, and a number of revolutionary proposals
[Przybylski 1996] were made as well. In most cases,
what was considered evolutionary or revolutionary
was the proposed interface (the mechanism by which
the microprocessor accesses the DRAM). The DRAM
core (i.e, what is pictured in Figure 7.3) remains
essentially unchanged.

Figure 7.10 shows the evolution of the basic DRAM
architecture from clocked to the conventional asyn-
chronous to fast page mode (FPM) to extended data-
out (EDO) to burst-mode EDO (BEDO) to synchronous
(SDRAM). The figure shows each as a stylized DRAM
in terms of the memory array, the sense amplifiers,
and the column multiplexer (as well as additional
components if appropriate).

As far as the first evolutionary path is concerned
(asynchronous through SDRAM), the changes have
largely been structural in nature, have been rela-
tively minor in terms of cost and physical imple-
mentation, and have targeted increased throughput.
Since SDRAM, there has been a profusion of designs
proffered by the DRAM industry, and we lump these
new DRAMs into two categories: those target-
ing reduced latency and those targeting increased
throughput.

7.2.1 Structural Modifications Targeting
Throughput

Comparedto the conventional DRAM, FPM simply
allows the row to remain open across multiple CAS
commands, requiring very little additional circuitry.
To this, EDO changes the output drivers to become
outputlatches so that they hold the data valid on the

30ne bit in a “x1” DRAM, two bits in a “x2” DRAM, four bits in a “x4” DRAM, etc.
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FIGURE 7.9: Example clock signals. Clocks are typically shown as square waves (bottom) or sort of square waves (top). They
repeat ad infinitum, and the repeating shape is called a clock cycie. The two clocks pictured above have the same frequency—the
number of cycles in a given time period.
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FIGURE 7.10: Evolution of the DRAM architecture. To the original DRAM design, composed of an array, a block of sense amps,
and a column multipiexor, the fast page mode (FPM) design adds the ability to hold the contents of the sense amps valid over
multiple column accesses. To the FPM design, extended data-out (EDO) design adds an output latch after the column multi-
plexor. To the EDO design, the burst EDO (BEDO) design adds a counter that optionally drives the column-select address latch.
To the BEDO design, the synchronous DRAM (SDRAM) design adds a clock signal that drives both row-select and column-select
circuitry (not just the column-select address latch).
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bus for a longer period of time. To this, BEDO adds
an internal counter that drives the address latch so
that the memory controller does not need to supply
anew address to the DRAM on every CAS command
if the desired address is simply one off from the pre-
vious CAS command. Thus, in BEDO, the DRAM’s
column-select circuitry is driven from an internally
generated signal, not an externally generated signal;
the source of the control signal is close to the cir-
cuitry that it controls in space and therefore time,
and this makes the timing of the circuit’s activation
more precise. Finally, SDRAM takes this perspective
one step further and drives all internal circuitry (row
select, column select, data read-out) by a clock, as
opposed to the RAS and CAS strobes. The following
paragraphs describe this evolution in more detail.

Clocked DRAM

The earliest DRAMs (1960s to mid-1970s, before
de facto standardization) were often clocked [Rho-
den 2002, Sussman 2002, Padgett and Newman 1974];
DRAM commands were driven by a periodic clock sig-
nal. Figure 7.10 shows a stylized DRAM in terms of the
memory array, the sense amplifiers, and the column
multiplexer.

The Conventional AS)’I’\CI’VOHOUS DRAM

In the mid-1970s, DRAMs moved to the asynchro-
nous design with which most people are familiar.
These DRAMs, like the clocked versions before them,
require that every single access go through all of
the steps described previously: for every access, the
bitlines need to be precharged, the row needs to be
activated, and the column is read out after row acti-
vation. Even if the microprocessor wants to request
the same data row that it previously requested, the
entire process (row activation followed by column
read/write) must be repeated. Once the column
is read, the row is deactivated or closed, and the
bitlines are precharged. For the next request, the
entire process is repeated, even if the same datum
is requested twice in succession. By convention and

circuit design, both RAS and CAS must rise in uni-
son. For example, one cannot hold RAS low while
toggling CAS. Figure 7.11 illustrates the timing for
the conventional asynchronous DRAM.

Fast Page Mode DRAM (FPM DRAM)

FPM DRAM implements page mode, an improve-
menton conventional DRAMin which the rowaddress
is held constant and data from multiple columns is
read from the sense amplifiers. This simply lifts the
restriction described in the previous paragraph: the
memory controller may hold RAS low while toggling
CAS, thereby creating a de facto cache out of the data
held active in the sense amplifiers. The data held
in the sense amps form an “open page” that can be
accessed relatively quickly. This speeds up successive
accesses to the same row of the DRAM core, as is very
common in computer systems (the term is locality
of reference and indicates that oftentimes memory
requests that are nearby in time are also nearbyin the
memory-address space and would therefore likely
lie within the same DRAM row). Figure 7.12 gives the
timing for FPM reads.

Extended Data-Out DRAM (EDO DRAM)

EDO DRAM, sometimes referred to as hyper-page
mode DRAM, adds a few transistors to the output
drivers of an FPM DRAM to create a latch between
the sense amps and the output pins of the DRAM.
This latch holds the output pin state and permits the
CAS to rapidly deassert, allowing the memory array to
begin precharging sooner. In addition, the latch in the
output path also implies that the data on the outputs
of the DRAM circuit remain valid longer into the next
clock phase, relative to previous DRAM architectures
(thus the name “extended data-out”). By permitting
the memory array to begin precharging sooner, the
addition of a latch allows EDO DRAM to operate
faster than FPM DRAM. EDO enables the micropro-
cessor to access memory atleast 10 to 15% faster than
with FPM [Kingston 2000, Cuppu et al. 1999, 2001].
Figure 7.13 gives the timing for an EDO read.
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FIGURE 7.12: FPM read timing. The FPM allows the DRAM controller to hold a row constant and receive muitiple columns in rapid
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FIGURE 7.13: EDO read timing. The output latch in EDO DRAM allows more overlap between column access and data transfer
than in FPM.
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Burst-Mode EDO DRAM (BEDO DRAM)

Although BEDO DRAM never reached the volume
of production that EDO and SDRAM did, it was posi-
tioned to be the next-generation DRAM after EDO
[Micron 1995]. BEDO builds on EDO DRAM by add-
ing the concept of “bursting” contiguous blocks of
data from an activated row each time a new column
address is sent to the DRAM chip. An internal coun-
ter was added that first accepts the incoming address
and then increments that value on every successive
toggling of CAS, driving the incremented value into
the column-address latch. With each toggle of the
CAS, the DRAM chip sends the next sequential col-
umn of data onto the bus. In previous DRAMs, the
column-address latch was driven by an externally
generated address signal. By eliminating the need
to send successive column addresses over the bus to
drive a burst of data in response to each microproces-
sor request, BEDO eliminates a significant amount of
timing uncertainty between successive addresses,
thereby increasing the rate at which data can be read
from the DRAM. In practice, the minimum cycle time
for driving the output bus was reduced by roughly
30% compared to EDO DRAM [Prince 2000], thereby
increasing bandwidth proportionally. Figure 7.14
gives the timing for a BEDO read.

IBM’s High-Speed Toggle Mode DRAM

IBM’s High-Speed Toggle Mode (“toggle mode”) is a
high-speed DRAM interface designed and fabricated in
the late 1980s and presented at the International Solid-
State Circuits Conference in February 1990 [Kalter et al.
1990a]. In September 1990, IBM presented toggle mode
to JEDEC as an option for the next-generation DRAM
architecture (minutes of JC-42.3 meeting 55). Toggle
mode transmits data to and from aDRAM onboth edges
of a high-speed data strobe rather than transferring
data on a single edge of the strobe. The strobe was very
high speed for its day; Kalter reports a 10-ns data cycle
time—an effective 100 MHz data rate—in 1990 [Kalter

etal. 1990b]. The term “toggle” is probably dexived from
its implementation: to obtain twice the normal data
rate,* one would toggle a signal pin which would cause
the DRAM to toggle back and forth between two differ-
ent (interleaved) output buffers, each of which would
be pumping data out at half the speed of the strobe
[Kalter et al. 1990b]. As proposed to JEDEC, it offered
burst lengths of 4 or 8 bits of data per memory access.

Synchronous DRAM (SDRAM)

Conventional, FPM, and EDO DRAM are con-
trolled asynchronously by the memory controller.
Therefore, in theory, the memory latency and data
toggle rate can be some fractional number of micro-
processor clock cycles.> More importantly, what
makes the DRAM asynchronous is that the memory
controller’s RAS and CAS signals directly control
latches internal to the DRAM, and those signals can
arrive at the DRAM’s pins at any time. An alternative
is to make the DRAM interface synchronous such
that requests can only arrive at regular intervals.
This allows the latches internal to the DRAM to be
controlled by an internal clock signal. The primary
benefit is similar to that seen in BEDQ: by associat-
ing all data and control transfer with a clock signal,
the timing of events is made more predictable. Such
a scheme, by definition, has less skew. Reduction in
skew means that the system can potentially achieve
faster turnaround on requests, thereby yielding
higher throughput. A timing diagram for synchro-
nous DRAM is shown in Figure 7.15. Like BEDO
DRAMs, SDRAMs support the concept of a burst
mode; SDRAM devices have a programmable regis-
ter that holds a burst length. The DRAM uses this to
determine how many columns to output over suc-
cessive cycles; SDRAM may therefore return many
bytes over several cycles per request. One advan-
tage of this is the elimination of the timing signals
(i.e., toggling CAS) for each successive burst, which

“The term “normal” implies the data cycling at half the data-strobe rate.
5In practice, this is not the case, as the memory controller and DRAM subsystem are driven by the system clock, which
typically has a period that is an integral multiple of the microprocessor’s clock.
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reduces the command bandwidth used. The under-
lying architecture of the SDRAM core is the same as
in a conventional DRAM.

The evolutionary changes made to the DRAM
interface up to and including BEDO have been rela-
tively inexpensive, especially when considering the
pay-off: FPM was essentially free compared to the
conventional design, EDO simply added a latch,
and BEDO added a counter and mux. Each of these

Row

evolutionary changes added only a small amount of
logic, yet each improved upon its predecessor by as
much as 30% in terms of system performance [Cuppu
etal. 1999,2001]. Though SDRAM represented amore
significant cost in implementation and offered no
performance improvement over BEDO at the same
clock speeds,® the presence of a source-synchronous
data strobe in its interface (in this case, the global
clock signal) would allow SDRAM to scale to much

Row Activation

. . Column Read
. Transfer Overiap
Data Transfer

FIGURE 7.14: BEDO read timing. By driving the column~-address latch from an internal counter rather than an external signal, the
minimum cycle time for driving the output bus was reduced by roughly 30% over EDO.

Row Activation
[:] Column Read
. Transfer Ovetlap
DataTransfer

FIGURE 7.15: SDR SDRAM read operation clock diagram (CAS-2).

6By some estimates, BEDO actually had higher performance than SDRAM [Williams 2001).

Petitioners
Ex. 1070, p. 327



328 Memory Systems: Cache, DRAM, Disk

higher switching speeds more easily than the earlier
asynchronous DRAM interfaces such as FPM and
EDO.” Note that this benefit applies to any inter-
face with a source-synchronous data strobe signal,
whether the interface is synchronous or asynchro-
nous, and therefore, an asynchronous burst-mode
DRAM with source-synchronous data strobe could
have scaled to higher switching speeds just as
easily—witness the February 1990 presentation of
a working 100-MHz asynchronous burst-mode part
from IBM, which used a dedicated pin to transfer the
source-synchronous data strobe [Kalter 1990a, b].

7.2.2 Interface Modifications Targeting
Throughput

Since the appearance of SDRAM in the mid-1990s,
there has been a large profusion of novel DRAM archi-
tectures proposed in an apparent attempt by DRAM
manufacturers to make DRAM less of a commodity
[Dipert 2000]. One reason for the profusion of compet-
ing designs is that we have apparently run out of the
same sort of “free” ideas that drove the earlier DRAM
evolution. Since BEDQ, there has been no architecture
proposed that provides a 30% performance advantage
at near-zero cost; all proposals have been relatively
expensive. As Dipert suggests, there is no clear heads-
above-the-rest winner yetbecause many schemes seem
to lie along a linear relationship between additional
cost of implementation and realized performance gain.
Over time, the market will mostlikely decide the winner;

Bus Clock

IRHRIRINIRIE

those DRAM proposals that provide sub-linear perfor-
mance gains relative to their implementation cost will
be relegated to zero or near-zero market share.

Rambus DRAM (RDRAM, Concurrent RDRAM,
and Direct RDRAM)

Rambus DRAM (RDRAM) is very different from
traditional main memory. It uses a bus that is signifi-
cantly narrower than the traditional bus, and, at least
in its initial incarnation, it does not use dedicated
address, control, data, and chip-select portions of the
bus. Instead, the bus is fully multiplexed: the address,
control, data, and chip-select information all travel
over the same set of electrical wires but at differ-
ent times. The bus is 1 byte wide, runs at 250 Mhgz,
and transfers data on both clock edges to achieve a
theoretical peak bandwidth of 500 MB/s. Transac-
tions occur on the bus using a split request/response
protocol. The packet transactions resemble network
request/response pairs: first an address/control
packet is driven, which contains the entire address
(row address and column address), and then the data
is driven. Different transactions can require differ-
ent numbers of cycles, depending on the transaction
type, location of the data within the device, number
of devices on the channel, etc. Figure 7.16 shows a
typical read transaction with an arbitrary latency.

Because of the bus’s design—being a single bus
and not composed of separate segments dedicated
to separate functions—only one transaction can use

iniinl igligligligligh

9-bit Shared Bus [0:8]

WCK size
S

pe
addres
(row + column)

req. ty)

‘\____\V___/

data packet

FIGURE 7.16: Rambus read clock diagram for block size 16. The original Rambus design (from the 1990 patent application) had
but a single bus multiplexed between data and address/control. The request packet is six “cycles,” where a cycle is one beat of

a cycle, not one full period of a cycle.

"Making an interface synchronous is a well-known technique to simplify the interface and to ease scaling to higher switching

speeds [Stone 1982].
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the bus during any given cycle. This limits the bus’s
potential concurrency (its ability to do multiple things
simultaneously). Due to this limitation, the original
RDRAM design was not considered well suited to the
PC main memory market [Przybylski 1996], and the
interface was redesigned in the mid-1990s to support
more concurrency.

Specifically, with the introduction of “Concurrent
RDRAM,” the bus was divided into separate address,
command, and data segments reminiscent of a
JEDEC-style DRAM organization. The data segment of
the bus remained 1 byte wide, and to this was added a
1-bit address segment and a 1-bit control segment. By
having three separate, dedicated segments of the bus,
one could perform potentially three separate, simul-
taneous actions on the bus. This divided and dedicated
arrangement simplified transaction scheduling and
increased performance over RDRAM accordingly. Note
that at this point, Rambus also moved to a four clock
cycle period, referred to as an octcycle. Figure 7.17
gives a timing diagram for a read transaction.

One of the few limitations to the “Concurrent”
design was that the data bus sometimes carried a
brief packet of address information, because the
1-bit address bit was too narrow. This limitation has
been removed in Rambus’ latest DRAMs. The divided
arrangement introduced in Concurrent RDRAM has
been carried over into the most recent incarnation of

4.cycles
-

Address : :
(1 bit) 1
t

Command
(1 bit)

Data - DQ
{8 or 9 bits)

RDRAM, called “Direct RDRAM,” which increases the
width of the data segment to 2 bytes, the width of the
address segment to 5 bits, and the width of the control
segment to 3 bits. These segments remain separate
and dedicated—similar to a JEDEC-style organiza-
tion—and the control and address segments are
wide enough that the data segment of the bus never
needs to carry anything but data, thereby increas-
ing data throughput on the channel. Bus operating
speeds have also changed over the years, and the lat-
est designs are more than double the original speeds
(500 MHz bus frequency). Each half-row buffer in
Direct RDRAM is shared between adjacent banks,
which implies that adjacent banks cannot be active
simultaneously. This organization has the result of
increasing the row buffer miss rate as compared to
having one open row per bank, but it reduces the cost
by reducing the die area occupied by the row buffers,
compared to 16 full row buffers. Figure 7.18 gives a
timing diagram for a read operation.

Double Data Rate DRAM (DDR SDRAM)

Double data rate (DDR) SDRAM is the modern
equivalent of IBM’s High-Speed Toggle Mode. DDR
doubles the data bandwidth available from single
data rate SDRAM by transferring data at both edges
of the clock (i.e., both the rising edge and the falling

u Data Transfer

) E Transfer Overlap
b

FIGURE 7.17: Concurrent RDRAM read operation. Concurrent RDRAMSs transfer on both edges of a fast clock and use a 1-byte

data bus multiplexed between data and addresses.
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FIGURE 7.18: Direct Rambus read clock diagram. Direct RDRAMs transfer on both edges of a fast clock and use a 2-byte data

bus dedicated to handling data only.

edge), much like the toggle mode’s dual-edged clock-
ing scheme. DDR SDRAM is very similar to single
data rate SDRAM in all other characteristics. They
use the same signaling technology, the same inter-
face specification, and the same pin-outs on the
DIMM carriers. However, DDR SDRAM’s internal
transfers from and to the SDRAM array, respec-
tively, read and write twice the number of bits as
SDRAM. Figure7.19 gives a timing diagram for a
CAS-2 read operation.

7.2.3 Structural Modifications Targeting
Latency

The following DRAM offshoots represent attempts
to lower the latency of the DRAM part, either by
increasing the circuit’s speed or by improving the
average latency through caching.

Virtual Channel Memory (VCDRAM)

Virtual channel adds a substantial SRAM cache to
the DRAM that is used to buffer large blocks of data
(called segments) that might be needed in the future.
The SRAM segment cache is managed explicitly by
the memory controller. The design adds anew step in
the DRAM-access protocol: a row activate operation
moves a page of data into the sense amps; “prefetch”
and “restore” operations (data read and data write,
respectively) move data between the sense amps
and the SRAM segment cache one segment at a time;
and column read or write operations move a column
of data between the segment cache and the output

buffers. The extra step adds latency to read and write
operations, unless all of the data required by the
application fits in the SRAM segment cache.

Enhanced SDRAM (ESDRAM)

Like EDO DRAM, ESDRAM adds an SRAM latch
to the DRAM core, but whereas EDO adds the latch
after the column mux, ESDRAM adds it before the
column mux. Therefore, the latch is as wide as a
DRAM page. Though expensive, the scheme allows
for better overlap of activity. For instance, it allows
row precharge to begin immediately without hav-
ing to close out the row (it is still active in the SRAM
latch). In addition, the scheme allows a write-around
mechanism whereby an incoming write can proceed
without the need to close out the currently active
row. Such a feature is useful for write-back caches,
where the data being written at any given time is
not likely to be in the same row as data that is cur-
rently being read from the DRAM. Therefore, han-
dling such a write delays future reads to the same
row. In ESDRAM, future reads to the same row are
not delayed.

MoSys 1T-SRAM

MoSys, i.e., Monolithic System Technology, has
created a “l-transistor SRAM” (which is not really
possible, but it makes for a catchy name). Their
design wraps an SRAM interface around an extremely
fast DRAM core to create an SRAM-compatible part
that approaches the storage and power consumption
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Row Activation
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E Transfer Overlap
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atajDatalData|Data

FIGURE 7.19: DDR SDRAM read timing (CAS-2). DDR SDRAMs use both a clock and a source-synchronous data strobe (DQS) to
achieve high data rates. DQS is used by the DRAM to sample incoming write data; it is typically ignored by the memory controller

on DRAM reads.

characteristics of a DRAM, while simultaneously
approaching the access-time characteristics of an
SRAM. The fast DRAM core is made up of a very
large number of independent banks; decreasing
the size of a bank makes its access time faster, but
increasing the number of banks complicates the
control circuitry (and therefore cost) and decreases
the part’s effective density. No other DRAM manu-
facturer has gone to the same extremes as MoSys to
create a fast core, and thus, the MoSys DRAM is the
lowest latency DRAM in existence. However, its den-
sity is low enough that OEMs have not yet used it in
desktop systems in any significant volume. Its niche
is high-speed embedded systems and game systems
(e.g., Nintendo GameCube).

Reduced Latency DRAM (RLDRAM)

Reduced latency DRAM (RLDRAM) is a fast DRAM
core that has no DIMM specification: it must be used
in a direct-to-memory-controller environment (e.g.,
inhabiting a dedicated space on the motherboard).
Its manufacturers suggest its use as an extremely
large off-chip cache, probably at a lower spot in the
memory hierarchy than any SRAM cache. Interfacing
directly to the chip, as opposed to through a DIMM,

decreases the potential for clock skew, thus the part’s
high-speed interface.

Fast Cycle DRAM (FCRAM)

Fujitsu’s fast cycle RAM (FCRAM) achieves a low-
latency data access by segmenting the data array into
subarrays, only one of which is driven during a row
activate. This is similar to decreasing the size of an
array, thus its effect on access time. The subset of the
data array is specified by adding more bits to the row
address, and therefore the mechanism is essentially
putting part of the column address into the row acti-
vation (e.g., moving part of the column-select func-
tion into row activation). As opposed to RLDRAM,
the part does have a DIMM specification, and it has
the highest DIMM bandwidth available, in the DRAM
parts surveyed.

7.2.4 Rough Comparison of Recent DRAMs

Latter-day advanced DRAM designs have
abounded, largely because of the opportunity to
appeal to markets asking for high performance
[Dipert 2000] and because engineers have evidently
run out of design ideas that echo those of the early-
on evolution; that is, design ideas that are relatively
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inexpensive to implement and yet yield tremendous
performance advantages. The DRAM industry tends
to favor building the simplest design that achieves
the desired benefits [Lee 2002, DuPreez 2002, Rhoden
2002]. Currently, the dominant DRAM in the high-
performance design arena is DDR.

7.3 Modern-Day DRAM Standards

DRAM is a commodity; in theory, any DRAM chip
or DIMM is equivalent to any other that has similar
specifications (width, capacity, speed grade, inter-
face, etc.). The standard-setting body that governs
this compatibility is JEDEC, an organization for-
merly known as the Joint Electron Device Engineer-
ing Council. Following a recent marketing decision
reminiscent of Kentucky Fried Chicken’s move to
be known as simply “KFC,” the organization is now
known as the “JEDEC” Solid-State Technology Asso-
ciation. Working within the Electronic Industries
Alliance (EIA), JEDEC covers the standardization
of discrete semiconductor devices and integrated
circuits. The work is done through 48 committees
and their constituent subcommittees; anyone can
become a member of any committee, and so any
individual or corporate representative can help to
influence future standards. In particular, DRAM
device standardization is done by the 42.3 subcom-
mittee (JC-42.3).

7.3.1 Salient Features of JEDEC's SDRAM
Technology

JEDEC SDRAMSs use the traditional DRAM-system
organization, described earlier and illustrated in
Figure 7.6. There are four different busses, with
each classified by its function—a “memory bus”
in this organization is actually composed of sepa-
rate (1) data, (2) address, (3) control, and (4) chip-
select busses. Each of these busses is dedicated to
handle only its designated function, except in a few
instances, for example, when control information
is sent over an otherwise unused address bus wire.
(1) The data bus is relatively wide: in modern PC

systems, it is 64 bits wide, and it can be much wider
in high-performance systems. (2) The width of the
address bus grows with the number of bits stored in
an individual DRAM device; typical address busses
today are about 15 bits wide. (3) A control bus is com-
posed of the row and column strobes, output enable,
clock, clock enable, and other similar signals that
connect from the memory controller to every DRAM
in the system. (4) Finally, there is a chip-select net-
work that uses one unique wire per DRAM rank in the
system and thus scales with the maximum amount of
physical memory in the system. Chip select is used
to enable ranks of DRAMs and thereby allow them to
read commands off the bus and read/write data off/
onto the bus.

The primary difference between SDRAMs and
earlier asynchronous DRAMSs is the presence in the
system of a clock signal against which all actions
(command and data transmissions) are timed.
Whereas asynchronous DRAMs use the RAS and
CAS signals as strobes—that is, the strobes directly
cause the DRAM to sample addresses and/or data off
the bus—SDRAMSs instead use the clock as a strobe,
and the RAS and CAS signals are simply commands
that are themselves sampled off the bus in time with
the clock strobe. The reason for timing transmis-
sions with aregular (i.e., periodic) free-running clock
instead of the less regular RAS and CAS strobes was
to achieve higher dates more easily; when a regular
strobe is used to time transmissions, timing uncer-
tainties can be reduced, and therefore data rates can
be increased.

Note that any regular timing signal could be
used to achieve higher data rates in this way; a free-
running clock is not necessary [Lee 2002, Rhoden
2002, Karabotsos 2002, Baker 2002, Macri 2002]. In
DDR SDRAM, the clock is all but ignored in the data
transfer portion of write requests: the DRAM samples
the incoming data with respect not to the clock, but
instead to a separate, regular signal known as DQS
[Lee 2002, Rhoden 2002, Macri 2002, Karabotsos
2002, Baker 2002]. The implication is that a free-run-
ning clock could be dispensed with entirely, and the
result would be something very close to IBM’s tog-
gle mode.
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Single Data Rate SDRAM

Single data rate SDRAM use a single-edged clock
to synchronize all information; that is, all transmis-
sions on the various busses (control, address, data)
begin in time with one edge of the system clock (as
so happens, the rising edge). Because the transmis-
sions on the various busses are ideally valid from one
clock edge to the next, those signals are very likely to
be valid during the other edge of the clock (the fall-
ing edge). Consequently, that edge of the clock can be
used to sample those signals.

SDRAMs have several features that were not pres-
ent in earlier DRAM architectures: a burst length
that is programmable and a CAS latency that is
programmable.

Programmable Burst Length Like BEDO DRAMS,
SDRAMs use the concept of bursting data to improve
bandwidth. Instead of using successive toggling of the
CAS signal to burst out data, however, SDRAM chips
only require CAS to be signaled once and, in response,
transmit or receive in time with the toggling of the
clock the number of bits indicated by a value held
in a programmable mode register. Once an SDRAM
receives a row address and a column address, it will
burst the number of columns that correspond to the
burst length value stored in the register. If the mode
register is programmed for a burst length of four, for
example, then the DRAM will automatically burst four
columns of contiguous data onto the bus. This elimi-
nates the need to toggle the CAS to derive a burst of
data in response to a microprocessor request. Con-
sequently, the potential parallelism in the memory
system increases (i.e., it improves) due to the reduced
use of the command bus—the memory controller can
issue other requests to other banks during those cycles
that it otherwise would have been toggling CAS.

Programmable CAS Latency The mode register
also stores the CAS latency of an SDRAM chip. Latency
isameasure of delay. CASlatency, as the name implies,
refers to the number of clock cycles it takes for the
SDRAM to return the data once it receives a CAS com-
mand. The ability to set the CAS latency to a desired
value allows parts of different generations fabricated

in different process technologies (which would ail
otherwise have different performance characteristics)
to behave identically. Thus, mixed-performance parts
can easily be used in the same system and can even be
integrated onto the same memory module.

Double Data Rate SDRAM

DDR SDRAMs have several features that were not
present in single data rate SDRAM architectures:
dual-edged clocking and an on-chip delay-locked
loop (DLL).

Dual-Edged Clocking DDR SDRAM, like regu-
lar SDRAMS, use a single-edged clock to synchro-
nize control and address transmissions, but for data
transmissions DDR DRAMs use a dual-edged clock;
that is, some data bits are transmitted on the data
bus in time with the rising edge of the system clock,
and other bits are transmitted on the data bus in time
with the falling edge of the system clock.

Figure 7.20 illustrates the difference, showing tim-
ing for two different clock arrangements. The top
design is a more traditional arrangement wherein
data is transferred only on the rising edge of the
clock; the bottom design uses a data rate that is twice
the speed of the top design, and data is transferred
on both the rising and falling edges of the clock. IBM
had built DRAMs using this feature in the late 1980s
and presented their results in the International
Solid-State Circuits Convention in February of 1990
[Kalter 1990a]. Reportedly, Digital Equipment Corp.
had been experimenting with similar schemes in
the late 1980s and early 1990s [Lee 2002, minutes of
JC-42.3 meeting 58].

In a system that uses a single-edged clock to trans-
fer data, there are two clock edges for every data “eye;”
the data eye is framed on both ends by a clock edge,
and a third clock edge is found somewhere in the
middle of the data transmission (cf. Figure 7.20(a)).
Thus, the clock signal can be used directly to per-
form two actions: to drive data onto the bus and to
read data off the bus. Note that in a single-edged
clocking scheme, data is transmitted once per clock
cycle.
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FIGURE 7.20: Running the bus clock at the data rate. The top diagram (a) illustrates a single-edged clocking scheme wherein the
clock is twice the frequency of the data transmission. The bottom diagram (b) illustrates a dual-edged clocking scheme in which

the data transmission rate is equal to the clock frequency.

By contrast, in a dual-edged clocking scheme,
data is transmitted twice per clock cycle. This
halves the number of clock edges available to drive
data onto the bus and/or read data off the bus
(cf. Figure 7.20(b)). The bottom diagram shows a
clock running at the same rate as the data transmis-
sion. Note that there is only one clock edge for every
data eye. The clock edges in a dual-edged scheme
are either “edge-aligned” with the data or “center-
aligned” with the data. This means that the clock can
either drive the data onto the bus or read the data off
the bus, but it cannot do both, as it can in a single-
edged scheme. In the figure, the clock is edge-aligned
with the data.

The dual-edged clocking scheme by definition
has fewer clock edges per data transmission that can
be used to synchronize or perform functions. This
means that some other mechanism must be intro-
duced to get accurate timing for both driving data
and sampling data, i.e., to compensate for the fact
that there are fewer clock edges, a dual-edged signal-
ing scheme needs an additional mechanism beyond
the clock. For example, DDR SDRAM specifies along
with the system clock a center-aligned data strobe
that is provided by the memory controller on DRAM
writes that the DRAM uses directly to sample incom-
ing data. On DRAM reads, the data strobe is edge-
aligned with the data and system clock; the memory
controller is responsible for providing its own mecha-

nism for generating a center-aligned edge. The strobe
is called DQS.

On-Chip Delay-Locked Loop In DDR SDRAM,
the on-chip DLL synchronizes the DRAM’s outgoing
data and DQS (data strobe) signals with the mem-
ory controller’s global clock [JEDEC Standard 21-C,
Section 3.11.6.6]. The DLL synchronizes those signals
involved in DRAM reads, not those involved in DRAM
writes; in the latter case, the DQS sighal accompany-
ing data sent from the memory controller on DRAM
writes is synchronized with that data by the mem-
ory controller and is used by the DRAM directly to
sample the data [Lee 2002, Rhoden 2002, Karabotsos
2002, Baker 2002, Macri 2002]. The DLL circuit in a
DDR DRAM thus ensures that data is transmitted
by the DRAM in synchronization with the memory
controller’s clock signal so that the data arrives at
the memory controller at expected times. The mem-
ory controller typically has two internal clocks: one
in synch with the global clock, and another that is
delayed 90° and used to sample data incoming from
the DRAM. Because the DQS is in-phase with the data
for read operations (unlike write operations), DQS
cannot be used by the memory controller to sample
the data directly. Instead, it is only used to ensure that
the DRAM’s outgoing DQS signal (and therefore data
signals as well) is correctly aligned with the mem-
ory controller’s clocks. The memory controller’s 90°
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delayed clock is used to sample the incoming data,
which is possible because the DRAM’s DLL guaran-
tees minimal skew between the global clock and out-
going read data. The following paragraphs provide a
bit of background to explain the presence of this cir-
cuit in DDR SDRAMSs.

Because DRAMs are usually external to the
microprocessor, DRAM designers must be aware of
the issues involved in propagating signals between
chips. In chip-to-chip communications, the main
limiting factor in building high-speed interfaces is
the variability in the amount of time it takes a sig-
nal to propagate to its destination (usually referred
to as the uncertainty of the signal’s timing). The
total uncertainty in a system is often the sum of
the uncertainty in its constituent parts, e.g., each
driver, each delay line, each logic block in a criti-
cal path adds uncertainty to the total. This additive
effect makes it very difficult to build high-speed
interfaces for even small systems, because even
very small fixed uncertainties that seem insignifi-
cant at low clock speeds become significant as the
clock speed increases.

There exist numerous methods to decrease
the uncertainty in a system, including sending a
strobe signal along with the data (e.g., the DQS sig-
nal in DDR SDRAM or the clock signal in a source-
synchronous interface), adding a phase-locked loop
(PLL) or DLL to the system, or matching the path
lengths of signal traces so that the signals all arrive
at the destination at (about) the same time. Many of
the methods are complementary; that is, their effect
upon reducing uncertainty is cumulative. Building
systems that communicate at high frequencies is all
about engineering methods to reduce uncertainty in
the system.

The function of a PLL or DLL, in general, is to
synchronize two periodic signals so that a certain
fixed amount of phase-shift or apparent delay exists
between them. The two are similar, and the terms
are often used interchangeably. A DLL uses variable

delay circuitry to delay an existing periodic signal
so that it is in synch with another signal; a PLL uses
an oscillator to create a new periodic signal that is
in synch with another signal. When a PLL/DLL is
added to a communication interface, the result is a
“closed-loop” system, which can, for example, mea-
sure and cancel the bulk of the uncertainty in both
the transmitter and the receiver circuits and align the
incoming data strobe with the incoming data (see, for
example, Dally and Poulton [1998]).

Figure 7.21 shows how the DLL is used in DDR
SDRAM, and it shows the effect that the DLL has
upon the timing of the part. The net effect is to delay
the output of the part (note that the output burst
of the bottom configuration is shifted to the right,
compared to the output burst of the top configura-
tion). This delay is chosen to be sufficient to bring
into alignment the output of the part with the system
clock.

7.3.2 Other Technologies, Rambus in Particular

This section discusses Rambus’ technology as
described in their 1990 patent application number
07/510,898 (the '898 application) and describes how
some of the technologies mentioned would be used
in a Rambus-style memory organization as compared
to a JEDEC-style memory organization.

Rambus” ‘898 Patent Application

The most novel aspect of the Rambus memory
organization, the aspect most likely to attract the
reader’s attention and the aspect to which Rambus
draws the most attention in the document, is the
physical bus organization and operation. The bus’
organization and protocol are more reminiscent of
a computer network than a traditional memory bus.
When the word revolutionary is used to describe the
Rambus architecture, this is the aspect to which it
applies.’

8There is also significant discussion (and illustration) in the patent application describing Rambus’ unorthodox/revolu-
tionary proposed packaging technology, in which a DRAM's pins are all on one edge of the chip and in which the chips are
inserted directly into a backplane-type arrangement individually, as opposed to being integrated onto a memory module.
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FIGURE 7.21: The use of the DLL in DDR SDRAMs. The top figure illustrates the behavior of an DDR SDRAM without a DLL. Due
to the inherent delays through the clock receiver, multi-stage amplifiers, on-chip wires, output pads and bonding wires, output
drivers, and other effects, the data output (as it appears from the perspective of the bus) occurs slightly delayed with respect
to the system clock. The bottom figure illustrates the effect of adding the DLL. The DLL delays the incoming clock signal so that
the output of the part is more closely aligned with the system clock. Note that this introduces extra latency into the behavior of

the part.

Figure 7.22 illustrates the “new bus” that Rambus different. As described earlier, the traditional memory
describes in the 898 application. It juxtaposes Rambus’  bus is organized into four dedicated busses: (1) the data
bus with a more traditional DRAM bus and thereby bus, (2) the address bus, (3) the command bus, and (4)
illustrates that these bus architectures are substantially ~ the chip-select bus. In contrast, all of the information
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Address/Command Busses’

Memory
Controller

Chip Select,

Chip Select,

Address/Command Busses,

!

Data Bus

Bus
Master

1

L

O

(b) Rambus Memory-Bus Organization: A “Narrow-Bus” Architecture

FIGURE 7.22: Memory bus organizations. The figure compares the organizations of a traditional memory bus and a Rambus-style
organization. (a) shows a system of a memory controller and two memory modules, with a 16-bit data bus and an 8-hit address
and command bus, (b) shows the Rambus organization with a bus master and seven DRAM slave devices.

for the operation of the DRAM is carried over a single
bus in Rambus’ architecture. Moreover, there is no sep-
arate chip-select network. In the specification, Rambus
describes a narrow bus architecture over which com-
mand, address, and data information travels using a
proprietary packetized protocol. There are no dedi-
cated busses in the Rambus architecture described in
the "898 application. In the Rambus bus organization,
all addresses, commands, data, and chip-select infor-
mation are sent on the same bus lines. This is why the
organization is often called “multiplexed.” At different
points in time, the same physical lines carry dissimilar
classes of information.

Another novel aspect of the Rambus organization
is its width. In Rambus’ architecture, all of the infor-

mation for the operation of the DRAM is carried over
a very narrow bus. Whereas the bus in a traditional
system can use more than 90 bus lines,® the Rambus
organization uses “substantially fewer bus lines than
the number of bits in a single address.” Given that a
single physical address in the early 1990s was 20-30
bits wide, this indicates a very narrow bus, indeed. In
the Rambus specification, the example system uses
a total of nine (9) lines to carry all necessary infor-
mation, including addresses, commands, chip-select
information, and data. Because the bus is narrower
than a single data address, it takes many bus cycles
to transmit a single command from a bus master (i.e.,
memory controller) to a DRAM device. The informa-
tion is transmitted over an uninterrupted sequence of

maPC system, the data bus is 64 bits; the address bus can be 16 bits; and there can be 10 or more control lines, as the
number of chip-select lines scales with the number of memory modules in the system.
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bus cycles and must obey a specified format in terms
of both time and wire assignments. This is why the
Rambus protocol is called “packetized,” and it stands
in contrast to a JEDEC-style organization in which
the command and address busses are wide enough
to transmit all address and command information in
a single bus cycle.!”

As mentioned, the bus’ protocol is also unusual
and resembles a computer network more than a
traditional memory bus. In an Internet-style com-
puter network, for example, every packet contains
the address of the recipient; a packet placed on the
network is seen by every machine on the subnet,
and every machine must look at the packet, decode
the packet, and decide if the packet is destined for
the machine itself or for some other machine. This
requires every machine to have such decoding
logic on board. In the Rambus memory organiza-
tion, there is no chip-select network, and so there
must be some other means to identify the recipient
of a request packet. As in the computer network, a
Rambus request packet contains (either explicitly or
implicitly) the identity of the intended recipient, and
every DRAM in the system has a unique identifica-
tion number (each DRAM knows its own identity).
As in the computer network, every DRAM must ini-
tially assume that a packet placed on the bus may be

OUTBOUND
"[— @ CLOCK
) @
BUS CLK, CIK,
DRAM DRAM
MASTER ok, ok,
® Q
INBOUND
CD CLOCK

destined for it; every DRAM must receive and decode
every packet placed on the bus so that each DRAM
can decide whether the packet is for the DRAM
itself or for some other device on the bus. Not only
does each DRAM require this level of intelligence
to decode packets and decide if a particular packet
is intended for it, but ultimately the implication is
that each DRAM is in some sense an autonomous
device—the DRAM is not controlled; rather, requests
are made of it.

This last point illustrates another sense in which
Rambus is a revolutionary architecture. Traditional
DRAMs were simply marionettes. The Rambus archi-
tecture casts the DRAM as a semi-intelligent device
capable of making decisions (e.g., determining
whether a requested address is within range), which
represented an unorthodox way of thinking in the
early 1990s.

Low-Skew Clock Using Variable Delay Circuits
The clocking scheme of the Rambus system is designed
to synchronize the internal clocks of the DRAM devices
with a non-existent, ideal clock source, achieving low
skew. Figure 7.23 illustrates the scheme, The memory
controller sends out a global clock signal that is either
turned around or reflected back, and each DRAM as
well as the memory controller has two clock inputs,

“EARLY” CLOCK SIGNAL

G
CLK, CLK,
DRAM DRAM G
CLK, CLK,
o

“LATE” CLOCK SIGNAL

FIGURE 7.23: Rambus clock synchronization. The clock design in Rambus’ 1990 patent application routes two clock signals into
each DRAM device, and the path lengths of the clock signals are matched so that the delay average of the two signals represents

the time as seen by the midpoint or clock turnaround point.

10 A “bus cycle” is the period during which a bus transaction takes place, which may correspond to one clock cycle, more

than one clock cycle, or less than one clock cycle.
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CLK; and CLK,, with the first being the “early” clock
signal and the second being the “late” clock signal.
Because the signal paths between each DRAM
have non-zero length, the global clock signal arrives
at a slightly different time to each DRAM. Figure 7.23
shows this with small clock figures at each point rep-
resenting the absolute time (as would be measured
by the memory controller) that the clockpulse arrives
at each point. This is one component contributing to
clock skew, and clock skew traditionally causes prob-
lems for high-speed interfaces. However, if the clock
path is symmetric, i.e., if each side of the clock’s trace
is path-length matched so that the distance to the
turnaround point is equal from both CLK; and CLK,
inputs, then the combination of the two clocks (CLK;
and CLK,) can be used to synthesize, at each device,
a local clock edge that is in synch with an imaginary
clock at the turnaround point. In Figure 7.23, the
memory controller sends a clock edge at 12:00 noon.
That edge arrives at the first DRAM at 12:03, the next
DRAM at 12:06, the next at 12:09, and so on. It arrives
at the turnaround point at 12:15 and begins to work
its way back to the DRAM devices’ CLK, inputs, finally
arriving at the memory controller at 12:30. If at each
point the device is able to find the average of the two
clock arrival times (e.g., at the DRAM closest to the
memory controller, find the average between 12:03
and 12:27), then each device is able to synthesize a
clock that is synchronized with an ideal clock at the
turnaround point; each device, including the mem-
ory controller, can synthesize a clock edge at 12:15,
and so all devices can be “in synch” with an ideal
clock generating an edge at 12:15. Note that even
though Figure 7.23 shows the DRAMs evenly spaced
with respect to one another, this is not necessary. All
that is required is for the path length from CLK] to the
turnaround point to be equal to the path length from
CLK, to the turnaround point for each device.
Rambus’ specification includes on-chip variable
delay circuits (very similar to traditional DLLs) to
perform this clock signal averaging. In other words,
Rambus’ on-chip “DLL” takes an early version and
a late version of the same clock signal and finds the
midpoint of the two signals. Provided that the wires
making up the U-shaped clock on the motherboard
(or wherever the wires are placed) are symmetric, this

allows every DRAM in the system to have a clock signal
that is synchronized with those of all other DRAMs,

Variable Request Latency Rambus’ 1990 pat-
ent application defines a mechanism that allows the
memory controller to specify how long the DRAM
should wait before handling a request. There are
two parts to the description found in the specifica-
tion. First, on each DRAM there is a set of registers,
called access-time registers, that hold delay values.
The DRAM uses these delay values to wait the indi-
cated number of cycles before placing the requested
data onto (or reading the associated data from) the
system bus. The second part of the description is that
the DRAM request packet specifies which of these
registers to use for a delay value in responding to that
particular request.

The patent application does not delve into the uses
of this feature at all; the mechanism is presented sim-
ply, without justification or application. Our (educated)
guess is that the mechanism is absolutely essential to
the successful operation of the design—having a vari-
able request latency is not an afterthought or flight of
whimsy. Without variable request latencies, the sup-
port of variable burstlengths, and indeed the support of
any burst length other than one equal to the length of a
request packet or one smaller than the request latency,
cannot function even tolerably well. This is illustrated
in Figure 7.24. The figure shows what happens when
a multiplexed, split transaction bus has back-to-back
requests: if the request shapes are symmetric (e.g., the
request and response packets are the same length, and
the latency is slightly longer) or if the latency is long
relative to the request and response packet lengths,
then it is possible to pipeline requests and achieve
good throughput, though neither scenario is optimal
in bus efficiency. If the request packet and transaction
latency are both short relative to the data transfer (a
more optimal arrangement for a given request), later
requests must be delayed until earlier requests finish,
negating the value of having a split transaction bus
in the first place (cf. Figure 7.24(a)). This is the most
likely arrangement. Long data bursts are desirable,
particularly if the target application is video process-
ing or something similar. The potential problem is that
these long data bursts necessarily generate asymmetric
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and easier to schedule in a variable-latency system,
whether the response packets are long relative to the latency ...
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FGURE 7.24: The importance of variable request latencies in the Rambus organization. Scheduling odd-sized request-response
pairs on a multiplexed bus can be difficult to the point of yielding unacceptable performance.

request-response shapes because the request packet
should be as short as possible, dictated by the informa-
tion in arequest. If the DRAM suppotts variable request
latencies, then the memory controller can pipeline
requests, even those that have asymmetric shapes, and
thus achieve good throughput despite the shape of the
request.

Variable Block Size Rambus’ 1990 patent appli-
cation defines a mechanism that allows the mem-
ory controller to specify how much data should be
transferred for a read or write request. The request
packet that the memory controller sends to the

DRAM device specifies the data length in the request
packet’s BlockSize field. Possible data length values
range from 0 bytes to 1024 bytes (1 KB). The amount
of data that the DRAM sends out on the bus, there-
fore, is programmed at every transaction.

Like variable request latency, the variable block
size feature is necessitated by the design of the bus.
To dynamically change the transaction length from
request to request would likely have seemed novel to
an engineer in the early 1990s. The unique features of
Rambus’ bus—its narrow width, multiplexed nature,
and packet request protocol—place unique schedul-
ing demands on the bus. Variable block size is used to
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cope with the unique scheduling demands; it enables
the use of Rambus’ memory in many different engi-
neering settings, and it helps to ensure that Rambus’
bus is fully utilized.

Running the Clock at the Data Rate The design
specifies a clock rate that can be half what one would
normally expect in a simple, non-interleaved memory
system. Figure 7.25 illustrates this, showing timing for
two different clock arrangements. The top design is a
more traditional arrangement; the bottom design uses
aclock thatis half the speed of the top design. Rambus’
1990 application describes the clock design and its
benefits as follows: : ‘

Clock distribution problems can be further
reduced by using a bus clock and device clock
rate equal to the bus cycle data rate divided by
two, that is, the bus clock period is twice the
bus cycle period. Thus a 500 MHz bus prefera-
bly uses a 250 MHz clock rate. This reduction in
frequency provides two benefits. First it makes
all signals on the bus have the same worst case
data rates—data on a 500 MHz bus can only
change every 2 ns. Second, clocking at half the
bus cycle data rate makes the labeling of the
odd and even bus cycles trivial, for example, by
defining even cycles to be those when the inter-
nal device clock is 0 and odd cycles when the
internal device clock is 1.

As the inventors claim, the primary reason for doing
so is to reduce the number of clock transitions per
second to be equal to the maximum number of data

transitions per second. This becomes important as
clock speeds increase, which is presumably why IBM’s
toggle mode uses the same technique. The second
reason given is to simplify the decision of which edge
to use to activate which receiver or driver (the label-
ling of “even/odd” cycles). Figure 10 in the specifica-
tion illustrates the interleaved physical arrangement
required to implement the clock-halving scheme: the
two edges of the clock activate different input receivers
at different times and cause different output data to be
multiplexed to the output drivers at different times.

Note that halving the clock complicates receiving
data at the DRAM end, because no clock edge exists
during the eye of the data (this is noted in the fig-
ure), and therefore, the DRAM does not know when
to sample the incoming data—that is, assuming no
additional help. This additional help would most
likely be in the form of a PLL or DLL circuit to accu-
rately delay the clock edge so that it would be 90° out
of phase with the data and thus could be used to sam-
ple the data. Such a circuit would add complexity to
the DRAM and would consequently add cost in terms
of manufacturing, testing, and power dissipation.

7.3.3 Comparison of Technologies in Rambus
and JEDEC DRAM

The following paragraphs compare briefly, for
each of four technologies, how the technology is used
in a JEDEC-style DRAM system and how it is used in
a Rambus-style memory system as described in the
'898 application.

20 SR NV VA NV VR VA VA V4
XX XXX AHKEAX XXX D

FIGURE 7.25: Running the bus clock at the data rate. Slowing down the clock so that it runs at the same speed as the data makes
the clock easier to handle, but it reduces the number of clock edges available to do work. Clock edges exist to drive the output
circuitry, but no clock edge exists during the eye of the data to sample the data.
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Programmable CAS Latency

JEDEC's programmable CAS latency is used to allow
each system vendor to optimize the performance of its
systems. Itis programmed at system initialization, and,
according to industry designers, it is never set again
while the machine is running [Lee 2002, Baker 2002,
Kellogg 2002, Macri 2002, Ryan 2002, Rhoden 2002,
Sussman 2002]. By contrast, with Rambus’ variable
request latency, the latency is programmed every time
the microprocessor sends a new request to the DRAM,
but the specification also leaves open the possibility
that each access register could store two or more val-
ues held for each transaction type. Rambus’ system has
the potential (and we would argue the need) to change
the latency at a request granularity, i.e., each request
could specify a different latency than the previous
request, and the specification has room for many dif-
ferent latency values to be programmed. Whereas the
feature is a convenience in the JEDEC organization, it
is a necessity in a Rambus organization.

Programmable Burst Length

JEDEC's programmable burst lengthis used to allow
each system vendor to optimize the performance of
its systems. It is programmed at system initialization,
and, according to industry designers, it is never set
again while the machine is running [Lee 2002, Baker
2002, Kellogg 2002, Rhoden 2002, Sussman 2002]. By
contrast, with Rambus’ variable block size, the block
size is programmed every time the microprocessor
sends a new request to the DRAM. Whereas a JEDEC-
style memory system can function efficiently if every
column of data that is read out of or written into the
DRAM is accompanied by a CAS signal, a Rambus-
style memory system could not (as the command
would occupy the same bus as the data, limiting data
to less than half of the available bus cycles). Whereas
the feature is a convenience in the JEDEC organiza-
tion, it is a necessity in a Rambus organization.

Dual-Edged Clocking

BothJEDEC- and Rambus-style DRAMs use a clock-
ing scheme that goes back atleast to IBM’s high-speed
toggle-mode DRAMs, in which on-chip interleaving

allows one to toggle back and forth between two buf-
fers (e.g., on the rising and falling edges of a strobe
signal) to achieve a datarate that is twice that possible
by a single buffer alone. Both JEDEC- and Rambus-
style DRAMs transfer data on both edges of a timing
signal. In JEDEC-style DRAMs, the timing signal is an
internal clock generated from the system clock and
the DQS data strobe—a source-synchronous strobe
that accompanies the data sent and is quiescent when
there is no data on the bus. The data is edge-aligned
with the system clock. In Rambus-style DRAMs, the
timing signal is a synthesized internal clock signal in
synch with no other clock source in the system and
generated from two different phases of the U-shaped
global clock (described previously). The U-shaped
clock is not source synchronous and remains free
running whether there is data on the bus or not. As
opposed to the DDR clocking scheme, in the Rambus
scheme the data is not aligned with either phase of
the system clock at all; it is neither edge-aligned nor
center-aligned. Furthermore, a different phase rela-
tionship exists between each Rambus DRAM’s out-
put data and the global clock’s early and late signals,
whereas DDR DRAMs strive to maintain the same
phase relationship between each DRAM’s output
data and the system clock.

On-Chip PLL/DLL

JEDEC uses an on-chip DLL in their DDR SDRAMSs
to ensure that data being driven onto the data bus is
aligned with the global clock signal. The DLL does this
by delaying the DRAM’s response to a read request
just long enough that the data is driven at the same
time the DRAM sees the next clock edge. Rambus uses
an on-chip variable delay circuit to ensure that every
DRAM in the system as well as the memory controller
has a synchronized clock (i.e., they all believe that it
is precisely 12:00 at the same time). The delay circuit
does this by finding the midpoint in time between
an early version and a late version (i.e., two different
phases) of the same clock signal and thereby creates
a synthesized internal clock signal in synch with no
other physical clock in the system. This is a process
that is significantly more complicated than a simple
DLL, and thus Rambus’ variable delay circuit is more
complex than a simple DLL.
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7.3.4 Alternative Technologies

Numerous alternative technologies could achieve
the same result as the technologies described. Many
of these alternatives are simply applications of long-
understood techniques to solving particular problems.
This section discusses a sample of those mechanisms;
it is not intended to be exhaustive, but rather to be
illustrative. This should give insight into issues that
DRAM designers consider.

Programmable CAS Latency

The primary benefit of programmable CAS latency
is flexibility. Its presence in a DRAM allows a fast part
to emulate the behavior of a slow part, which would
enable an OEM or end consumer to intermingle parts
from different generations (with different speeds)
in the same system or intermingle same-generation
parts from different manufacturers (which might
have slightly different performance capabilities due
to slight variations in process technologies) in the
same DIMM. To illustrate, if a DRAM manufacturer
has a part with a minimum 20-ns CAS read-out, the
part could conceivably work as a CAS-2, 100-MHz
part (20 ns requires 2 cycles at 100 MHz); a CAS-3,
150-MHz part (20 ns requires 3 cycles at 150 MHz);
or a CAS-4, 200-MHz part (20 ns requires 4 cycles at
200 MHz). Note that the part would never be able
to make CAS-2 latencies at the higher bus speeds
or CAS-3 at the highest bus speed (CAS-2 requires
13.33 ns at 150 MHz and 10 ns at 200 MHz; CAS-3
requires 15 ns at 200 MHz). Alternative technologies
include the following:

e Use fixed CAS latency parts.

*  Explicitly identify the CAS latency in the
read or write command.

¢ Program CAS latency by blowing fuses on
the DRAM.

¢ Scale CAS latency with clock frequency.

Use Fixed CAS Latency Fixing the CAS latency
would simply mean that each individual SDRAM
would operate with a single, predetermined latency.
Although using fixed latency would reduce flexibility,
it would simplify testing considerably [Lee 2002], as
only one mode of operation would need to be tested

instead of two or more, and it would simplify design
slightly. In a JEDEC-style bus organization, where the
command, address, and data busses are all separate,
the scheduling of requests is simplified if all requests
have the same latency. Thus, memory controllers typ-
ically set the CAS latency at initialization and never
change it again while the machine is powered on;
i.e., current systems use a de facto fixed CAS latency
while the machine is running [Lee 2002, Baker 2002,
Kellogg 2002, Macri 2002, Ryan 2002, Rhoden 2002,
Sussman 2002].

Explicitly Identify CAS Latency in the
Command One option would be to design the
DRAM command set so that each column read com-
mand explicitly encodes the desired CAS latency.
Instead of initializing the DRAM to use a latency of
2 or 3 cycles, and then presenting generic CAS com-
mands, each of which would implicitly use a latency
of 2 or 3 cycles, respectively, a memory controller
could present commands to the SDRAM that would
explicitly specify a desired latency. For example, the
memory controller would use “CAS-2” read com-
mands if it desired a latency of two and “CAS-3” read
commands if it desired a latency of three.

Program CAS Latency Using Fuses The CAS
latency value could also be determined by the use of
on-chip fuses. Modern DRAMs have numerous fuses
on them that, when blown, enable redundant cir-
cuits, so at test time a DRAM manufacturer can, for
example, disable memory arrays that contain fabrica-
tion errors and in their place enable redundant arrays
that are error free. A typical DRAM has thousands of
such fuses. One could add one or more similar fuses
that set different CAS latencies. This would enable a
DRAM manufacturer to sell what are essentially fixed-
latency parts, but because they could be programmed
at the last possible moment, the DRAM manufacturer
would not need separate stocks for parts with dif-
ferent latencies; one part would satisfy for multiple
latencies, as the DRAM manufacturer could set the
fuses appropriately right before shipping the parts.
The manufacturer could also sell the parts with fuses
intact to OEMs and embedded-systems manufactur-
ers, who would likely have the technical savvy neces-
sary to set the fuses properly, and who might want the
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ability to program the latency according to their own
needs. This level of flexibility would be almost on par
with the current level of flexibility, since in most sys-
tems the CAS latency is set once at system initializa-
tion and never set again.

Scale CAS Latency with Clock Frequency One
option is for the DRAM to know the bus speed and
deliver the fastest CAS latency available for that bus
speed. The programming of the DRAM could be
either explicit, in which case the memory control-
ler tells the DRAM the bus speed using a command
at system initialization, or implicit, in which case
the DRAM senses the timing of the clock on the bus
and “learns” the bus speed on its own. To return to
the earlier example, if a DRAM part had an inter-
nal CAS read-out latency of 20 ns, it could deliver
CAS-2 in a 100-MHz/10-ns bus environment, CAS-3
in a 133-MHz/7.5-ns bus environment, and CAS-4 in
a 200-MHz/5-ns bus environment. This would satisfy
most DRAM consumers, because OEMs and end-
users usually want the fastest latency possible. How-
ever, without an additional mechanism in either the
DRAM or the memory controller, the scheme would
not allow parts with different internal CAS read-out
latencies to be mixed within the same system. Dis-
allowing mixed-latency systems would not cause
undue confusion in the marketplace, because asyn-
chronous parts in the 1980s and 1990s were sold as
“70ns DRAMS” or “60ns DRAMS,” etc.; the speed rat-
ing was explicit, so both OEMs and end-users were
already accustomed to matching speed ratings in
their systems. However, if support for mixed-latency
systems was desired, one could always design the
memory controller so that it determines at initializa-
tion the latency of each DIMM in its system'! and
accounts for any latency differences between DIMMs
in its scheduling decisions.

Programmable Burst Length

In JEDEC-style DRAM systems, the ability to set the
burst length to different values is a convenience for

system designers that can also system performance.
Numerous subtle interactions between the chosen
parameters ofa DRAM system (suchasrequestlatency,
burst length, bus organization, bus speed, and bus
width) can cause the resulting performance of that
system to vary significantly, even for small changes in
those parameters [Cuppu & Jacob 2001]. The ability
to fine-tune the burst length of the DRAMs enables
a designer to find better combinations of parameters
for his system, given the expected workload. In most
systems, the burst length is set once at system ini-
tialization and never set again [Lee 2002, Baker 2002,
Kellogg 2002, Rhoden 2002, Sussman 2002]. Alterna-
tive technologies include the following:

¢ Use ashort, fixed burst length.

» Explicitly identify the burst length in the
read or write command.

¢ Program the burst length by blowing fuses
on the DRAM. ‘

» Use along, fixed burst length coupled wi
the burst-terminate command.

¢ Use a BEDO-style protocol where each CAS
pulse toggles out a single column of data.

The first three are analogous to the alternative
solutions for programmable CAS latency, described
above.

Use Burst-Terminate Command One can use a
fixed burst length, where the length is some number
large enough to satisfy developers of systems that pre-
fer large chunks of data, and use the burst-terminate
command, also called burst stop, to halt data read-out
of the DRAM or to signal the end of data written to the
DRAM. The advantage of the scheme is that the burst
stop command is already part of the specification,
and bursts must also be interruptible by additional
commands such as reads and writes. Therefore, an
efficient pipeline of multiple column reads is already
possible by simply sending multiple read commands
spaced as closely as the desired burst length dictates
(e.g., every four cycles to achieve a burst length of

110ne would probably not want to create a DIMM out of DRAM parts with different fixed CAS latencies.
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four, even if the nominal burst length is longer). Each
successive request would implicitly terminate the
request immediately preceding it, and only the last
burst in the pipeline would need to be terminated
explicitly. The disadvantage of the scheme is that it
would increase pressure slightly on the command
bus: during a burst-terminate command the memory
controller would not be able to control any other
bank on the same command bus. If the increase was
determined to be significant, it could be alleviated by
redesigning the memory controller to support mul-
tiple control busses (which is already supported by
memory controllers).

Toggle Data-Out Using CAS JEDEC could have
adopted the BEDO style of bursting data, with each
successive column read-out driven by toggling the
CAS pin or holding it at a low voltage until the desired
number of columns has been read out (e.g., holding it
low for four cycles to read out four columns of data).
This would require some modification to the speci-
fication, enabling the DRAM to distinguish between
a CAS accompanied by a new column address and
a CAS signifying a serial read-out based on the most
recent column address received. There are numerous
possibilities for solving this, including the following:

* Redefine the command set to have two
different CAS commands: one for a new
address, and one signifying a sequential
read-out based on the most recent column
address received.

¢ Add a pin to the command bus (which is
usually thought of as comprising signals
such as RAS, CAS, WE, and CKE) that is dedi-
cated for the sequential read-out version of
CAS. This would be similar to IBM's imple-
mentation of the high-speed toggle mode,
where the data strobe signal uses a different
pin than the CAS signal [Kalter 1990a, b].

The advantage of the second scheme, as compared
to the first, is that it allows the memory controller to
control other DRAM banks simultaneously while the
first bank is involved in data transfer.

Dual-Edged Clocking

The advantage of using dual-edged clocking in
a JEDEC-style DRAM bus organization is that it
increases DRAM bandwidth without having to drive
the clock any faster and without a commensurate
increase in the clock signal’s energy consumption.
Alternative technologies include the following:

¢ Use two or more interleaved memory banks
on-chip and assign a different clock signal
to each bank (e.g., use two or more out-of-
phase clocks).

* Keep each DRAM single data rate, and inter-
leave banks on the module (DIMM),

¢ Increase the number of pins per DRAM.

¢ Increase the number of pins per module.

* Double the clock frequency.

¢ Use simultaneous bidirectional I/0 drivers.

Interleave On-Chip Banks As mentioned earlier,
interleaving multiple memorybankshasbeen a popu-
lar method used to achieve high-bandwidth memory
busses using low-bandwidth devices. The technique
goes back at least to the mid-1960s, where it was used
in the IBM System/360 Model 91 [Anderson et al.
1967] and Seymour Cray’s Control Data 6600 [Thorn-
ton 1970]. In an interleaved memory system, the data
bus uses a frequency that is faster than any one DRAM
bank can support; the control circuitry toggles back
and forth between multiple banks to achieve this data
rate. An alternative to using dual-edged clocking (e.g.,
to double or triple or even quadruple the memory
bandwidth of SDRAM without using both edges of the
clock to send/receive data) is to specify two, three, or
four independent banks per DRAM (respectively) and
assign each bank its own clock signal. The memory
controller would send one request to the DRAM,
and that request would be handed off to each bank
in synch with the clock assigned to that bank. Thus,
each bank would receive its request slightly advanced
or delayed with respect to the other banks. There are
two ways to create the different clock signals:

* The different clock signals driving each of
the different banks could be generated by
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the memory controller (or any entity outside
the DRAM). Thus, if there were two inter-
leaved banks, the memory controller would
send two clock signals; if there were four
interleaved banks, the memory controller
would send four clock signals; and so on.

e The DRAM could receive one clock signal
and delay and distribute it internally to the
various banks on its own. Thus, if there were
two interleaved banks, the DRAM would
split the incoming clock signal two ways,
delaying the second a half-phase; if there
were four interleaved banks, the DRAM
would split the incoming clock signal four
ways, delaying the second clock one-quarter
of a phase, delaying the third clock one-half
of a phase, and delaying the last clock three-
quarters of a phase; and so on.

The first implementation would require extra
DRAM pins (one CK pin for each bank); the latter
would require on-DRAM clock generation and syn-
chronization logic.

Interleave Banks on the Module Instead of
increasing the bandwidth of individual DRAMs, an
argument could be made that the only place it mat-
ters is at the DIMM level. Therefore, one could take
SDRAM parts and create a DDR DIMM specification
where on-module circuitry takes a single incoming
clock and interleaves two or more banks of DRAM
(transparently, as far as the memory controller is con-
cerned). Kentron [2002] shows that this is certainly
within our limits, even at very high data rates; they
currently take DDR parts and interleave them trans-
parently at the module level to achieve quadruple
data rate DIMM:s.

Increase DRAM Data Width To achieve higher
bandwidth per DRAM, the trend in recent years has
been not only to increase DRAM speed, but also to
increase the number of data-out pins; x32 parts are
now common. Every increase from x4 to x8 to x16 and
so on doubles the DRAM’s data rate. Doubling the
data rate by doubling the data width of existing parts
requires very little engineering know-how. It only
requires the addition of more pins and doubling the

width of the data bus to each individual DRAM. Note
that the number of data pins has increased from x1
parts in the late 1980s to x32 parts today [Przybylski
1996], while over the same time period the data rate
has increased from 16 MHz to the 400-MHz clocks
found in DDR SDRAM today. JEDEC, therefore, could
have simply put their weight more firmly behind this
trend and increased bandwidth by increasing pin-out.
The advantage of this approach is that it combines
very well with the previous alternative—interleav-
ing multiple banks at the module level—because
doubling the data width of a DRAM decreases the
number of DRAM parts needed to achieve the DIMM
data width, effectively doubling the number of inde-
pendent banks one can put on the DIMM. If the
DRAM pin-out increases, then fewer DRAMs would
be needed per DIMM to create the 64-bit data bus
standard in PC-compatible systems. This would leave
extra room on the DIMM for more DRAMs that could
make up extra banks to implement an interleaved
system.

Increase Module Data Width As mentioned ear-
lier, one could argue that the DIMM bandwidth is more
important than the bandwidth of an individual DRAM.
Therefore, one could simply increase the data width
of the memory bus (the number of wires between the
DIMMs and the memory controller) to increase band-
width, without having to increase the clock speed of
the individual DRAMs at all. The disadvantage is the
increased cost of the de-skewing circuitry.

Double the Clock Frequency An alternative to
using a dual-edged clock is to use a single-edged
clock and simply speed up the clock. There are several
advantages of a single-edged clocking scheme over a
dual-edged clocking scheme (cf. Figure 7.20). One
advantage illustrated in Figure 7.20 is the existence of
more clock edges to be used to drive data onto the
bus and sample data off the bus. Another advantage
is that the clock does not need to be as symmetric as
itis in a dual-edged clocking scheme. A single-edged
clock’s duty cycle does not need to be 50%, as it needs
to be for a dual-edged clock, and the rise and fall
times (i.e., slew rates) do not need to match, as they
need to for a dual-edged clock. Consequently, one
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can achieve the same speed clock in a single-edged
clocking scheme with much less effort than in a dual-
edged clocking scheme. The disadvantage of this
alternative is that it requires more engineering effort
than simply widening the memory bus or increasing
the number of data pins on a DRAM.

UseSimultaneousBidirectional/O Runningthe
data at the same rate as the clock doubles a DRAM’s
bandwidth over previous, single-edged clock designs
without an increase in the number of data pins. An
alternative is to use simultaneous bidirectional 1/0,
in which it is possible to conduct a read from the
DRAM and a write to the DRAM at exactly the same
time; that is, both data values (the read data and the
write data) are on the bus simultaneously, which is an
effective doubling of the available bandwidth. Using
the simultaneous bidirectional I/O does not require
additional data pins. Such a scheme would require
structural changes at the DRAM side to accommo-
date reading and writing simultaneously, and those
changes would most likely resemble the ESDRAM
design by Enhanced Memory Systems [ESDRAM
1998], which was proposed for DDR2 [Davis et al.
2000b]. ESDRAM places a buffer after the sense amps
that holds an entire DRAM row for reading and allows
concurrent writes to the DRAM array; once the read
data is in the buffer, the sense amplifiers are no lon-
ger needed.

On-Chip PLL/DLL

DDR SDRAMs use an on-chip DLL circuit to
ensure that the DRAM transmits its data and DQS
signal to the memory controller as closely as possible
to the next appropriate edge of the system clock. Its
use is specified because the clock rates in DDR are
high enough to warrant relatively strong methods for
reducing the effects of dynamic changes in timing
skew. Alternative technologies include the following:

* Achieve high bandwidth using more DRAM
pins or module pins, not clock frequency.

* Use aVernier method to measure and
account for dynamic changes in skew.

* Put the DLL on the memory controller.

* Use off-chip (on-module) DLLs.
*  Use asynchronous DRAM, for example,
toggle mode or BEDO.

Go Wider, Not Faster As the previous section
indicates, there are numerous ways to achieve higher
bandwidth at the DRAM, DIMM, or memory-system
level, and many of the methods that achieve higher
bandwidth are easier to implement than increasing
clock speed. The use of a DLL is dictated only by the
desired increase in clock speed. Therefore, one can
forgo the use of an on-chip DLL by increasing DRAM
or DIMM data width.

Vernier Mechanism There are two main compo-
nents to the uncertainty of signal propagation time.
The first is a static component that is due to differ-
ences in process technologies, process variations,
electrical loading of an unknown number of memory
modules, etc. The second is a dynamic component
that is typically due to temperature or voltage fluc-
tuations. Some fluctuations change too fast to be
handled effectively, but most of the fluctuations in
voltage and temperature change over a relatively long
time period. Most voltage fluctuations are associated
with the 60-Hz AC power cycle, which is a relatively
long time-span, and most temperature fluctuations
occur on the order of milliseconds or longer {Lee 2002,
Macri 2002]. In many DDR systems, the static com-
ponent is corrected by using a Vernier mechanism
in the memory controller at system initialization. It
is essentially a trial-and-error method in which the
upper and lower limits of timing failure are found and
the midpoint is used for signal transmission (analo-
gous to setting the tracking on one’s VCR by going for-
ward and backward to the points of noise and then
leaving the tracking set somewhere in between) [Lee
2002]. The dynamic component is then corrected by
the on-chip DLL.

An alternative to the on-chip DLL is to perform
recalibration of the Vernier correction often enough
to account for the slower changes in voltage and
temperature, as opposed to performing the timing
correction only once at system initialization. Assum-
ing that the most significant voltage fluctuations
are associated with the 60-Hz AC power supply and
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that most of the temperature fluctuations occur on
the order of milliseconds or longer [Lee 2002, Macri
2002], recalibration would be needed roughly once or
twice every millisecond.

Move the DLL onto the Memory Controller
Because the DLL is only used on the DRAM to syn-
chronize outgoing data and DQS signals with the
global clock for the benefit of the memory controller
[Lee 2002, Rhoden 2002, Karabotsos 2002, Baker 2002,
Macri 2002], it is possible to move that functionality
onto the memory controller itself. The memory con-
troller could maintain two clocks: the first, for exam-
ple, could be synchronized with the global clock, and
the second could be delayed 90°. The incoming DQS
and data signals could be given a variable delay, with
the amount of delay controlled by a DLL/PLL on the
memory controller so that the DQS signal would be
in-phase with the delayed clock. This arrangement
could align the incoming data so that the eye would
be centered on the global clock signal, which could be
used to sample the data. The weakness of this scheme
is that, as clock speeds increase to very high rates, the
timing differences between different DIMMs would
become significant. Therefore, each DIMM in the sys-
tem would require a different phase shift between the
memory controller’s two clocks, which would imply
that the memory controller would need to maintain a
separate timing structure for each DIMM.?

Move the DLL onto the DIMM One alternative
is to place the DLL on the DDR module instead of
the DDR device itself. Sun has used this alternative
for many years [Becker 2002, O'Donnell 2002, Prein
2002, Walker 2002]. Moreover, it is similar in nature to
the off-chip driver mechanism used by IBM in their
high-speed toggle-mode DRAM [Kalter 1990a, b]. As
mentioned previously, the only function of the DLL on
the DDR SDRAM is to synchronize the outgoing DQS
and data signals with the global clock. This can be

accomplished just as easily on the module, especially
if the module is buffered or registered (which simply
means that the module has local storage to hold the
commands and addresses that are destined for the
module’s DRAMS). Note that it is presently common
practice for engineers to disable DDR’s on-chip DLL
to achieve higher performance—the on-chip DLL is a
convenience, not a necessity [Rhoden 2002, Kellogg
2002, Macri 2002]. A module-level DLL is perfectly
workable; even if the data exiting the DRAM is com-
pletely out of synch with the global clock, the module
can use its DLL to delay the clock/s, commands, and
addresses so that the output of the DRAMs is in synch
with the global clock. However, this might come at
the expense of an extra CAS latency cycle.

7.4 Fully Buffered DIMM: A Compromise
of Sorts

An interesting development in the DRAM industry
is the recent introduction of the fully buffered DIMM
(FB-DIMM). This is a system-level DRAM organiza-
tion developed by Intel that, at first glance, looks a
bit like a compromise between a traditional JEDEC
wide-bus design and a Rambus-like narrow-bus
design. Chapter 14 explores the FB-DIMM in more
detail. Here, we will simply introduce it and present
a motivation for its development.

An important trend facing system designers ulti-
mately argues for FB-DIMM or something like it. As
DRAM technology has advanced, the channel speed
has improved at the expense of channel capacity.
SDR SDRAMs could populate a channel with eight
DIMMs. DDR SDRAMs operate at a higher data rate
and limit the number of DIMMs to four per channel.
DDR2 SDRAMs operate at an even higher data rate
and limit the number of DIMMs to two per chan-
nel. DDR3 is expected to limit the number of DIMMs
per channel to one. This is a significant limitation;

12Most DLLs/PLLs require many cycles to lock onto a signal and create the correct phase shift. Forcing the memory
controller to wait many cycles before switching from reading from one DIMM to reading from another DIMM would be an

unsatisfactory situation.
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for a server designer, it is critical, as servers typically
depend on memory capacity for their performance.

The trend is clear: to improve data rates, one must
reduce the number of drops on the bus. The design-
ers of graphics subsystems have known this for along
time—for every DRAM generation, graphics cards
use the same DRAM technology as is found in com-
modity DIMMs, but the graphics cards operate their
DRAMs at significantly higher data rates because they
use point-to-point connections. Note that this is pos-
sible in a marketing sense because graphics cards are
de facto embedded systems. Users do not expect to
upgrade their graphics cards by adding more mem-
ory to them,; they instead replace the entire card.

Traditional (JEDEC) Organization

DIMMs
Package Pins | DRAMs

Edge Connectors

Package Pins
Control!ér DIMM 0 DIMM 1 Controller DRAM

DIMM O

Graphics-Card Organization

So there is an obvious dilemma: future design-
ers would like both increased channel capacity and
increased data rates. How can one provide both?

The relationship between a modular organiza-
tion and the graphics-card organization is shown in
Figure 7.26, which depicts a multi-drop DRAM bus
next to a DRAM bus organization typical of graphics
cards. The graphics-card organization uses the same
DRAM technology as in the multi-drop organization,
but it also uses point-to-point soldered connections
between the DRAM and memory controller and can
therefore reach higher rates of speed. How can one
exploit this to increase data rates without sacrific-
ing channel capacity? One solution is to redefine

Fully Buffered DIMM
Organization

FIGURE 7.26: Motivation for the deéign of FB-DIMM. The first two organizations compare a modular wide-bus and a high-
performance embedded system such as a graphics card. Above each design is its side profile, indicating potential impedance
mismatches (sources of relections). The organization on the far right shows how FB-DIMM takes the graphics-card organization
as its de facto DIMM. In the FB-DIMM organization, there are no multi-drop busses; DIMM-to-DIMM connections are point-to-

point.
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one’s terms—to call the graphic-card arrangement a
“DIMM” in one’s future system. This is shown on the
right-hand side of the figure and is precisely what is
happening in FB-DIMM: the memory controller has
been moved onto the DIMM, and all connections in
the system are point-to-point. The channel connect-
ing the master memory controller to the DIMM-level
memory controllers (called Advanced Memory Buf-
fers, or AMBs) is very narrow and very fast, based on
the PCI-X standard. Moreover, each DIMM-to-DIMM
connection is a point-to-point connection, making
an entire channel a de facto multi-hop store and for-
ward network. The FB-DIMM architecture limits the
channel length to eight DIMMs, and the width of the
inter-module bus is narrow enough to require roughly
one-third the number of pins as a traditional organi-
zation. The result is that an FB-DIMM organization
can handle roughly 24 times the storage capacity as a
traditional DDR3-based system (assuming DDR3 sys-
tems will indeed be limited to one DIMM per chan-
nel), without sacrificing any bandwidth and even
leaving room for increased intra-module bandwidth
(note that the FB-DIMM module should be capable
of reaching the same performance as a graphics-card
organization).

7.5 Issues in DRAM Systems, Briefly

The previous section already touched on animpor-
tant issue facing the system designers of tomorrow:
bandwidth increases are not free and require some
form of trade-off. The traditional approach has been
to reduce the number of drops on the shared bus,
but this approach cleary fails to scale. The Overview
section described other issues, namely that protocol-
level details interact with system-level organization
parameters in non-intuitive ways that can reduce
performance by factors of two or more. There are
many other issues facing future DRAM systems, and
these will be treated in more detail in the upcoming
chapters. The following is a brief introduction to sev-
eral of the issues.

7.5.1 Architecture and Scaling

The bandwidth improvements in each DRAM gen-
eration have come at a cost in channel capacity, but
they have also come at a cost in the granularity of
access. Through a trick of trading off space for time,
DRAM designers have increased the data rate at the
DRAM'’s I/0 pins without having also to increase the
speed of the DRAM’s core. DDR improves speed rela-
tive to single data rate (SDR) by moving to a 2n prefetch
architecture—one in which twice the number of bits
are fetched from the DRAM core. The bandwidth
increase on one side of the interface is matched by a
bandwidth increase on the other side; the 1/0 side is
twice as fast, and the core side is twice as wide (on the
1/0 side of the DRAM, bits are transmitted twice as
fast as before; on the core side, twice as many bits are
fetched in a single cycle). DDR2 improves speed again
by moving to 4n prefetch; DDR3 is expected to imple-
ment 8n prefetch. In each instance, the minimum num-
ber of bits that the DRAM can read or write increases
by a factor of two. The implication is that processors
need to double the amount of data that they read and
write in each operation, but the question remains as to
how far a cache block will scale before SRAM designers
say enough: 128 B per block? 256 B? 1 KB?

7.5.2 Topology and Timing

As previously discussed, there is a direct connec-
tionbetween signal integrity and system organization;
changes to the system organization can significantly
improve or degrade signal integrity. The same is true
of bus topologies. For example, designers of unidirec-
tional busses do not need to concern themselves with
turnaround time, a limitation on throughput when
the masters of bi-directional buses change. A related
issue is that of the timing convention used. When the
topology changes, the timing convention may need
to be changed to follow suit. Unidirectional busses
would tend to work better with source-synchronous
clocking, for example, but source-synchronous clock-
ing is not as simple as a global clocking scheme.
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7.5.3 Pin and Protocol Efficiency

Pin cost is becoming a major concern; the cost of
a transistor or a capacitor on-die is reducing at a tre-
mendous rate, and packaging costs are not decreas-
ing as rapidly. The obvious conclusion is that in the
future, DRAM design will be far more concerned
about pin count than transistor count. The only way
to reduce significantly the number of pins needed in
a part, without also significantly reducing the part’s
data bandwidth (e.g., by simply reducing the number
of data pins on the package), is to rethink the proto-
col and allow a trade-off between pins used for data
and control (address, command, etc.).

7.5.4 Power and Heat Dissipation

DRAMs have traditionally not accounted for much
of a design’s power or heat dissipation. For instance,
DRAMS typically do not come with heat sinks, nor do
DIMMs. However, with modern inter-chip signaling
rates exceeding 1 Gbps per pin (as in present-day
FB-DIMMs), both power dissipation and heat dissi-
pation become serious issues. Previous-era DIMMs
exhibited power dissipation on the order of 1 W. Cur-
rent FB-DIMM s dissipate nearly ten times that. Cou-
ple this with the ability to put 25 times the number of
FB-DIMMs into a system (three times as many chan-
nels, eight times as many DIMMs per channel), and

you now have a significant heating problem. Modern
blade servers are a popular design choice and work
because only a handful of components in the sys-
tem dissipate significant heat, and DRAM was never
one of these. Now, the DRAM subsystem threatens to
complicate blade-server design, among other things.

7.5.5 Future Directions

Currently, much of the focus in future DRAM .
design has been placed on increasing bandwidth via
increased pin rates. This only scales well for a lim-
ited design window. In particular, it places too much
emphasis on optimizing the device and not enough
on optimizing the system. This is precisely the type
of narrow-scope thinking that has led to the sys-
temic problems described in the Overview chapter:
designers thinking only at the device level can create
system-level problems, just as designers thinking only
at the system level can create device-level problems.

The solution is non-trivial, because it requires fac-
ing economic arguments. DRAM is a device that tries
to suit many different needs. A design solution must
work just as well in a DIMM organization as being
soldered directly to a motherboard, talking one-on-
one with the microprocessor. In other words, in many
cases the device is the system. How to marry these
two perspectives will be an ongoing concern.
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In this chapter, basic circuits and architecture of
DRAM devices are described. Modern DRAM devices
exist as the result of more than three decades of
devolutionary development, and it is impossible to
provide a complete overview as well as an in-depth
coverage of circuits and architecture of various DRAM
devices in a single chapter. The limited goal in this
chapter is to provide a broad overview of circuits and
functional blocks commonly found in modern DRAM
devices, and then proceed in subsequent chapters to
describe larger memory systems consisting of DRAM
devices composed of the commonly found circuits
and functional blocks described herein.

This chapter proceeds through an examination of
the basic building blocks of modern DRAM devices
by first providing a superficial overview of a Fast Page
Mode (FPM) DRAM device. Basic building blocks such
as DRAM storage cells, DRAM array structure, volt-
age sense amplifiers, decoders, control logic blocks,
data I/O structures, and packaging considerations
are examined in this chapter. Specific DRAM devices,
such as SDRAM, DDR SDRAM and D-RDRAM devices,

DRAM Device

Organization:
Basic Circuits and
Architecture

and the evolution of DRAM devices, in general, are
examined in Chapter 12.

8.1 DRAM Device Organization

Figure 8.1 illustrates the organization and struc-
ture of an FPM DRAM device that was widely used
in the 1980s and early 1990s. Internally, the DRAM
storage cells in the FPM DRAM device in Figure 8.1
are organized as 4096 rows, 1024 columns per row,
and 16 bits of data per column. In this device, each
time a row access occurs, a 12-bit address is placed
on the address bus and the row-address strobe (RAS)*
is asserted by an external memory controller. Inside
the DRAM device, the address on the address bus
is buffered by the row address buffer and then sent
to the row decoder. The row address decoder then
accepts the 12-bit address and selects 1 of 4096 rows
of storage cells. The data values contained in the
selected row of storage cells are then sensed and kept
active by the array of sense amplifiers. Each row of

IRAS is known as both row-address strobe (more common) or as row-access strobe. The author prefers “access” because
of the way the DRAM access protocol has morphed from more of a signal-based interface to a command-based interface.
Both “address” and “access” are commonly accepted usage for “A” in both RAS and CAS.
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FIGURE 8.1: A 64-Mbit Fast Page Mode DRAM device (4096 x 1024 x 16).

DRAM cells in the DRAM device illustrated in Figure
8.1 consists of 1024 columns, and each column is 16
bits wide. That is, the 16-bit-wide column is the basic
addressable unit of memory in this device, and each
column access that follows the row access would
read or write 16 bits of data from the same row of
DRAM.?

In the FPM DRAM device illustrated in Figure 8.1,
column access commands are handled in a similar
manner as the row access commands. For a column
access command, the memory controller places a
10-bit address on the address bus and then asserts
the appropriate column-access strobe (CAS#) signals.
Internally, the DRAM chip takes the 10-bit column

2The FPM DRAM device illustrated in Figure 8.1 does allow each 8-bit half of the 16-bit column to be accessed inde-
pendently through the use of separate column-access strobe high (CASH) and column-access strobe low (CASL) signals.
However, since the data bus is 16 bits wide, a column of data in this device is 16 bits rather than 8 bits. Equivalently,
modern DRAM devices make use of data mask signals to enable partial data write operations within a single column.
Some other DRAM devices such as XDR devices make use of sophisticated command encoding to control sub-column

read and write operations.
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address, decodes it, and selects 1 column out of 1024
columns. The data for that column is then placed
onto the data bus by the DRAM device in the case of
an ordinary column read command or is overwritten
with data from the memory controller depending on
the write enable (WE) signal.

All DRAM devices, from the venerable FPM DRAM
device to modern DDRx SDRAM devices, to high data
rate XDR DRAM devices to low-latency RLDRAM
devices, tolow-power MobileRAM devices, share some
basic circuits and functional blocks. In many cases,
different types of DRAM devices from the same DRAM
device manufacturer share the exact same cells and
same array structures. For example, the DRAM cells
in all DRAM devices are organized into one or more
arrays, and each array is arranged into a number of
rows and columns. All DRAM devices also have some
logic circuits that control the timing and sequence
of how the device operates. The FPM DRAM device
shown in Figure 8.1 has internal clock generators as
well as a built-in refresh controller. The FPM DRAM
device keeps the address of the next row that needs
to be refreshed so that when a refresh command is
issued, the row address to be refreshed can be loaded
from the internal refresh counter instead of having to
be loaded from the off-chip address bus. The inclu-
sion of the fresh counter in the DRAM device frees the
memory controller from having to keep track of the
row addresses in the refresh cycles.

Advanced DRAM devices such as ESDRAM, Direct
RDRAM, and RLDRAM have evolved to include more
logic circuitry and functionality on-chip than the
basic DRAM device examined in this chapter. For
example, instead of a single DRAM array in an FPM
DRAM device, modern DRAM devices have multiple
banks of DRAM arrays, and some DRAM devices have
additional row caches or write buffers that allow for
read-around-write functionality. The discussion in
this chapter is limited to basic circuitry and architec-
ture, and advanced performance-enhancinglogic cir-
cuits not typically found on standard DRAM devices
are described separately in discussions of specific
DRAM devices and memory systems.

8.2 DRAM Storage Celis

Figure 8.2 shows the circuit diagram of a basic one-
transistor, one-capacitor (1T1C) cell structure used in
modern DRAM devices to store a single bit of data. In
this structure, when the access transistor is turned on
by applying a voltage on the gate of the access tran-
sistor, a voltage representing the data value is placed
ontothebitline and charges the storage capacitor. The
storage capacitor then retains the stored charge after
the access transis-
tor is turned off
and the voltage
on the wordline
is removed. How-
ever, the electrical
charge stored in
the storage capac-
itor will gradually
leak away with
the passage of
time. To ensure
data integrity, the
stored data value
in the DRAM cell
must be periodically read out and written back by
the DRAM device in a process known as refresh. In
the following section, the relationships between cell
capacitance, leakage, and the need for refresh opera-
tions are briefly examined.

Different cell structures, such as a three-transistor,
one-capacitor (3T1C) cell structure in Figure 8.3 with
separate read access, write access, and storage tran-
sistors, were used in early DRAM designs.? The 3T1C
cell structure has an interesting characteristic in that
reading data from the storage cell does not require
the content of the cell to be discharged onto a shared
bitline. That is, data reads to DRAM cells are not
destructive in 3T1C cells, and a simple read cycle does
not require data to be restored into the storage cell
as they are in 1T1C cells. Consequently, random read
cycles are faster for 3T1C cells than 1T1C cells. How-
ever, the size advantage of the 1T1C cell has ensured

wordline
Gate

1

/ﬁ

=+

storage
capacitor

access
transistor

FIGURE 8.2: Basic 1T1C DRAM cell
structure.

3The first commercial DRAM device, Intel’s 1103 DRAM device, utilized a 3T1C cell structure.
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write read that this basic cell
bitline bitine  gtructure is used
’ in all modern
= DRAM devices.

l Aside from the
I basic 1T1C cell
structure, research
f|; is ongoing to uti-
) h storage lize alternative cell
|nput . node structures such as

capacitance of T2

the use of a single
transistor on a Sili-
con-on-Insulator
(SOI) process as
the basic cell. In one proposed structure, the isolated
substrate is used as the charge storage element, and a
separate storage capacitor is not needed. Similar to data
read-out of the 3T1C cell, data read-out is not destruc-
tive, and data retrieval is done via current sensing rather
than charge sensing. However, despite the existence of
alternative cell structures, the 1T1C cell structure is used
as the basic charge storage cell structure in all modern
DRAM devices, and the focus in this chapter is devoted
to this dominant 1T1C DRAM cell structure.

FIGURE 8.3: 3T1C DRAM cell.

8.2.1 Cell Capacitance, Leakage, and Refresh

In a 90-nm DRAM-optimized process technology,
the capacitance of a DRAM storage cell is on the
order of 30 fF and the leakage current of the DRAM
access transistor is on the order of 1 fA. With a cell
capacitance of 30 fF and a leakage current of 1 fA,
a typical DRAM cell can retain sufficient electrical
charge that will continue to resolve to the proper digi-
tal value for an extended period of time—from hun-
dreds of milliseconds to tens of seconds. However,
transistor leakage characteristics are temperature-
dependent, and DRAM cell data retention times can
vary dramatically not only from cell to cell at the same
time and temperature, but also at different times for
the same DRAM cell.* However, memory systems
must be designed so that not a single bit of data is

lost due to charge leakage. Consequently, every single
DRAM cell in a given device must be refreshed at least
once before any single bit in the entire device loses
its stored charge due to leakage. In most modern
DRAM devices, the DRAM cells are typically refreshed
once every 32 or 64 ms. In cases where DRAM cells
have storage capacitors with low capacitance values
or high leakage currents, the time period between
refresh intervals is further reduced to ensure reliable
data retention for all cells in the DRAM device.

8.2.2 Conflicting Requirements Drive Cell
Structure

Since the invention of the 1T1C DRAM cell, the
physical structure of the basic DRAM cell has under-
gone continuous evolution. DRAM cell structure
evolution occurred as a response to the conflicting
requirements of smaller cell sizes, lower voltages, and
noise tolerances needed in each new process genera-
tion. Figure 8.4 shows an abstract implementation of
the 1T1C DRAM cell structure. A storage capacitor
is formed from a stacked (or folded plate) capacitor
structure that sits in between the polysilicon layers
above active silicon. Alternatively, some DRAM
device manufacturers instead use cells with trench
capacitors that dive deeply into the active silicon
area. Modern DRAM devices typically utilize one of
these two different forms of the capacitor structure as
the basic charge storage element.

In recent years, two competing camps have been
formed between manufacturers that use a trench
capacitor and manufacturers that use a stacked
capacitor as the basic charge storage element.
Debates are ongoing as to the relative costs and long-
term scalability of each design. For manufacturers
that seek to integrate DRAM cells with logic circuits
on the same process technology, the trench capacitor
structure allows for better integration of embedded
DRAM cells with logic-optimized semiconductor
process technologies. However, manufacturers that
focused on stand-alone DRAM devices appear to

“4The variable leakage problem is a well-known and troublesome phenomenon for DRAM manufacturers that leads to

variable retention times (VRTs) in DRAM cells.
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FIGURE 8.4: Cross-section view of a 1T1C DRAM cell with
a trench capacitor. The storage capacitor is formed from a
trench capacitor structure that dives deeply into the active
silicon area. Alternatively, some DRAM device manufacturers
instead use cells with a stacked capacitor structure that sits in
between the polysilicon layers above the active silicon.

favor stacked capacitor cell structures as opposed
to the trench capacitor structures. Currently, DRAM
device manufacturers such as Micron, Samsung,
Elpida, Hynix, and the majority of the DRAM
manufacturing industry use the stacked capacitor
structure, while Qimonda, Nanya, and several
other smaller DRAM manufacturers use the trench
capacitor structure.

8.2.3 Trench Capacitor Structure

Currently, the overriding consideration for
DRAM devices, in general, and commodity DRAM
devices, in particular, is that of cost-minimization;
This over-riding consideration leads directly to the

pressure to reduce the cell size—either to increase
selling price by putting more DRAM cells onto the
same piece of silicon real estate or to reduce cost
for the same number of storage cells. The pressure
to minimize cell area, in turn, means that the stor-
age cell either has to grow into a three-dimensional
stacked capacitor above the surface of the silicon or
has to grow deeper into and trench below the surface
of the active silicon. Figure 8.4 shows a diagram of
the 1T1C DRAM cell with a deep trench capacitor
as the storage element. The abstract illustration in
Figure 8.4 shows the top cross section of the trench
capacitor.? The depth of the trench capacitor allows
a DRAM cell to decrease the use of the silicon surface
area without decreasing storage cell capacitance.
Trench capacitor structures and stacked capacitor
structures have respective advantages and disadvan-
tages. One advantage of the trench capacitor design
is that the three-dimensional capacitor structure is
under the interconnection layers so that the higher
level metallic layers can be more easily made planar.
The planar characteristic of the metal layers means
that the process could be more easily integrated into
a logic-optimized process technology, where there
are more metal layers above the active silicon. The
buried structure also means that the trench capaci-
tor could be constructed before logic transistors are
constructed. The importance of this subtle distinc-
tion means that processing steps to create the capac-
itive layer could be activated before logic transistors
are fabricated, and the performance characteristics
of logic transistors would not be degraded by forma-
tion of the (high-temperature) capacitive layer.®

8.2.4 Stacked Capacitor Structure

The stacked capacitor structure uses multiple layers
of metal or conductive polysilicon above the surface of
the silicon substrate to form the plates of the capaci-
tor to form the plates of the capacitor that holds the
stored electrical charge. Figure 8.5 shows an abstract

5In some modern DRAM devices that use trench capacitors, the depth-to-width aspect ratio of the trench cell exceeds 50:1.
6The integration of DRAM cells with the logic circuit on the same process technology is non-trivial. Please see the continu-

ing discussion in Section 8.10.
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FIGURE 8.5: Abstract view of a 1T1C DRAM cell with stacked
capacitor.
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FIGURE 8.6: Top-down view of a DRAM array.

illustration of the stacked capacitor structures. The
capacitor structure in Figure 8.5 is formed between
two layers of polysilicon, and the capacitor lies under-
neath the bitline. It is referred to as the Capacitor-
under-Bitline (CUB) structure. The stacked capacitive
storage cell can also be formed above the bitline in the
Capacitor-over-Bitline (COB) structure. Regardless of
the location of the storage cell relative to the bitline,
both the CUB and COB structures are variants of the
stacked capacitor structure, and the capacitor resides
in the polysilicon layers above the active silicon. The

“Bitlines are also known as digitlines.

relentless pressure to reduce DRAM cell size while
retaining cell capacitance has forced the capacitor
structure to grow in the vertical dimension, and the
evolution of the stacked capacitor structure is a natu-
ral migration from two-dimensional plate capacitor
structures to three-dimensional capacitor structures.

8.3 RAM Array Structures

Figure 8.6 illustrates an abstract DRAM array in a
top-down view. The figure shows a total of six cells,
with every two cells sharing the same bitline contact.
The figure also abstractly illustrates the size of a cell
in the array. The size of a unit cell is 8 F2. In the cur-
rent context, “F” is a process-independent metric that
denotes the smallest feature size in a given process
technology. In a 90-nm process, F is literally 90 nm,
and an area of 8 F? translates to 64,800 nm? in the
90-nm process. The cross-sectional area of a DRAM
storage cell is expected to scale linearly with respect to
the process generation and maintains the cell size of
6~8 F? in each successive generation.,

In DRAM devices, the process of data read out from
a cell begins with the activation of the access transis-
tor to that cell. Once the access transistor is turned
on, the small charge in the storage capacitor is placed
on the bitline to be resolved into a digital value.”
Figure 8.7 illustrates a single bank of DRAM storage
cells where the row address is sent to a row decoder,
and the row decoder selects one row of cells. A row of
cells is formed from one or more wordlines that are
driven concurrently to activate one cell on each one
of thousands of bitlines. There may be hundreds of
cells connected to the same bitline, but only one cell
per bitline will share its stored charge with the bitline
at any given instance in time. The charge sharing pro-
cess by the storage capacitor minutely changes the
voltage level on the bitline, and the resulting voltage
on the bitline is then resolved into a digital value by
a differential sense amplifier. The differential sense
amplifier is examined in the following section.

In modern DRAM devices, the capacitance of a
storage capacitor is far smaller than the capacitance
of the bitline. Typically, the capacitance of a storage
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FIGURE 8.7: One DRAM bank illustrated: consisting of one
DRAM array, one array of sense amplifiers, and one row
decoder—note that the row decoder may be shared across
multiple banks.

capacitor is one-tenth of the capacitance of the long
bitline that is connected to hundreds or thousands of
other cells. The relative capacitance values create the
scenario that when the small charge contained in a
storage capacitor is placed on the bitline, the resulting
voltage on the bitline is small and difficult to measure
in an absolute sense. In DRAM devices, the voltage
sensing problem is resolved through the use of a dif-
ferential sense amplifier that compares the voltage of
the bitline to a reference voltage.

The use of the differential sense amplifier, in turn,
places certain requirements on the array structure of
the DRAM device. In particular, the use of a differ-
ential sense amplifier means that instead of a single
bitline, a pair of bitlines is used to sense the voltage
value contained in any DRAM cell. Furthermore, in
order to ensure that bitlines are closely matched in
terms of voltage and capacitance values, they must
be closely matched in terms of path lengths and the
number of cells attached. These requirements lead to

two distinctly different array structures: open bitline
structures and folded bitline structures. The struc-
tural difference between an array with an open bitline
structure and an array with a folded bitline structure
is that in the open bitline structure, bitline pairs used
for each sense amplifier come from separate array
segments, while bitline pairs in a folded bitline struc-
ture come from the same array segment. The different
structure types have different advantages and disad-
vantages in terms of cell size and noise tolerance.
Some of the important advantages and disadvantages
are selected for discussion in the following sections.

8.3.1 Open Bitline Array Structure

Figure 8.8 shows an abstract layout of an open
bitline DRAM array structure. In the open bitline
structure, bitline pairs used for each sense amplifier
come from separate array segments. Figure 8.8 shows
that the open bitline structure leads to a high degree
of regularity in the array structure, and the result is
that cells in an open bitline structure can be packed
closely together. Typically, DRAM cells in an open
bitline structure can occupy an area as small as 6 F2,
In contrast, DRAM cells in a folded bitline structure
typically occupy a minimum area of 8 F2.8 The larger
area used by cells in a folded bitline structure is due to
the fact that two bitlines are routed through the array
for each DRAM cell in the folded bitline structure,
while only one bitline is routed through the array for
each cell in an open bitline structure.

Open bitline array structures were used in 64-Kbit
and earlier DRAM generations. Some 256-Kbit DRAM
devices also used open bitline structures. However,
despite the advantage of smaller cell sizes, open bit-
line structures also have some disadvantages. One
disadvantage of the open bitline structure is that it
requires the use of dummy array segments at the edges
of the DRAM array in order to ensure that the lengths
and capacitance characteristics of the bitline pairs are
closely matched. Another disadvantage of the classic

8Currently, most manufacturers utilize DRAM cells that occupy an area of 8 F2, and the International Technology Roadmap
for Semlconductors (ITRS) predicts that DRAM manufacturers will begin transition to new DRAM cell structures that are
only 6 F2 in 2008. However, Micron announced in 2004 that it had succeeded in the development of a Metal-Insulator-
Metal (MIM) capacitor that occupies an area of 6 F2 and began shipping products based on this structure in 2004 and 2005.
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FIGURE 8.8: Open bitline DRAM array structure.

open bitline structure is that bitline pairs in the open
bitline array structure come from different array seg-
ments, and each bitline would be more susceptible to
electronic noises as compared to bitlines in the folded
bitline structure.

The larger area for routing and dummy array
segments in open bitline structure minutely dilutes
the cell size advantage of the open bitline struc-
tures. The various trade-offs, in particular, the noise
tolerance issue, have led to the predominance of
folded bitline structures in modern DRAM devices.
Consequently, open bitline array structures are not

currently used in modern DRAM devices. However,
as process technology advances, open bitline struc-
tures promise potentially better scalability for the
DRAM cell size in the long run. Research in the area
of basic DRAM array structure is thus ongoing. Open
bitline array structures or more advanced twisting
or folding of the bitline structure with the cell size
advantage of the open bitline architecture can well
make a comeback as the mainstream DRAM array
structure in the future.

8.3.2 Folded Bitline Array Structure

Figure 8.9 shows a DRAM array with a folded bitline
structure. In the folded bitline configuration, bitlines
are routed in pairs through the DRAM array structure,
fulfilling several critical requirements of the sensitive
differential sense amplifier. The close proximity of the
bitline pairs in the folded bitline structure means that
the differential sense amplifier circuit, when paired
with this array structure, exhibits superior common-
mode noise rejection characteristics. That is, in the
case of a charge spike induced by a single event upset
(SEU) neutron or alpha particle striking the DRAM
device, the voltage spike would have a good chance
of appearing as common-mode noise at the input of
the differential sense amplifier. In the case of the open
bitline array structure, the charge spike induced by the
SEU would likely appear as noise on only one bitline of
a bitline pair that connects to a sense amplifier.

Figure 8.9 shows a logical layout of the folded
bitline structure where alternate pairs of DRAM
cells are removed from an open bitline array. The
array of DRAM cells is then compressed, resulting in
the folded bitline structure illustrated in Figure 8.9.
The folded bitline structure shown in Figure 8.9 is a
simple twisting scheme where the bitline pairs cross
over each other for every two transistors on the bit-
line. More advanced bitline folding schemes are being
study to reduce the area impact while retaining the
noise immunity aspect of the folded bitline structure.

8.4 Differential Sense Amplifier

In DRAM devices, the functionality of resolving
small electrical charges stored in storage capaci-
tors into digital values is performed by a differential
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FIGURE 8.9: One type of folded bitline array structure.

sense amplifier. In essence, the differential sense
amplifier takes the voltages from a pair of bitlines as
input, senses the difference in voltage levels between
the bitline pairs, and amplifies the difference to one
extreme or the other.

8.4.1 Functionality of Sense Amplifiers in
DRAM Devices

Sense amplifiers in modern DRAM devices perform
three generalized functions. The first function is to
sense the minute change in voltage that occurs when
an access transistor is turned on and a storage capaci-
tor places its charge on the bitline. The sense ampli-
fier compares the voltage on that bitline against a
reference voltage provided on a separate bitline and
amplifies the voltage differential to the extreme so
that the storage value can be resolved as a digital 1 or
0. This is the sense amplifier’s primary role in DRAM
devices, as it senses minute voltage differentials and
amplifies them to represent digital values.

The second function is that it also restores the value
of a cell after the voltage on the bitline is sensed and
amplified. The act of turning on the access transistor
allows a storage capacitor to share its stored charge
with the bitline. However, the process of sharing

the electrical charge from a storage cell discharges
that storage cell. After the process of charge sharing
occurs, the voltage within the storage cell is roughly
equal to the voltage on the bitline, and this voltage
level cannot be used for another read operation.
Consequently, after the sensing and amplification
operations, the sense amplifier must also restore the
amplified voltage value to the storage cell.

The third function is that the sense amplifiers
also act as a temporary data storage element. That
is, after data values contained in storage cells are
sensed and amplified, the sense amplifiers will con-
tinue to drive the sensed data values until the DRAM
array is precharged and readied for another access.
In this manner, data in the same row of cells can be
accessed from the sense amplifier without repeated
row accesses to the cells themselves. In this role, the
array of sense amplifiers effectively acts as a row buf-
fer that caches an entire row of data. As a result, an
array of sense amplifiers is also referred to as a row
buffer, and management policies are devised to con-
trol operations of the sense amplifiers. Different row
buffer management policies dictate whether an array
of sense amplifiers will retain the data for an indefi-
nite period of time (until the next refresh), or will
discharge it immediately after data has been restored
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to the storage cells. Active sense amplifiers consume
additional current above quiescent power levels, and
effective management of the sense amplifier opera-
tion is an important task for systems seeking optimal
trade-off points between performance and power
consumption.

8.4.2 Circuit Diagram of a Basic Sense
Ampilifier

Figure 8.10 shows the circuit diagram of a basic
sense amplifier. More complex sense amplifiers in
modern DRAM devices contain the basic elements
shown in Figure 8.10, as well as additional circuit
elements for array isolation, careful balance of the
sense amplifier structure, and faster sensing capa-
bility. In the basic sense amplifier circuit diagram
shown in Figure 8.10, the equalization (EQ) signal
line controls the voltage equalization circuit. The
functionality of this circuit is to ensure that the volt-
ages on the bitline pairs are as closely matched as
possible. Since the differential sense amplifier is
designed to amplify the voltage differential between
the bitline pairs, any voltage imbalance that exists
on the bitline pairs prior to the activation of the
access transistors would degrade the effectiveness
of the sense amplifier.

The heart of the sense amplifier is the set of four
cross-connected transistors, labelled as the sensing

circuit in Figure 8.10. The sensing circuit is essentially
a bi-stable circuit designed to drive the bitline pairs
to complementary voltage extremes, depending on
the respective voltages on the bitlines at the time the
SAN (Sense-Amplifier N-Fet Control) and SAP (Sense-
Amplifier P-Fet Control) sensing signals are activated.
The SAN signal controls activation of the NFets in the
sensing circuit, and the SAP signal controls the acti-
vation of the PFets in the sensing circuit. After the
assertion of the SAN and SAP, the bitlines are driven
to the full voltage levels. The column-select line (CSL)
then turns on the output transistors and allows the
fully driven voltage to reach the output and be read
out of the DRAM device. At the same time, the access
transistor for the accessed cell remains open, and the
fully driven voltage on the bitline now recharges the
storage capacitor. Finally, in case of a write operation,
the column-select line and the write enable (WE)
signals collectively allow the input write drivers to
provide a large current to overdrive the sense ampli-
fier and the bitline voltage. Once the sense amplifier
is overdriven to the new data value, it will then hold
that value and drive it into the DRAM cell through the
still open access transistor.

8.4.3 Basic Sense Amplifier Operation

The maximum voltage that can be placed across
the access transistor is Vgg — V. (V; is the threshold

Wordlines
i L‘ e sensing voltage ii"'P'Jt
ircui ircui write driver
Bitline L circuit eq.cireuit L1 [y
output
|
T TR
Hlt HII ! | 2| P—I W
H H } d H 1 J ' Write driver
Bitline output
SAN SAP EQ CSL WE

FIGURE 8.10: Basic sense amplifier circuit diagram.
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voltage of the access transistor, and Vg is the gate-
source voltage on the access transistor.) By overdriving
the wordline voltage to V. + V,, the storage capacitor
can be charged to full voltage (maximum of Vo) by
the sense amplifier in the restore phase of the sens-
ing operation. In modern DRAM devices, the higher-
than-V,., wordline voltage is generated by additional
level-shifting voltage pumping circuitry not examined
in this text.

Figure 8.11 shows four different phases in the sens-
ing operations of a differential sense amplifier. The pre-
charge, access, sense, and restore operations of a sense
amplifier are labelled as phases zero, one, two, and
three, respectively. The reason that the precharge phase
islabelled as phase zero is because the precharge phase
is typically considered as a separate operation from
the phases of a row-access operation. That is, while
the Precharge phase is a prerequisite for a row-access
operation, it is typically performed separately from the
row-access operation itself. In contrast, Access, Sense,
and Restore are three different phases that are per-
formed in sequence for the row-access operation.

Phase zero in Figure 8.11 is labelled as Precharge,
and it illustrates that before the process of read-
ing data from a DRAM array can begin, the bitlines
in a DRAM array are precharged to a reference volt-
age, Vier. In many modern DRAM devices, V,./2, the
voltage halfway between the power supply voltage
and ground, is used as the reference voltage. In Fig-
ure 8.11, the equalization circuit is activated to place
the reference voltage for the bitlines, and the bitlines
are precharged to Vi

Phase one in Figure 8.11 is labelled as (cell) Access,
and it illustrates that as a voltage is applied to a word-
line, that wordline is overdriven to a voltage that is at
leastV;above V. The voltage on the wordline activates
the access transistors, and the selected storage cells
discharge their contents onto the respective bitlines.
In this case, since the voltage in the storage cell repre-
sents a digital value of “1,” the charge sharing process
minutely increases the voltage on the bitline from V,o¢

to Vies ™. Then, as the voltage on the bitline changes,
the voltage on the bitline begins to affect operations of
the cross-connected sensing circuit. In the case illus-
trated in Figure 8.11, the slightly higher voltage on the
bitline begins to drive the lower NFet to be more con-
ductive than the upper NFet. Conversely, the minute
voltage difference also drives the lower PFet to be less
conductive than the upper PFet. The bitline voltage
thus biases the sensing circuit for the sensing phase.

Phase two in Figure 8.11 is labelled Sense, and it
illustrates that as the minute voltage differential
drives a bias into the cross-connected sensing circuit,
SAN, the DRAM device’s NFet sense amplifier control
signal, turns on and drives the voltage on the lower
bitline down.? The figure shows that as SAN turns on,
the more conductive lower NFet allows SAN to drive
the lower bitline down in voltage from V¢ to ground.
Similarly, SAB, the PFet sense amplifier control signal,
drives the bitline to a fully restored voltage value that
represents the digital value of “1.” The SAN and SAP
control signals thus collectively force the bi-stable
sense amplifier circuit to be driven to the respective
maximum or minimum voltage rails.

Finally, phase three of Figure 8.11 is labelled as
Restore, and it illustrates that after the bitlines are
driven to the respective maximum or minimum volt-
age values, the overdriven wordline remains active,
and the fully driven bitline voltage now restores the
charge in the storage capacitor through the access
transistor. At the same time, the voltage value on the
bitline can be driven out of the sense amplifier cir-
cuit to provide the requested data. In this manner,
the contents of a DRAM row can be accessed concur-
rently with the row restoration process.

8.4.4 Voltage Waveform of Basic Sense
Ampilifier Operation

Figure 8.12 shows the voltage waveforms for the
bitline and selected control signals illustrated in Figure
8.11.The four phaseslabelled in Figure 8.12 correspond

9n modern DRAM devices, the timing and shape of the SAN and SAP control signals are of great importance in defining the
accuracy and latency of the sensing operation. However, for the sake of simplicity, the timing and shape of these important
signals are assumed to be optimally generated by the control logic herein.
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FIGURE 8.11: lllustrated diagrams of the sense amplifier operation. Read(1) example.
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FIGURE 8.12: Simplified sense amplifier voltage waveform. Read(1) example.

to the four phases illustrated in Figure 8.11. Figure 8.12
shows that before a row-access operation, the bitline
is precharged, and the voltage on the bitline is set to
the reference voltage, V,.¢. In phase one, the wordline
voltage is overdriven to at least V; above V, and the
DRAM cell discharges the content of the cell onto
the bitline and raises the voltage from Vye; to Ve T In
phase two, the sense control signals SAN and SAP are
activated in quick succession and drive the voltage
on the bitline to the full voltage. The voltage on the
bitline then restores the charge in the DRAM cells in
phase three.

Figure 8.12 illustrates the relationship between
two important timing parameters: tpcp and tgas.
Although the relative durations of tgcp and tpag
are not drawn to scale, Figure 8.12 shows that after
time tpop, the sensing operation is complete, and
the data can be read out through the DRAM device's
data 1/0. However, after a time period of tzcp from
the beginning of the activation process, data is yet to

be restored to the DRAM cells. Figure 8.12 shows that
the data restore operation is completed after a time
period of tgag from the beginning of the activation
process, and the DRAM device is then ready to accept
a precharge command that will complete the entire
row cycle process after a time period of tgp.

8.4.5 Writing into DRAM Array

Figure 8.13 shows a simplified timing characteristic
for the case of a write command. As part of the row
activation command, data is automatically restored
from the sense amplifiers to DRAM cells. However,
in the case of a write command in commodity DRAM
devices, data written by the memory controller is
buffered by the I/0 buffer of the DRAM device and
used to overwrite the sense amplifiers and DRAM
cells.!® Consequently, in the case of a write command
that follows a row activation command, the restore
phase may be extended by the write recovery phase.!!

1050me DRAM devices, such as Direct RDRAM devices, have write buffers. Data is not driven directly into the DRAM array
by the data I/O circuitry in that case, but the write mechanism into the DRAM array remains the same when the write buf-
fer commits the data into the DRAM array prior to a precharge operation that closes the page.

The row cycle times of most DRAM devices are write-cycle limited. That is, the row cycle times of these DRAM devices are
defined so that a single, minimal burst length column write command can be issued to a given row, between an activation

command and a precharge command to the same row.
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FIGURE 8.13: Row activation followed by column write into a DRAM array.

Figure 8.13 shows that the timing of a column write
command means that a precharge command cannot
be issued until after the correct data values have been
restored to the DRAM cells. The time period required
for write data to overdrive the sense amplifiers and
written through into the DRAM cells is referred to as
the write recovery time, denoted as tyy in Figure 8.13.

8.5 Decoders and Redundancy

Modern DRAM devices rely on complex semicon-
ductor processes for manufacturing. Defects on the
silicon wafer or subtle process variations lead directly
to defective cells, defective wordlines, or defective bit-
lines. The technique adopted by DRAM designers to
tolerate some amount of defects and increase yield
is through the use of redundant rows and columns.
Figure 8.14 shows an array with redundant wordlines
and redundant bitlines. The figure shows a DRAM array
with 2" rows and m redundant rows. The row decoder
must select one out of 2”7 + m rows with an n-bit-wide
row address. The constraint placed on the decoder is
that the spare replacement mechanism should not
introduce unacceptable area overhead or additional
delays into the address decode path.

In modern DRAM devices, each row of a DRAM
array is connected to a decoder that can be selectively
disconnected via a laser (or fuse) programmable link.
In cases where a cell or an entire wordline is found
to be defective, the laser or electrical programmable
link for the standard decoder for that row disconnects
the wordline attached to that standard decoder, and a
spare row is engaged by connecting the address lines
to match the address of the disconnected row. In this
manner, the spare decoder can seamlessly engage
the spare row when the address of the faulty row is
asserted. The programmable links in the decoders
may be laser programmable fuses or electrically pro-
grammable fuses, depending on the process technol-
ogy and the mechanism selected by the DRAM design
engineers as optimal for the specific manufacturing
process technology. .

Figure 8.15 shows a set of standard and spare
decoder designs that are used to drive rows of DRAM
cells in some DRAM devices. In such a DRAM device,
a standard decoder is attached to each of the 2" row
of cells, and a spare decoder is attached to each of
the spare rows. The figure shows that the standard
decoder illustrated is functionally equivalent to an
n-inputNORgate. Inthestandard decoder, eachinput
of the functionally equivalent n-input NOR gate is
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FIGURE 8.14: Redundant rows and columns in a DRAM array.
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FIGURE 8.1 5 Standard and share decoder design.

connected to one bit in the n-bit address—either the
inverted or the non-inverted signal line. Figure 8.15
shows that the spare decoder illustrated is function-
ally equivalent to a 2n-input NOR gate, and each bit
in the n-bit address as well as the complement of

each bit of the n-bit address is connected to the 2n
inputs. In cases where a spare decoder is used, the
input of the NOR gate is selectively disabled so that
the remaining address signals match the address of
the disabled standard decoder.
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8.5.1 Row Decoder Replacement Example

Figure 8.16 illustrates the replacement of a standard
decoder circuit with a spare decoder for a DRAM array
with 16 standard rows and 2 spare rows. In Figure 8.186,
the topmost decoder becomes active with the address
of 0b1111, and each of the 16 standard decoders is
connected to one of 16 standard rows. In the example
illustrated in Figure 8.16, row 0b1010 is discovered to
be defective, and the standard decoder for row 0b1010
is disconnected. Then, the inputs of a spare decoder
are selectively disconnected, so the remaining inputs
match the address of 0b1010. In this manner, the
spare decoder and the row associated with it take over
the storage responsibility for row 0b1010.

A second capability of the decoders shown in
Figure 8.15, but not specifically illustrated in Figure 8.16,
is the ability to replace a spare decoder with another
spare decoder. In cases where the spare row connected
to the spare decoder selected to replace row 0b1010 is
itself defective, the DRAM device can still be salvaged by
disconnecting the spare decoder at its output and pro-
gramming yet another spare decoder for row 0b1010.

aza,aqag
I e e
YiY

,\ L -

other rows not shown

—_—— —

|

8.6 DRAM Device Control Logic

All DRAM devices contain some basic logic control
circuitry to direct the movement of data onto, within,
and off of the DRAM device. Essentially, some control
logic must exist on DRAM devices that accepts exter-
nally asserted signal and control and then orchestrates
appropriately timed sequences of internal control sig-
nals to direct the movement of data. As an exampie,
the previous discussion on sense amplifier opera-
tions hinted to the complexity of the intricate timing
sequence in the assertion of the wordline voltage fol-
lowed by assertion of the SAN and SAP sense amplifier
control signals followed yet again by the column-
select signal. The sequence of timed control signals is
generated by the control logic on DRAM devices.

- Figure 8.17 shows the control logic that generates
and controls the timing and sequence of signals for
the sensing and movement of data on the FPM DRAM
device illustrated in Figure 8.1. The control logic on
the FPM DRAM device asynchronously accepts
external signal control and generates the sequence
of internal control signals for the FPM DRAM device.

4 address bits select 1 of 16 rows.

Suppose that
row 0b1010 is
defective.

T

A ~—___~blast it with laser

replace standard
Ty decoder with
pare row decoder

—

\ spare rows

blast it with laser

) spare rows

ag +a, +a; +ag

FIGURE 8.16: Standard and spare decoder design.
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is an asynchronous interface. In early generations
of DRAM devices such as the FPM DRAM described
here, the direct control of the internal circuitry of
the DRAM device by the external memory controller
meant that the DRAM device could not be well pipe-
lined and new commands to the DRAM device could
not be initiated until the previous command com-
pleted the movement of data. The movement of data
was measured and reported by DRAM manufacturers
in terms of nanoseconds. The asynchronous nature
of the interface meant that system design engineers
could implement a different memory controller that
operated at different frequencies, and designers of the
memory controller were solely responsible to ensure
that the controller could correctly control different
DRAM devices with subtle variations in timings from
different DRAM manufacturers.

8.6.1 Synchronous vs. Non-Synchronous

Modern DRAM devices such as synchronous DRAM
(SDRAM), Direct Rambus DRAM (D-RDRAM), and
dual data rate synchronous DRAM (DDR SDRAM)
contain control logic that is more complex than the
control logic contained in an FPM DRAM device. The
inclusion of the clock signal into the device interface
enables the design of programmable synchronous
state machines as the control logic in modern DRAM
devices. Figure 8.18 shows the control logic for an
SDRAM device.

DRAM circuits are fundamentally analog circuits
whose timing is asynchronous in nature. The steps
that DRAM circuits take to store and retrieve data in
capacitors through the sense amplifier have relatively
long latency, and these latencies are naturally speci-
fied in terms of nanoseconds rather than numbers of
cycles. Moreover, different DRAM designs and pro-
cess variations from different DRAM manufacturers
lead to different sets of timing parameters for each
type and design of DRAM devices. The asynchronous
nature and the variations of DRAM devices introduce

CKE .
" control .g
CLK logic S
.._.__..__’.. m
| T
S
csh | 8
WE T
WEs | E g
cast, | EB
RASH | °°
refresh
| mode counter
| register
adhr
bus
—*| address
| register column
: address
counter

FIGURE 8.18: Control logic for a synchronous DRAM device.
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design complexity to computing platforms that use
DRAM devices as temporary memory storage. The
solution deployed by the DRAM industry as a whole
was the migration of DRAM devices to the synchro-
nous interface.

The control logic for synchronous DRAM devices
such as SDRAM and D-RDRAM differs from non-syn-
chronous interface DRAM devices such as FPM and
EDO in some significant ways. Aside from the trivial
inclusion of the clock signal, one difference between
control logic for synchronous and previous non-
synchronous DRAM devices is that the synchronous
DRAM devices can exhibit slight variations in behavior
to a given command. The programmable variability
for synchronous DRAM devices can be controlled by
mode registers embedded as part of the control logic.
For example, an SDRAM device can be programmed
to return different lengths of data bursts and different
data ordering for the column read command. A sec-
ond difference between the control logic for synchro-
nous DRAM devices and non-synchronous DRAM
devices is that the synchronous control logic circuits
have been designed to support pipelining naturally,
and the ability to support pipelining greatly increases
the sustainable bandwidth of the DRAM memory
system. Non-synchronous DRAM devices such as
EDO and BEDO DRAM can also support pipelining
to some degree, but built-in assumptions that enable
the limited degree of pipelining in non-synchronous
DRAM devices, in turn, limit the frequency scalability
of these devices.

8.6.2 Mode Register-Based Programmability

Modern DRAM devices are controlled by state
machines whose behavior depends on the input
values of the command signals as well as the values
contained in the programmable mode register in the
control logic. Figure 8.19 shows that in an SDRAM
device, the mode register contains three fields: CAS
latency, burst type, and burst length. Depending on
the value of the CAS latency field in the mode regis-
ter, the DRAM device returns data two or three cycles
after the assertion of the column read command.
The value of the burst type determines the ordering
ofhow the SDRAM device returns data, and the burst

length field determines the number of columns that
an SDRAM device will return to the memory control-
ler with a single column read command. SDRAM
devices can be programmed to return 1, 2, 4, or 8
columns or an entire row. D-RDRAM devices and
DDRx SDRAM devices contain more mode registers
that control an ever larger set of programmable
operations, including, but not limited to, different
operating modes for power conservation, electrical
termination calibration modes, self-test modes, and
write recovery duration.

8.7 DRAM Device Configuration

DRAM devices are classified by the number of
data bits in each device, and that number typi-
cally quadruples from generation to generation.
For example, 64-Kbit DRAM devices were followed
by 256-Kbit DRAM devices, and 256-Kbit devices
were, in turn, followed by 1-Mbit DRAM devices.
Recently, half- generation devices that simply dou-
ble the number of data bits of previous-generation
devices have been used to facilitate smoother tran-
sitions between different generations. As a result,
512-Mbit devices now exist alongside 256-Mbit and
1 Gbit devices.

In a given generation, a DRAM device may be
configured with different data bus widths for use in
different applications. Table 8.1 shows three differ-
ent configurations of a 256-Mbit device. The table
shows that a 256-Mbit SDRAM device may be config-
ured with a 4-bit-wide data bus, an 8-bit-wide data
bus, or a 16-bit-wide data bus. In the configuration
with a 4-bit-wide data bus, an address provided to
the SDRAM device to fetch a single column of data
will receive 4 bits of data, and there are 64 million
separately addressable locations in the device with
the 4-bit data bus. The 256-Mbit SDRAM device with
the 4-bit-wide data bus is thus referred to as the
64 Megx4 device. Internally, the 64 Meg x4 device
consists of 4 bits of data per column, 2048 columns
of data per row, and 8192 rows per bank, and there
are 4 banks in the device. Alternatively, a 256-Mbit
SDRAM device with a 16-bit-wide data bus will have
16 bits of data per column, 512 columns per row, and
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FIGURE 8.19: Programmable mode register in an SDRAM device.

TasLe 8.1 256-Mbit SDRAM device configurations
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8192 rows per bank; there are 4 banks in the 16 Mbit,
x16 device.

In a typical application, 4 16 Mbit, x16 devices
can be connected in parallel to form a single rank of
memory with a 64-bit-wide data bus and 128 MB of
storage. Alternatively, 16 64 Mbit, x4 devices can be
connected in paralle] to form a single rank of memory
with a 64-bit-wide data bus and 512 MB of storage.

8.7.1 Device Configuration Trade-offs

In the 256-Mbit SDRAM device, the size of the row
does not change in different configurations, and the
number of columns per row simply decreases with
wider data busses specifying a larger number of bits
per column. However, the constant row size between
different configurations of DRAM devices within the

same DRAM device generation is not a generalized
trend that can be extended to different device gen-
erations. For example, Table 8.2 shows different con-
figurations of a 1-Gbit DDR2 SDRAM device, where
the number of bits per row differs between the x8
configuration and the x16 configuration.

In 1-Gbit DDR2 SDRAM devices, there are eight
banks of DRAM arrays per device. In the x4 and x8
configuration of the 1-Gbit DDR2 SDRAM device,
there are 16,384 rows per bank, and each row consists
of 8192 bits. In the x16 configuration, there are 8192
rows, and each row consists of 16,384 bits. These
different configurations lead to different numbers
of bits per bitline, different numbers of bits per row
activation, and different number of bits per column
access. In turn, differencesin thenumber of bits moved
per command lead to different power consumption
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TaeLe 8.2 1-Gbit DDR2 SDRAM device configurations

umber of banks
Number of rows

Number of columns

Data bus width

and performance characteristics for different config-
urations of the same device generation. For example,
the 1-Gbit, x16 DDR2 SDRAM device is configured
with 16,384 bits per row, and each time a row is
activated, 16,384 DRAM cells are simultaneously
discharged onto respective bitlines, sensed, ampli-
fied, and then restored. The larger row size means that
a 1-Gbit, x16 DDR2 SDRAM device with 16,384 bits
per row consumes significantly more current per row
activation than the x4 and x8 configurations for the
1-GbitDDR2 SDRAM device with 8192 bits perrow. The
differences in current consumption characteristics, in
turn, lead to different values for tggp and tgay, timing
parameters designed to limit peak power dissipation
characteristics of DRAM devices.

8.8 Datal/O

8.8.1 Burst Lengths and Burst Ordering

In SDRAM and DDRx SDRAM devices, a column
read command moves a variable number of columns.
As illustrated in Section 8.6.2 on the programmable
mode register, an SDRAM device can be programmed
toreturn 1, 2, 4, or 8 columns of data as a single burst
thattakes 1, 2, 4, or 8 cycles to complete. In contrast, a
D-RDRAM device returns a single column of data with
an 8 beat!? burst. Figure 8.20 shows an 8 beat, 8 col-
umn read data burst from an SDRAM device and an 8
beat, single column read data burst from a D-RDRAM
device. The distinction between the 8 column burst of
an SDRAM device and the single column data burst

of the D-RDRAM device is that each column of the
SDRAM device is individually addressable, and given
a column address in the middle of an 8 column burst,
the SDRAM device will reorder the burst to provide
the data of the requested address first. This capability
is known as critical-word forwarding. For example, in
an SDRAM device programmed to provide a burst of
8 columns, a column read command with a column
address of 17 will result in the data burst of 8 columns
of data with the address sequence of 17-18-19-20-21-
22-23-16 or 17-16-19-18-21-20-23-22, depending on
the burst type as defined in the programmable reg-
ister. In contrast, each column of a D-RDRAM device
consists of 128 bits of data, and each column access
command moves 128 bits of data in a burst of 8 con-
tiguous beats in strict burst ordering. An D-RDRAM
device supports neither programmable burst lengths
nor different burst ordering.

8.8.2 N-Bit Prefetch

In SDRAM devices, each time a column read
command is issued, the control logic determines the
duration and ordering of the data burst, and each
column is moved separately from the sense amplifi-
ers through the I/0 latches to the external data bus.
However, the separate control of each column lim-
its the operating data rate of the DRAM device. As a
result, in DDRx SDRAM devices, successively larger
numbers of bits are moved in parallel from the sense
amplifiers to the read latch, and the data is then pipe-
lined through a multiplexor to the external data bus.

12In DDRx and D-RDRAM devices, 2 beats of data are transferred per clock cycle.
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FIGURE 8.21: Data /0 in a DDR SDRAM device illustrating 2-bit prefetch.

Figure 8.21 illustrates the data I/0O structure of a
DDR SDRAM device. The figure shows that given
the width of the external data bus as N, 2N bits are
moved from the sense amplifiers to the read latch,
and the 2N bits are then pipelined through the mul-
tiplexors to the external data bus. In DDR2 SDRAM
devices, the number of bits prefetched by the inter-
nal data bus is 4N. The N-bit prefetch strategy in
DDRx SDRAM devices means that internal DRAM
circuits can remain essentially unchanged between
transitions from SDRAM to DDRx SDRAM, but the
operating data rate of DDRx SDRAM devices can be
increased to levels not possible with SDRAM devices.
However, the downside of the N-bit prefetch archi-
tecture means that short column bursts are no longer
possible. In DDR2 SDRAM devices, a minimum burst

length of 4 columns of data is accessed per column
read command. This trend is likely to continue in
DDR3 and DDR4 SDRAM devices, dictating longer
data bursts for each successive generations of higher
data rate DRAM devices.

8.9 DRAM Device Packaging

One difference between DRAM and logic devices
is that most DRAM devices are commodity items,
whereas logic devices such as processors and
application-specific integrated circuits (ASICs) are
typically specialized devices that are not commod-
ity items. The result of the commodity status is that,
even more so than logic devices, DRAM devices
are extraordinarily sensitive to cost. One area that
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TasLe 8.3 Package cost and pin count of high-performance logic chips and DRAM chips (ITRS 2002)
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reflects the cost sensitivity is the packaging tech-
nology utilized by DRAM devices. Table 8.3 shows
the expected pin count and relative costs from
the 2002 International Technology Roadmap for
Semiconductors (ITRS) for high-performance logic
devices as compared to memory devices. The table
shows the trend that memory chips such as DRAM
will continue to be manufactured with relatively
lower cost packaging with lower pin count and lower
cost per pin.

Figure 8.22 shows four different packages used in
DRAMdevices. DRAM devices were typicallypackaged
in low pin count and low cost Dual In-line Packages
(DIP) well into the late 1980s. Increases in DRAM
device density and wider data paths have required
the use of the larger and higher pin count Small
Outline J-lead (SOJ) packages. DRAM devices then
moved to the Thin, Small Outline Package (TSOP) in
the late 1990s. As DRAM device data rates increase to
multiple hundreds of megabits per second, Ball Grid
Array (BGA) packages are needed to better control
signal interconnects at the package level.

DIP

8.10 DRAM Process Technology and
Process Scaling Considerations

The 1T1C cell structure places specialized
demands on the access transistor and the storage
capacitor. Specifically, the area occupied by the 1T1C
DRAM cell structure must be small, leakage through
the access transistor must be low, and the capaci-
tance of the storages capacitor must be large. The
data retention time and data integrity requirements
provide the bounds for the design of a DRAM cell.
Different DRAM devices can be designed to meet the
demand of different markets. DRAM devices can be
designed for high performance or low cost. DRAM-
optimized process technologies can also be used to
fabricate logic circuits, and logic-optimized process
technologies can also be used to fabricate DRAM cir-
cuits. However, DRAM-optimized process technolo-
gies have diverged substantially from logic-optimized
process technologies in recent years. Consequently,
it has become less economically feasible to fabricate
DRAM circuits in logic-optimized process technol-
ogy, and logic circuits fabricated in DRAM-optimized

TSOP

(more pins, higher datarate, higher cost)

FIGURE 8.22: DRAM package evolution.
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process technology are much slower than similar cir-
cuits in a logic-optimized process technology. These
trends have conspired to keep logic and DRAM cir-
cuits in separate devices manufactured in process
technologies optimized for the respective device.

8.10.1 Cost Considerations

Historically, manufacturing cost considerations
have dominated the design of standard, commod-
ity DRAM devices. In the spring of 2003, a single
256-Mbit DRAM device, using roughly 45 mm? of
silicon die area on a 0.11-pm DRAM process, had a
selling price of approximately $4 per chip. In con-
trast, a desktop Pentium 4 processor from Intel, using
roughly 130 mm? of die area on a 0.13-um logic pro-
cess, had a selling price that ranged from $80 to $600
in the comparable time-frame. Although the respec-
tive selling prices were due to the limited sources,
the non-commodity nature of processors, and the
pure commodity economics of DRAM devices, the
disparity does illustrate the level of price competition

in the commodity DRAM market. The result is that
DRAM manufacturers are singularly focused on the
low-cost aspect of DRAM devices. Any proposal to
add additional functionalities must then be weighed
against the increase in die cost and possible increases
in the selling price.

8.10.2 DRAM- vs. Logic-Optimized Process
Technology

One trend in semiconductor manufacturing is the
inevitable march toward integration. As the semi-
conductor manufacturing industry dutifully fulfills
Moore’s Law, each doubling of transistors allows
design engineers to pack more logic circuitry or more
DRAM storage cells onto a single piece of silicon.
However, the semiconductor industry, in general, has
thus far resisted the integration of DRAM and logic
onto the same silicon device for various technical
and economic reasons.

Figure 8.23 illustrates some technical issues that
have prevented large-scale integration of logic circuitry
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FIGURE 8.23: Comparison of a DRAM-optimized process versus a logic-optimized process.
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with DRAM storage cells. Basically, logic-optimized
process technologies have been designed for transistor
performance, while DRAM-optimized process technol-
ogies have been designed for low cost, error tolerance,
and leakage resistance. Figure 8.23 shows a typical
logic-based process with seven or more layers of cop-
per interconnects, while a typical DRAM-optimized
process has only two layers of aluminum interconnects
along with perhaps an additional layer of tungsten
for local interconnects. Moreover, a logic-optimized
process typically uses low K material for the inter-layer
dielectric, while the DRAM-optimized process uses the
venerable SiO,. Figure 8.23 also shows that a DRAM-
optimized process would use four or more layers of
polysilicon to form the structures of a stacked capacitor
(for those DRAM devices that use the stacked capacitor
structure), while the logic-optimized process merely
uses two or three layers of polysilicon for local intercon-
nects. Also, transistors in a logic-optimized process are
typically tuned for high performance, while transistors
in a DRAM-optimized process are tuned singularly for
low-leakage characteristics. Finally, even the substrates
of the respectively optimized process technologies
are diverging as logic-optimized process technologies
move to depleted substrates and DRAM-optimized
process technologies largely stays with bulk silicon.
The respective specializations of the differently
optimized process technologies have largely suc-
ceeded in preventing widespread integration of logic
circuitrywith DRAM storage cells. The use of a DRAM-
optimized process as the basis of integrating logic cir-
cuits and DRAM storage cells leads to slow transistors
with low-drive currents connected to a few layers of

metal interconnects and a relatively high K SiO, inter-
layer dielectric. That is, logic circuits implemented on
a DRAM-optimized process would be substantially
larger as well as slower than comparable circuits
on a similar generation logic-optimized process.
Conversely, the use of a higher cost logic-optimized
process as the basis of integrating logic circuits and
DRAM storage cells leads to high-performance but
leaky transistors coupled with DRAM cells with rela-
tively lower capacitance, necessitating large DRAM
cell structures and high refresh rates.

In recent years, new hybrid process technolo-
gies have emerged to solve various technical issues
involving the integration of logic circuits and DRAM
storage cells. Typically, the hybrid process starts with
the foundation of a logic-optimized process and
then additional layers are added to the process to
create high-capacitance DRAM storage cells. Also,
different types of transistors are made available for
use as low-leakage access transistors as well as high-
drive current high-performance logic transistors.
However, hybrid process technology then becomes
more complex than a logic-optimized process. As
a result, hybrid process technologies that enable
seamless integration of logic and DRAM devices are
typically more expensive, and their use has thus far
been limited to specialty niches that require high-
performance processors and high-performance and
yet small DRAM memory systems that are limited
by the die size of a single logic device. Typically, the
application has been limited to high-performance
System-on-Chip (SOC) devices.
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DRAM System

Signaling and Timing

In any electronic system, multiple devices are
connected together, and signals are sent from one
point in the system to another point in the system
for the devices to communicate with each other. The
signals adhere to predefined signaling and timing
protocols to ensure correctness in the transmission
of commands and data. In the grand scale of things,
the topics of signaling and timing require volumes of
dedicated texts for proper coverage. This chapter can-
not hope to, nor is it designed to, provide a compre-
hensive coverage on these important topics. Rather,
the purpose of this chapter is to provide basic termi-
nologies and understanding of the fundamentals of
signaling and timing—subjects of utmost importance
that drive design decisions in modern DRAM memory
systems. This chapter provides the basic understand-
ing of signaling and timing in modern electronic sys-
tems and acts as a primer for further understanding
of the topology, electrical signaling, and protocols
of modern DRAM memory systems in subsequent
chapters. The text in this chapter is written for those
interested in the DRAM memory system but do not
have a background as an electrical engineer, and it is
designed to provide a basic survey of the topic suf-
ficient only to understand the system-level issues
that impact the design and implementation of DRAM
memory systems, without having to pick up another
text to reference the basic concepts.

9.1 Signaling System

In the decades since the emergence of electronic
computers, the demand for ever-increasing memory
capacity has constantly risen. This insatiable demand

for memory capacity means that the number of
DRAM devices attached to the memory system for
a given class of computers has remained relatively
constant despite the increase in per-device capacity
made possible with advancements in semiconduc-
tor technology. The need to connect multiple DRAM
devices together to form a larger memory system for
a wide variety of computing platforms has remained
unchanged for many years. In the cases where mul-
tiple, discrete DRAM devices are connected together
to form larger memory systems, complex signaling
systems are needed to transmit information to and
from the DRAM devices in the memory system.

Figure 9.1 illustrates the timing diagram for two
consecutive column read commands to different
DDR SDRAM devices. The timing diagram shows
idealized timing waveforms, where data is moved
from the DRAM devices in response to commands
sent by the DRAM memory controller. However, as
Figure 9.1 illustrates, signals in real-world systems
are far from ideal, and signal integrity issues such
as ringing, attenuation, and non-monotonic signals
can and do negatively impact the setup and hold
time requirements of signal timing constraints.
Specifically, Figure 9.1 illustrates that a given signal
may be considered high-quality if it transitions
rapidly and settles rapidly from one signal level to
another. Figure 9.1 further illustrates that a poorly
designed signaling system can result in a poor qual-
ity signal that overshoots, undershoots, and does
not settle rapidly into its new signal value, possibly
resulting in the violation of the setup time or the hold
time requirements in a high-speed system.

Figure 9.2 illustrates the fundamental problem
of frequency-dependent signal transmission in a
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FIGURE 9.1: Real-world behavior of electrical signals.
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FIGURE 9.2: Frequency-dependent signal transmission in lossy, real-world transmission lines.

lossy, real-world transmission line. That is, an input
waveform, even an idealized, perfect square wave
signal, can be decomposed into a Fourier series—a
sum of sinusoidal and cosinusoidal oscillations of
various amplitudes and frequencies. The real-world,
lossy transmission line can then be modelled as a
non-linear low-pass filter where the low-frequency
components of the Fourier decomposition of the
input waveform pass through the transmission line
without substantial impact to their respective ampli-
tudes or phases. In contrast, the non-linear, low-pass

transmission line will significantly attenuate and
phase shift the high-frequency components of the
input waveform. Then, recomposition of the various
frequency components of the input waveform at the
output of the lossy transmission line will result in an
output waveform that is significantly different from
that of the input waveform.

Collectively, constraints of the signaling system will
limit the signaling rate and the delivery of symbols
between discrete semiconductor devices suchas DRAM
devices and the memory controller. Consequently, the
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FIGURE 9.3: A basic signaling system.

construction and assumptionsinherentin the signaling
system can and do directly impact the access protocol
of a given memory system, which in turn determines
the bandwidth, latency, and efficiency characteristics
of the memory system. As a result, a basic comprehen-
sion of issues relating to signaling and timing is needed
as a foundation to understand the architectural and
engineering design trade-offs of modern, multi-device
memory systems.

Figure 9.3 shows a basic signaling system where a
symbol, encoded as a signal, is sent by a transmitter
along a transmission line and delivered to a receiver.
The receiver must then resolve the value of the sig-
nal transmitted within valid timing windows deter-
mined by the synchronization mechanism. The signal
should then be removed from the transmission line
by a resistive element, labelled as the terminator in
Figure 9.3, so that it does not interfere with the trans-
mission and reception of subsequent signals. The
termination scheme should be carefully designed to
improve signal integrity depending on the specific
interconnect scheme. Typically, serial termination is
used at the receiver and parallel termination is used
at the transmitter in modern high-speed memory sys-
tems. As ageneral summary, serial terminationreduces
signal ringing at the cost of reduced signal swing at
the receiver, and parallel termination improves sig-
nal quality, but consumes additional active power to
remove the signal from the transmission line.

Figure 9.3 illustrates a basic signaling system where
signals aredelivered unidirectionallyfrom a transmitter

to a single receiver. In contemporary DRAM memory
systems, signals are often delivered to multiple DRAM
devices connected on the same transmission line. Spe-
cifically, in SDRAM and SDRAM-like DRAM memory
systems, multiple DRAM devices are often connected
to a given address and command bus, and multiple
DRAM devices are often connected to the same data
bus where the same transmission line is used to move
data from the DRAM memory controller to the DRAM
devices, as well as from the DRAM devices back to the
DRAM memory controller.

The examination of the signaling system in this
chapter begins with an examination of basic trans-
mission line theory with the treatment of wires as
ideal transmission lines, and it proceeds to an exami-
nation of the termination mechanism utilized in the
DRAM memory system. However, due to their rela-
tive complexity and the limited coverage envisioned
in this chapter, specific circuits utilized by DRAM
devices for signal transmission and reception are not
examined herein.

9.2 Transmission Lines on PCBs

Modern DRAM memory systems are typically
formed from multiple devices mounted on printed
circuit boards (PCBs). The interconnects on PCBs are
mostly wires and vias that allow an electrical signal
to deliver a symbol from one point in the system
to another point in the system. The symbol may be
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FIGURE 9.4: Signal traces in a system board and a DRAM memory module.

binary (1 or 0) as in all modern DRAM memory sys-
tems or may, in fact, be multi-valued, where each
symbol can represent two or more bits of informa-
tion. The limitation on the speed and reliability of
the data transport mechanism in moving a symbol
from one point in the system to another point in the
system depends on the quality and characteristics of
the traces used in the system board. Figure 9.4 illus-
trates a commodity DRAM memory module, where
multiple DRAM devices are connected to a PCB,
and multiple memory modules are connected to the
memory controller through more PCB traces on the
system board. In contemporary DRAM memory sys-
tems, multiple memory modules are then typically
connected to a system board where electrical signals
that represent different symbols are delivered to the
devices in the system through traces on the different
PCB segments.

In this section, the electrical properties of signal
traces are examined by first characterizing the elec-
trical characteristics of idealized transmission lines.
Once the characteristics of idealized transmission
lines have been established, the discussion then
proceeds to examine the non-idealities of signal
transmission on a system board such as attenuation,

reflection, skin effect, crosstalk, inter-symbol interfer-
ence (ISD), and simultaneous switching outputs (SSO).
The coverage of these basic topics will then enable
the reader to proceed to understand system-level
design issues in modern, high-speed DRAM memory
systems.

9.2.1 Brief Tutorial on the Telegrapher's
Equations

To begin the examination of the electrical char-
acteristics of signal interconnects, an understand-
ing of transmission line characteristics is a basic
requirement. This section provides the derivation of
the telegrapher’s equations that will be used as the
basis of understanding the signal interconnect in this
chapter.

Figure 9.5 illustrates that an infinitesimally small
piece of transmission line can be modelled as a
resistive element R that is in series with an induc-
tive element L, and these elements are parallel to a
capacitive element C and a conductive element G.
To understand the electrical characteristics of the
basic transmission line, Kirchhoff’s voltage law
can be applied to the transmission line segment in
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FIGURE 9.5: Mathematical mode! of a basic transmission line. Top wire (+) is signal; bottom wire (—) is signal return.

Figure 9.5 to obtain Equation 9.1,

— . . g — . . dilz, 1
@t~ (R-Az- iz 1) - (L- Az ~’(§t—’)

—vz+ Az, =0 (EQ 9.1)
and Kirchhoff’s current law can be applied to the
same trarismission line segment in Figure 9.5 to
obtain Equation 9.2.

iz, 0~ (G Az vz, + Az, B) —(c-m«%)

—ilz+ Az, ) =0 (EQ9.2)
Then, dividing Equations 9.1 and 9.2 through
by Az, and taking the limit as Az approaches zero,
Equation 9.3 can be derived from Equation 9.1, and
Equation 9.4 can be derived from Equation 9.2.

Wl - _Ri,y - L UG (EQ9.3)

iz, 8) _ _ Oz 1)
—5F = —-Gu(z, ) - C 5t (EQ 9.4)

Equations 9.3 and 9.4 are time-domain equa-
tions that describe the electtical characteristics of
the transmission line. Equations 9.3 and 9.4 are also
known as the Telegrapher’s Equations.

Furthermore, Equations 9.3 and 9.4 can be solved
simultaneously to obtain steady-state sinusoidal
wave equations. Equations 9.5 and 9.6 are derived
from Equations 9.3 and 9.4, respectively,

"ZBLZZ(Z) “VV@=0 (EQ 9.5)
6%(;) — V(@ =0 (EQ 9.6)

where v is represented by Equation 9.7.
v = JR+ joI)(G + joC) (EQ9.7)

Furthermore, solving for voltage and current equa-
tions, Equations 9.8 and 9.9 are derived

V(@) = Ve ™+ Ve " (EQ 9.8)

Ie)=Ife "+ Ije ¥ (EQ 9.9)
where Vand V are the respective voltages, and I
and I are the respective currents that exist at loca-
tions Z* and Z~, locations infinitesimally close to ref-
erence location Z. That is, Equations 9.8 and 9.9 are
the standing wave equations the describe transmis-
sion line characteristics. _

Finally, rearranging Equations 9.8 and 9.9, Equa-
tions 9.10 and 9.11 can be derived

I(2) = ﬁ (Ve ¥+ Ve ) (EQ9.10)
_R+joL _ [R+joL
2= == | GF oC (EQ 9.11)

where Z; is the characteristic impedance, and o and
are the attenuation constant and the phase constant of

IThe Telegrapher's Equations were first derived by William Thomson in the 1850s in his efforts to analyze the electrical
characteristics of the underwater telegraph cable. Their final form, shown here, was later derived by Oliver Heaviside.
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the transmission line, respectively. Although the char-
acteristic impedance of the transmission line has the
unit of ohms, it is conceptually different from simple
resistance. Rather, the characteristic impedance is the
resistance seen by propagating waveforms at a specific
point of the transmission line.

9.2.2 RC and LC Transmission Line Models

Equations 9.1-9.11 illustrate a mathematical
derivation of basic transmission line characteris-
tics. However, system designer engineers are often
interested in transmission line behavior within
relatively narrow frequency bands rather than the
full frequency spectrum. Consequently, simpler
high-frequency LC (Inductor-Capacitor) or low-
frequency RC (Resistor-Capacitor) models are often
used in place of the generalized model. Figure 9.6
shows the same model for an infinitesimally small
piece of transmission line as in Figure 9.5, but a
closer examination of the characteristic impedance
equation reveals that the equation can be simpli-
fied if the magnitude of the resistive component
Ris much smaller than or much greater than the
magnitude of the frequency-dependent inductive
component joL. That is, in the case where the mag-
nitude of R greatly exceeds jwL, the characteristic

impedance of the transmission line can be simpli-
fied as Zy = SQRT(R/ jooC),2 hereafter referred to as
the RC model. Conversely, in the case where the
magnitude of the frequency-dependent inductive
component jwL greatly exceeds the magnitude of
the resistive component R, the characteristicimped-
ance of the transmission line can be simplified as
Zy = SQRT(L/C), hereafter referred to as the LC
model. Given that the general transmission line
model can be simplified into the LC model or the
RC model, the key to choosing the correct model is
to compute the characteristic frequency f; for the
transmission line where the resistance R equals joL.
The characteristic frequency f; can be computed
with the equation f = R / 2wL. The simple rule of
thumb that can be used is that for operating fre-
quencies much above fj, system designer engineers
can assume a simplified LC transmission line model,
and for operating frequencies much below fj, sys-
tem designer engineers can assume a simplified RC
transmission line model. Due to the fact that signal
paths on silicon are highly resistive, the character-
istic frequency f, is much lower for silicon intercon-
nects than system interconnects. As a result, the
RC model is typically used for silicon interconnects
on silicon, and the LC model is typically used for
package-level and system-level interconnects.

R dx L dx

20— Cdx

/ Find fywhere R =

R dx

—VVv 1 low frequency
R RC model
Zy= [———
0 joC Cax I for R >> jol

high frequency _/WY\j'
LC model Z

Z = R+joL

_]_ G dx " NG +joC
L dx

Cdx 0=
for R<<joL |

S

FIGURE 9.6: Simplified transmission line models.

2The conductive element G is assumed to be much smaller than joC.
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9.2.3 LC Transmission Line Model for
PCB Traces

Figure 9.7 shows the cross section of a six-layer
PCB. The six-layer PCB consists of signaling layers
on the top and bottom layers with two more signal-
ing layers sandwiched between two metal planes
devoted to power and ground. Typically, inexpensive
PC systems use only four-layer PCBs due to cost con-
siderations, while more expensive server systems and
memory modules typically use PCBs with six, eight,
or more layers (on some systems, upwards of twenty-
plus layers) for better signal shielding, signal routing,
and power supplies.

Figure 9.7 also shows a close-up section of a trace
on the uppermost signaling layer and the respec-
tive electrical characteristics of that signal trace.
Given the resistive component of the signal trace as
0.003 O/mm and the inductance component of
the signal trace as 0.25 nH/mm, the characteristic
frequency of the signal trace can be computed as
1.9 MHz. That is, the signal traces on the illustrated
PCB can be modelled effectively—to the first order—
by relying only on the LC characteristics of the trans-
mission line, since the edge transition frequencies of

M1 (signal layer)
M2 (ground plane) ———»

M3 (signal layer) ____ .

M4 (signal layer) —»

MS (power plane) ———»

=

signals in contemporary DRAM memory systems are
considerably higher than 1.9 MHz.3

9.2.4 Signal Velocity on the LC
Transmission Line

The electrical characteristics of the transmission
line derived in Equations 9.1-9.11 and discussed in
the previous section assert that typical PCB traces
in modern DRAM memory systems can be typically
modelled as LC transmission lines. In this and the fol-
lowing sections, properties of typical PCB traces are
further examined to qualify signal traces found on
contemporary PCBs from idealized LC transmission
lines.

Figure 9.8 illustrates two important characteristics
of the ideal LC transmission line: the wave velocity
and the superposition property of signals that travel
on the transmission line. In an ideal LC transmission
line, the tesistive element is assumed to be negligible,
and signals can theoretically propagate down an ideal
LC transmission line without attenuation. Figure 9.8
also shows that the signal propagation speed on an
ideal lossless LC transmission line is a function of the

I

width = 8 mil

thickness
=1.4 mil

height
=5mil

g =42 L =0.25 nH/mm
C100 fF/mm

Rgc =0.003 Q /mm

M6 (signal layer) ————— ——— |

1 mif = 0.001 inch

fo=1.9 MHz

FIGURE 9.7: Derivation of characteristic frequency for PGB traces.

3The frequency of interest here is not the operating frequency of the signals transmitted in DRAM memory systems, but
the high-frequency components of the signals as they transition from one state to another.
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FIGURE 9.8: Idealized LC transmission line.

impedance characteristics of the LC transmissionline,
and signal velocity can be computed with the equa-
tion 1/SQRT(LC). Substituting in the capacitance and
inductance values from Figure 9.7, the wave velocity
of an electrical signal as it propagates on the specific
transmission line is computed to be 200,000,000 M/
s. That is, on the transmission line with the specific
impedarce characteristics, signal wave-fronts prop-
agate at two-thirds the speed of light in vacuum, and
signal wave-fronts travel a distance of 20 cm/ns.

Finally, in the lossless LC transmission line, signals
can propagate down the transmission line without
interference from signals propagating in the opposite
direction. In this manner, the transmission line can
support bidirectional signaling, and the voltage at a
given point on the transmission line can be computed
by the instantaneous superposition of the signals
propagating on the transmission line.

9.2.5 Skin Effect of Conductors

The skin depth effect is a critical component of sig-
nal attenuation. That is, the resistance of a conductor
is typically a function of the cross-sectional area of the
conductor, and the resistance of a signal trace is typi-
cally held as a constant in the computation of trans-
mission line characteristics. However, one interesting
characteristic of conductors is that electrical current
does not flow uniformly throughout the cross section
of the conductor at high frequencies. Instead, cuirrent
flow is limited to a certain depth of the conductor
cross section when the signal is switching rapidly at
high frequencies. The frequency-dependent current
penetration depth is illustrated as the skin depth in

Figure 9.9. The net effect of the limited current flow
in conductors at high frequencies is that resistance
of a conductor increases as a function of frequency.
The skin effect of conductors further illustrates that a
lossless ideal LC transmission line cannot completely
model a real-world PCB trace.

9.2.6 Dielectric Loss

The LC transmission line is often used as a first-
order model that approximates the characteristics of
traces on a system board. However, real-world signal
traces are certainly not ideal lossless LC transmission
lines, and signals do attenuate as a function of trace
length and frequency. Figure 9.10 illustrates signal
attenuation through a PCB trace as a function of trace
length and data rate. The figure shows that signal
attenuation increases at higher data rates and longer
trace lengths. In the context of a DRAM memory sys-
tem, a trace that runs for 10 inches and operates at
500 Mbps will lose less than 5% of the peak-to-peak
signal strength. Moreover, Figure 9.10 shows that sig-
nal attenuation remains below 10% for the 10” trace
that operates at data rates upward to 2.5 Gbps. In this
sense, the issue of signal attenuation is a manage-
able issue for DRAM memory systems that operate at
relatively modest data rates and relatively short trace
lengths. However, the issue of signal attenuation is
only one of several issues that system design engi-
neers must account for in the design of high-speed
DRAM memory systems and one of several issues
that ensures the lossless LC transmission line model
remains only as an approximate first-order model for
PCB traces.
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FIGURE 9.9: lllustration of skin depth in cross section of a circular conductor.
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FIGURE 9.10: Attenuation factor of a signal on a PCB trace. Graph taken from North East Systems Associates Inc. Copyright 2002,

North East Systems Associates Inc. with permission.

One common way to model dielectric loss is to
place a distributed shunt conductance across the
line whose conductivity is proportional to frequency.
Most transmission lines exhibit quite a large metal-
lic loss from the skin effect at frequencies well below
those where dielectric loss becomes important. In
most modern memory systems, signal reflection is
typically a far more serious problem for the relatively
short trace length, multi-drop signaling system. For
these reasons, dielectric loss is often ignored, but
its onset is very fast when it does happen. For DDR2

SDRAM and other lower speed memory systems
(<1 Gbps), dielectric loss is not a dominant effect and
can be generally ignored in the signaling analysis.
However, in higher data rate memory systems such
as the Fully Buffered DIMM and DDR3 memory sys-
tems, dielectric loss should be considered for com-
plete signaling analysis.

The physics of the dielectric loss can be described
with basic electron theory. The dielectric material
between the conductors is an insulator, and elec-
trons that orbit the atoms in the dielectric material
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are locked in place in the insulating material. When
thereis a difference in potential between two conduc-
tors, the excessive negative charge on one conductor
repels electrons on the dielectric toward the positive
conductor and disturbs the orbits of the electrons in
the dielectric material. A change in the path of elec-
trons requires more energy, resulting in the loss of
energy in the form of attenuating voltage signals.

9.2.7 Electromagnetic Interference
and Crosstalk

In an electrical signaling system, the movement
of a voltage signal delivered through a transmission
line involves the displacement of electrons in the
direction of, or opposite to the direction of, the volt-
age signal delivery. The conservation of charge, in
turn, means that as current flows in one direction,
there must exist a current that flows in the opposite
direction. Figure 9.11 shows that current flow on a
transmission line must be balanced with current flow
through a current return path back to the originat-
ing device. Collectively, the signal current and the
return current form a closed-circuit loop. Typically,
the return current flow occurs through the ground
plane or an adjacent signal trace. In effect, a given
signal and its current return path form a basic cur-
rent loop where the magnitude of the current flow in
the loop and the area of the loop determine the mag-
nitude of the Electromagnetic Interference (EMI). In
general, EMI generated by the delivery of a signal in
a system creates inductive coupling between signal
traces in a given system. Additionally, signal traces in

-«——— current return path

a closely packed system board will also be susceptible
to capacitive coupling with adjacent signal traces.

In this section, electronic noises injected into a
given trace by signaling activity from adjacent traces
are collectively referred to as crosstalk. Crosstalk
may be induced as the result of a given signal trace’s
capacitive or inductive coupling to adjacent traces.
For example, in the case where a signal and its pre-
sumed current return path (signal ground) are not
routed closely to each other, and a different trace
is instead routed closer to the signal trace than the
current return path of the signal trace, this adjacent
(victim) trace will be susceptible to EMI that ema-
nates from the poorly designed current loop, result-
ing in crosstalk between the signal traces. The issue
of crosstalk further deviates the modelling of real-
world system board traces from the idealities of the
lossless LC transmission line, where closely routed
signal traces can become attackers on their neighbor-
ing signal traces and significantly impact the timing
and signal integrity of these neighboring traces. The
magnitude of the crosstalk injected by capacitively
or inductively coupled signal traces depends on the
peak-to-peak voltage swings of the attacking signals,
the slew rate of the signals, the distance of the traces,
and the travel direction of the signals.

To minimize crosstalk in high-speed signaling
systems, signal traces are often routed closely with
a dedicated current return path and are then routed
with the dedicated current return path shielding
active signal traces from each other. In this manner,
the minimization of the current loop reduces EMI,
and the spacing of active traces and the respective

ground signal

[nAnnrnrnnn,

signal V; ——»

[rnnnnnnannann

FIGURE 9.11: Voltage signal delivery and the return current, forming a current loop.
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currentreturn paths also reduces capacitive coupling.
Unfortunately, the use of dedicated current return
paths increases the number of traces required in the
signaling system. As a result, dedicated shielding
traces are typically found only in high-speed digital
systems. For example, high-speed memory systems
such as Rambus Corp’s XDR memory system rely on
differential traces over closely routed signaling pairs
to ensure high signaling quality in the system, while
lower cost, commodity-market-focused memory
systems such as DDR2 SDRAM reserve differential
signaling to clock signal and high-speed data strobe
signals.

9.2.8 Near-End and Far-End Crosstalk

In general, two types of crosstalk effects exist in
signal systems: near-end crosstalk and far-end cross-
talk. These two types of crosstalk effects are, respec-
tively, illustrated in Figures 9.12 and 9.13. Although
Figures 9.12 and 9.13 illustrate crosstalk for capaci-
tively coupled signal traces, near-end and far-end
crosstalk effects are similar for inductively coupled
signal traces. Figures 9.12 and 9.13 show that as a
voltage signal travels from the source to the destina-
tion, it generates eletronic noises in an adjacent trace.

At each point on the transmission line, the attacking
signal generates a victim signal on the victim trace.
The victim signal will then travel in two directions: in
the same direction as the attacker signal and in the
opposite direction of the attacker signal. Figure 9.12
shows that the victim signal traveling in the opposite
direction of the attacker signal will result in a rela-
tively long duration, low-amplitude noise at the near
(source) end of the victim trace.

In contrast, Figure 9.13 shows that the electronic
noise traveling in the same direction as the attacker
signal will result in a victim signal that is relatively
short in duration, but high in amplitude at the
far (destination) end of the victim signal trace. In
essence, the near-end and far-end crosstalk effects
can be analogized to the Doppler effect. That is, as
the attacker signal wave front moves from the source
to the destination on a given transmission line, it
creates sympathetic signals in closely coupled vic-
tim traces that are routed in close proximity. The
sympathetic signals that travel backward toward the
source of the attacking signal will appear as longer
wavelengths and lower amplitude noise, and sym-
pathetic signals that travel in the same direction as
the attacking signal will add up to appear as a short
wavelength, high-amplitude noise.

attacker signal (traveling toward destination)
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3/

/N /=
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FIGURE 9.12: Near-end crosstalk.
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FIGURE 9.13: Far-end crosstalk.

Finally, an interesting general observation is that
since the magnitude of the crosstalk depends on
the magnitude of the attacking signals, an increase
in the signal strength of one signal in the system
would, in turn, increase the magnitude of the cross-
talk experienced by other traces in the system, and
the increase in signal strength of all signals in the
system, in turn, exacerbates the crosstalk problem
onthe system level. Consequently, the issue of cross-
talk must be solved by careful system design rather
than a simple increase in the strength of signals in
the system.

9.2.9 Transmission Line Discontinuities

In an ideal LC transmission line with uniform
characteristic impedance throughout the length of
the transmission line, a signal can, in theory, propa-
gate down the transmission line without reflection
or attenuation at any point in the transmission line.
However, in the case where the transmission line
consists of multiple segments with different charac-
teristic impedances for each segment, signals propa-
gating on the transmission line will be altered at the
interface of each discontinuous segment.

Figure 9.14 illustrates that at the interface of any
two mismatched transmission line segments, part of
the incident signal will be transmitted and part of the
incident signal will be reflected toward the source.
Figure 9.14 also shows that the characteristics of the
mismatched interface can be described in terms of
the reflection coefficient p, and p can be computed
from the formula p = (Z; —~ Zg)/(Zy, + Zg). With the
formula for the reflection coefficient, the reflected
signal at the interface of two transmission line seg-
ments can be computed by multiplying the voltage of
the incident signal and the reflection coefficient. The
voltage of the transmitted signal can be computed in
a similar fashion since the sum of the voltage of the
transmitted signal and the voltage of the reflected
signal must equal the voltage of the incident signal.

In any classroom discussion about the reflection
coefficient of transmission line discontinuities, there
are three special cases that are typically examined
in detail: the well-matched transmission line seg-
ments, the open-circuit transmission line, and the
short-circuit transmission line. In the case where
the characteristic impedances of two transmission
line segments are matched, the reflection coeffi-
cient of that interface p is 0 and all of the signals are
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FIGURE 9,14: Signal reflection at an unmatched transmission line interface.
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FIGURE 9.15: [llustration of signal reflection on a poorly matched transmission line.

transmitted from one segment to another segment.
In the case that the load segment is an open circuit,
the reflection coefficient is 1, the incident signal will
be entirely reflected toward the source, and no part of
the incident signal will be transmitted across the open
circuit. Finally, in the case where the load segment is
a short circuit, the reflection coefficient is —1, and the

incident signal will be reflected toward the source with
equal magnitude but opposite sign.

Figure 9.15 illustrates a circuit where the output
impedarnice of the voltage source is different from the
impedance of the transmission line. The transmission
line also drives aload whose impedance is comparable
to that of an open circuit. In the circuit illustrated to the
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figure, there are three different segments, each with a
different characteristic impedance. In this transmission
line, there are two different impedance discontinuities.
Figure 9.15 shows that the reflection coefficients of the
two different interfaces are represented by p(source)
and p(load), respectively. Finally, the figure also shows
that the transmission line segment that connects the
source to the load has finite length, and the signal
flight time is 250 ps on the transmission line between
the mismatched interfaces.

Figure 9.15 shows the voltageladder diagram where
the signal transmission begins with the voltage source
driving a 0-V signal prior to time zero and switching
instantaneously to 2 V at time zero. The figure also
shows that the initial voltage Vg can be computed
from the basic voltage divider formula, and the ini-
tial voltage is computed and illustrated as 1.33 V. The
ladder diagram further shows that due to the signal
flight time, the voltage at the interface of the load, V7,
remains at 0 V until 250 ps after the incident signal
appears at V. The 1.33-V signal is then reflected with
full magnitude by the load with the reflection coeffi-
cient of 1 back toward the voltage source. Then, after
another 250 ps of signal flight time, the reflected sig-
nal reaches the interface between the transmission

line and the voltage source. The reflected signal with
the magnitude of 1.33 V is then itself reflected by the
transmission line discontinuity at the voltage source,
and the re-reflected signal of —0.443 V once again
propagates toward the load.

Figure 9.16 illustrates that the instantaneous volt-
age on a given point of the transmission line can
be computed by the sum of all of the incident and
reflected signals. The figure also illustrates that the
superposition of the incident and reflected signals
shows that the output signal at V7 appears as a severe
ringing problem that eventually converges around
the value driven by the voltage source, 2 V. However,
as the example in Figure 9.16 illustrates, the con-
vergence only occurs after several round-trip signal
flight times on the transmission line. '

9.2.10 Muliti-Drop Bus

In commodity DRAM memory systems such as
SDRAM, DDR SDRAM, and similar DDRx SDRAM,
multi-drop busses are used to carry command,
address, and data signals from the memory control-
ler to multiple DRAM devices. Figure 9.17 shows that
from the perspective of the PCB traces that carry

Vs A\ Volts Vioad
Time (ps) M
2.5v
[}
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2.0v
250 1.33v

1.5v

500 2.66 v

750 2.22v 1.0v

{ 1000 1.77v 0.5v
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0 250 500 750 1000 1250 1500 1750
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FIGURE 9.16: Signal waveform construction from mutltiple reflections.
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FIGURE 9.17: Multi-drop bus in a commodity DRAM memory system.

signals on the system board, each DRAM device on
the multi-drop bus appears as an impedance dis-
continuity. The figure shows an abstract ladder dia-
gram where a signal propagating on the PCB trace
will be partly reflected and transmitted across each
impedance discontinuity. Typical effects of signal
propagation across multiple impedance disconti-
nuities are more ringing, a longer delay, and a slower
rise time.

The loading characteristics of a multi-drop bus,
as illustrated in Figure 9.17, means that the effects
of impedance discontinuities must be carefully
controlled to enable a signaling system to operate
at high data rates. As part of the effort to enable
higher data rates in successive generations of
DRAM memory systems, specifications that define
tolerances of signal trace lengths, impedance char-
acteristics, and the number of loads on the multi-
drop bus have become ever more stringent. For
example, in SDRAM memory systems that operate
with the data rate of 100 Mbps, as many as eight
SDRAM devices can be connected to the data bus,
but in DDR3 SDRAM memory systems that oper-
ate with the data rate of 800 Mbps and above, the
initial specification requires that no more than
two devices can be connected to the same data
bus in a connection scheme referred to as point-
to-two-point (P22P), where the controller is speci-
fied to be limited to the connection of two DRAM
devices located adjacent to each other.

9.2.11 Socket Interfaces

One feature that is demanded by end-users in
commodity DRAM memory systems is the feature
that allows the end-user to configure the capacity
of the DRAM memory system by adding or remov-
ing memory modules as needed. However, the use of
memory modules means that socket interfaces are
needed to connect PCB traces on the system board
to PCB traces on the memory modules that then con-
nect to the DRAM devices. Socket interfaces are highly
problematic for a transmission line in the sense that
a socket interface represents a capacitive discontinu-
ity for the transmission line, even in the case where
the system only has a single memory module and the
characteristic impedances of the traces on the system
board and the memory module are well matched to
each other.

To ensure that DRAM memory systems can oper-
ate at high data rates, memory system design engi-
neers must carefully model each component of the
memory system as well as the overall behavior of the
system in response to a signal injected into the sys-
tem. Figure 9.18 illustrates an abstract model of the
data bus of a DDR SDRAM memory system, and it
shows that a signal transmitted by the controller will
first propagate on PCB traces in the system board.
As the propagated signal encounters a socket inter-
face, part of the signal will be reflected back toward
the controller and part of the signal will continue
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FIGURE 9.18: Transmission line representation of data bus in a DDR SDRAM memory system.

to propagate down the PCB trace, while most of the
signal will be transmitted through the socket inter-
face onto the memory module where the signal con-
tinues propagation toward the DRAM devices.

9.2.12 Skew

Figure 9.8 shows that wave velocity on a trans-
mission line can be computed with the formula
1/SQRT(LC). For the transmission line with the spe-
cific impedance characteristics given in Figure 9.8, a
signal would travel through the distance of 20 cm/ns.
As a result, any signal path lengths that are not well
matched to each other in terms of distances would
introduce some amounts of timing skew between sig-
nals that travel on those paths.

Figure 9.19 illustrates the concept of signal skew
in a poorly designed signaling system. In Figure 9.19,
two signal traces carry signals on a parallel bus from
the controller to modules labelled as module A and
module B. Figure 9.19 shows that due to the poor
design, path 1 which carries bus signal #1 is shorter
than path 2 which carries bus signal #2. In this sys-
tem, the different path lengths introduce static skew
between bus signal #1 and bus signal #2.

In this chapter, skew is defined as the timing dif-
ferential between two signals in a system. Skew can

exist between data signals of a wide parallel data bus
or between data signals and the clock signal. More-
over, signal skew can be introduced into a signaling
system by differences in path lengths or the electrical
loading characteristics of the respective signal paths.
As a result, skew minimization is an absolute require-
ment in the implementation of high-speed, wide, and
parallel data busses. Fortunately, the skew compo-
nent of the timing budget is typically static, and with
careful design, the impact of the data-to-data and
data-to-clock skew can be minimized. For example,
the PCB image in Figure 9.19 shows the trace routing
on the system board of a commodity personal com-
puter, and it illustrates that system design engineers
often purposefully add extra twists and turns to signal
paths to minimize signal skew between signal traces
of a parallel bus.

9.2.13 litter

In the broad context of analog signaling, jitter can
be defined as unwanted variations in amplitude or
timing between successive pulses on a given signal
line. In this chapter, the discussion on jitter is lim-
ited to the context of DRAM memory systems with
digital voltage levels, and only the short-term phase
variations that exist between successive cycles of a
given signal are considered. For example, electronic
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FIGURE 9.19: Mismatched path lengths introduces signal-to-signal skew, and PCB with path-length-matched signal traces.

components are sensitive to short-term variations in
supply voltage and temperature, and effects such as
crosstalk depend on transitional states of adjacent
signals. Collectively, the imipact of short-term varia-
tions in supply voltage, temperature, and crosstalk
can vary dramatically between successive cycles
of a given signal. As a result, the propagation time
of a signal on a given signal path can exhibit subtle
fluctuations on a cycle-by-cycle basis. These subtle
variations in timing are defined as jitter on a given
signal line.

To ensure correctness of operation, signaling sys-
tems account for timing variations introduced into
the system by both skew and jitter. However, due to
the unpredictable nature of the effects that cause jit-
ter, it is often difficult to fully characterize jitter on a
given signal line. As a result, jitter is also often more
difficult than skew to deal with in terms of timing
margins that must be devoted to account for the tim-
ing uncertainty.

9.2.14 Inter-Symbol Interference (ISI)

In this chapter, crosstalk, signal reflections, and
other effects that impact signal integrity and timing
are examined separately. However, the result of these
effects can be summarized in the sense that they all
degrade the performance of the signaling system.
Additionally, multiple, consecutive signals on the
same transmission line can have collective, residual

effects that can interfere with the transmission of
subsequent signals on the same transmission line.
The intra-trace inference is commonly referred to as
inter-symbol interference (ISI).

Inter-symbol interference is intrinsically a band-
pass filter issue. The interconnect is a non-linear
low-pass filter. The energy of the driver signal resides
mostly within the third harmonic frequency. But
the interconnect low-pass filter is non-linear, which
causes the dispersion of the signal. In other words,
a given signal that is not promptly removed from
the transmission medium by the signal termination
mechanism may disperse slowly and affect later sig-
nals that make use of the same transmission medium.
For example, a single pulse has a long tail beyond its
“ideal” pulse range. If there are consecutive “1”s, the
accumulated tails may add up to overwrite the fol-
lowing “0.” The net effect of IS is that the interference
degrades performance and limits the signaling rate of
the system.

9.3 Termination

Previous sections illustrate that signal propaga-
tion on a transmission line with points of impedance
discontinuity will result in multiple signal reflections,
with one set of reflections at each point of impedance
discontinuity. Specifically, the example in Figure 9.15
shows that in a system where the input impedance of
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the load* differs significantly from the characteristic
impedance of the transmission line, the impedance
discontinuity at the interface between the transmis-
sion line and the load results in multiple, significant
signal reflections that delay the settle time of the trans-
mitted signal. To limit the impact of signal reflection
at the end of a transmission line, high-speed system
design engineers typically place termination elements
whose resistive value matches the characteristic
impedance of the transmission line. The function of
the termination element is to remove the signal from
the transmission line and eliminate the signal reflec-
tion caused by the impedance discontinuity at the
load interface. Figure 9.20 shows the placement of the
termination element Z7at the end of the transmission
line. Ideally, in a well-designed system, the resistive
value of the termination element, Z, matches exactly
the characteristic impedance of the transmission
line, Z;. The signal is then removed from the trans-
mission line by the termination element, and no sig-
nal is reflected toward the source of the signal.

9.3.1 Series Stub (Serial) Termination

The overriding consideration in the design and
standardization process of modern DRAM memory
systems designed for the commodity market is the
cost of the DRAM devices. To minimize the manufac-
turing cost of the DRAM devices, relatively low-cost
packaging types such as SOJ and TSOP are used in

Transmission Line zZ,

SDRAM memory systems, and the TSOP is used in
DDR SDRAM memory systems.’

Unfortunately, the input pin of the low-cost SOJ
and TSOP packages contains relatively large induc-
tance and capacitance characteristics and typically
represents a poorly matched load for any transmis-
sion line. The poorly matched impedance between
the system board trace and device packages is not a
problem for DRAM memory systems with relatively
low operating frequencies (below 200 MHz). How-
ever, the mismatched impedance issue gains more
urgency with each attempt to increase the data rate
of the DRAM memory system.

Figure 9.21 shows the series stub termination
scheme used in DDR SDRAM memory systems. Unlike
the ideal termination element, the series stub termi-
nator is not designed to remove the signal from the
transmission line once the signal has been delivered
to the receiver. Rather, the series resistor is designed
to increase the damping ratio and to provide an arti-
ficial impedance discontinuity that isolates the com-
pleximpedances within the DRAM package, resulting
in the reduction of signal reflections back onto the
PCB trace from within the DRAM device package.

9.3.2 On-Die (Parallel) Termination

The use of series termination resistors in
SDRAM and DDR SDRAM memory systems to iso-
late the complex impedances within the DRAM

Receiver
Data out

o)

signal propagation

Terminator

(point B)

Vref

FIGURE 9.20: A well-matched termination element removes the signal at the end of the transmission line.

“In this case, the load is the receiver of the signal.

5507 stands for Small Outline J-lead, and TSOP stands for Thin Small Outline Package. Due to their proliferation, these
packages currently enjoy cost advantages when compared to Ball Grid Array (BGA) type packages.
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FIGURE 9.22: On-die termination scheme of a DDR2 SDRAM device.

device package means that the burden is placed on
system design engineers to add termination resistors
to the DRAM memory system. In DDR2 and DDR3
SDRAM devices, the use of the higher cost Fine Ball
Grid Array (FBGA) package enables DRAM device
manufacturers to remove part of the inductance that
exists in the input pins of SOJ and TSOP packages.
As a result, DDR2 and DDR3 SDRAM devices could
then adopt an on-die termination scheme that more
closely represents the ideal termination scheme
illustrated in Figure 9.20.

Figure 9.22 shows that in DDR2 devices, depend-
ing on the programmed state of the control register
and the value of the on-die termination (ODT)
signal line, switches SW1 and SW2 can be con-
trolled independently to provide different termina-
tion values as needed. The programmability of the
on-die termination of DDR2 devices, in turn, enables
the respective DRAM devices to adjust to different

system configurations without having to assume
worst-case system configurations.

9.4 Signaling

In DRAM memory systems, the signaling protocol
defines the electrical voltage or current levels and the
timing specifications used to transmit and receive
commands and data in a given system. Figure 9.23
shows the eye diagram for a basic binary signaling
system commonly used in DRAM memory systems,
where the voltage values V and V; represent the two
states in the binary signaling system. In the figure,
Leycle Tepresents the cycle time of one signal transfer
in the signaling system. The cycle time can be broken
down into different components: the signal transition
time fy,,y, the skew and jitter timing budget #e.» and
the valid bit time eye.
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To achieve high operating data rates, the cycle
time, feycle: Must be as short as possible. The goal in
the design and implementation of a high-speed sig-
naling system is then to minimize the time spent by
signals on state transition, account for possible skew
and jitter, and respect signal setup and hold time
requirements. The voltage and timing requirements
of the signaling protocol must be respected in all
cases regardless of the existence of transient voltage
noises such as those caused by crosstalk or transient
timing noises such as those caused by temperature-
dependent signal jitter. In the design and verification
process of high-speed signaling systems, eye dia-
grams such as the one illustrated in Figure 9.23 are
often used to describe the signal quality of a signaling
system. A high-quality signaling system with propetly
matched and terminated transmission lines will min-
imize skew and jitter, resulting in eye diagrams with
well-defined eye openings and minimum timing and
voltage uncertainties.

9.41 Eye Diagrams

Figure 9.24 is an example that shows the practi-
cal use of eye diagrams. The eye diagram of a signal
in a system designed without termination is shown
on the left, and the eye diagram of a signal in a sys-
tem designed with termination is shown on the right.
Figure 9.24 illustrates that in a high-quality signal-
ing system, the eye openings are large, with clearly
defined voltage and timing margins. As long as the
eye opening of the signal remains intact, buffers can

effectively eliminate voltage noises and boost binary
voltage levels to their respective maximum and mini-
mum values. Unfortunately, timing noises cannot be
recovered by a simple buffer, and once jitter is intro-
duced into the signaling system, the timing uncer-
tainty will require a larger timing budget to account
for the jitter. Consequently, a longer cycle time and
lower data rate may be needed to ensure the cor-
rectness of signal transmission in the system—for a
poorly designed signaling system.

9.4.2 Low-Voitage TTL (Transistor-Transistor
Logic)

Figure 9.25 illustrates the input and output voltage
response for a low-voltage TTL (LVITL) device. The
LVTTL signaling protocol is used in SDRAM memory
systems and other DRAM memory of its generation,
such as Extended Data-Out DRAM (EDO DRAM),
Virtual Channel DRAM (VCDRAM), and Enhanced
SDRAM (ESDRAM) memory systems. The IVITL
signaling specification is simply a reduced voltage
specification of the venerable TTL signaling specifica-
tion that operates with a 3.3-V voltage supply rather
than the standard 5- V voltage supply.

Similar to the TTL devices, IVITL devices do not
supplyvoltage references to the receivers of the signals.
Rather, the receivers are expected to provide internal
references so that input voltages lower than 0.8 V are
resolved as one state of the binary signal and input
voltages higher than 2.0V are resolved as the alternate
state of the binary signal. IVTTL devices are expected

ttran tskew teye
v, B }
o
Eye - space between 1 and 0 voltage noise margin
Vo - }
tcycle

FIGURE 9.23: Eye diagram for binary signaling.
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FIGURE 9.24: Eye diagrams of a signaling system with and without termination.
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FIGURE 9.25: Inverter buffer and comparator input.

to drive voltage-high output signals above 2.4 V and
low output signals below 0.4 V. For a LVTTL signal to
switch state, the signal must traverse a large voltage
swing. The large voltage swing and the large voltage
range of undefined state between 0.8 and 2.0V effectively
limits the use of TTL and IVTTL signaling protocols to

relativelylow-frequency systems. For example, SDRAM
memory systems are typically limited to operating fre-
quencies below 167 MHz. Subsequent generations of
DRAM memory systems have since migrated to more
advanced signaling protocols such as Series Stub Ter-
minated Logic (SSTL).
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9.4.3 Voltage References

In modern DRAM memory systems, voltage-
level-based signaling mechanisms are used to trans-
port command, control, address, and data from the
controller to and from the DRAM devices. However,
for the delivered signals to be properly resolved by
the receiver, the voltage level of the delivered signals
must be compared to a reference voltage. While the
use of implicit voltage references in TTL and LVITL
devices is sufficient for the relatively low operating
frequency ranges and generous voltage range of the
TTL and IVTTL signaling protocols, implicit voltage
references are inadequate in modern DRAM memory
systems that operate at dramatically higher data rates
and with far smaller voltage ranges. As a result, volt-
age references are used in modern DRAM memory
systems just as they are typically used in high-speed
ASIC signaling systems.

Figure 9.26 illustrates two common schemes for
reference voltage comparison. The diagram on the
leftillustrates the scheme where multiple input signal
pins share a common voltage reference that is deliv-
ered by the transmitter along with the data signals.
The diagram on the right shows differential signal-
ing where each signal is delivered with its comple-
ment. The common voltage scheme is used in DRAM
memory systems where low cost predominates over
the requirement of high data rate, and differential

Vino
Vin1
Vin2

Vin3
Vief

common voltage reference

signaling is used to achieve a higher data rate at the
cost of higher pin count in high-speed DRAM mem-
ory systems. Aside from the advantage of being able
to make use of the full voltage swing to resolve sig-
nals to one state or another, complementary pinpairs
are always routed closely together, and the minimal
distanceallowsdifferential pin pairsto exhibitsuperior
common-mode noise rejection characteristics.

9.4.4 Series Stub Termination Logic '

Figure 9.27 illustrates the voltage levels used in
2,5-V Series Stub Termination Logic signaling (SSTL _2).
SSTL._2 is used in DDR SDRAM memory systems, and
DDR2 SDRAM memory systems use SSTL_18 as the
signaling protocol. SSTL_18 is simply a reduced volt-
age version of SSTL_2, and SSTL_18 is specified to
operate with a supply voltage of 1.8 V.

Figure 9.27 shows that, unlike IVITL, SSTL 2
signaling makes use of a common voltage reference
to accurately resolve the value of the input signal. The
figure further shows that where V¢ is set to 1.25 'V,
signals in the range of 0 to 1.1 V at the input of the
SSTL_2 buffer are resolved as voltage low and signals
in the range of 1.4 to 2.5 V are resolved as voltage
high. In this manner, SSTL_2 exhibits better noise
margins for the low-voltage range and nearly compa-
rable noise margins for the high-voltage range when

Vino +
Vino -
Vint +
Vin1 -
Vin2 +
Vin2 -
Ving +
Vin3 -

Differential signaling

FIGURE 9.26: Local and remote voltage references.
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FIGURE 9.27; SSTL_2 voltage level illustration.

cdmpared to LVTTL despite the fact that the supply
voltage used in SSTL_2 is far lower than the supply
voltage used in LVTTL.®

9.4.5 RSL and DRSL

In recent years, Rambus Corp. introduced two
different signaling systems that are used in two differ-
ent high-speed DRAM memory systems. The Rambus
signaling level (RSL) signaling protocol was used in
the Direct RDRAM memory system, and the differen-
tial Rambus 51gna11ng level (DRSL) signaling protocol
was used in the XDR memory system. RSL afid DRSL
are interesting due to the fact that they are different
from IVTTL and SSTL-x signaling protocols.

Figure 9.28 illustrates that both RSL and DRSL
utilize low-voltage swings compared to SSTL and
LVTTL. In SSTL and LVTTL signaling systems, sig-
nals swing the full voltage range from 0V to Vadg
enabling a common voltage supply level for the
DRAM core as well as the signaling interface at
the cost of longer signal switch times. In the RSL

signaling system, signals swing from 1.0 to 1.8 V; in
the DRSL signaling system, signals swing from 1.0 to
1.2 V. While the low voltage swing enables fast signal
switch time, the different voltage levels mean that
the signaling interface must be carefully isolated
from the DRAM core, thus requiring more circuitry
on the DRAM device.

Finally, Figure 9.28 shows that similar to SSTL, RSL
uses a voltage reference to resolve signal states, but
DRSL does not use shared voltage references. Rather,
DRSL is a bidirectional point-to-point differential
signaling protocol that uses current mirrors to deliver
signals between the memory controller and XDR
DRAM devices.

9.5 Timing Synchronization

Modern digital systems, in general, and mod-
ern DRAM memory systems, specifically, are often
designed as synchronous state machines. However,
the address, command, control, data, and clock

SDDR SDRAM was originally only specified with speed bins up to 166 MHz at a supply voltage level, Viaaq 0f 2.5V. However,
market trends and industry pressure led to the addition of the 200-MHz (400-Mbps) speed bin in DDR SDRAM memory
systems, The 200-MHz DDR SDRAM memory system is specified to operate with a supply voltage, Vgqq, 0f2.6 V.
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FIGURE 9.29: System-level synchronization with distributed
clock signals.

signals in a modern high-speed DRAM memory
system must all propagate on the same type of signal
traces in PCBs. As a result, the clock signal is subject
to the same issues of signal integrity and propaga-
tion delay that impact other signals in the system.
Figure 9.29 abstractly illustrates the problem in
high-speed digital systems, where the propagation
delay of the clock signal may be greater than a non-
negligible fraction of a clock period. In such a case,
the notion of synchronization must be reexamined to
account for the phase differences in the distribution
of the clock signal.

In general, there are three types of clocking sys-
tems used in synchronous DRAM memory systems:
a global clocking system, a source-synchronous clock
forwarding system, and a phase or delay compensated

clocking system. The global clocking system assumes
that the propagation delay of the clock signal between
different devices in the system is relatively minor
compared to the length of the clock period. In such
a case, the timing variance due to the propagation
delay of the clock signal is simply factored into the
timing margin of the signaling protocol. As a result,
the use of global clocking systems is limited to rela-
tively lower frequency DRAM memory systems such
as SDRAM memory systems. In higher data rate
DRAM memory systems such as Direct RDRAM and
DDR SDRAM memory systems, the global clocking
scheme is replaced with source-synchronous clock
signals to ensure proper synchronization for data
transport between the memory controller and the
DRAM devices. Finally, as signaling data rates con-
tinue to climb, ever more sophisticated circuits are
deployed to ensure proper synchronization for data
transport between the memory controller and the
DRAM devices. Specifically, Phase-Locked Loop (PLL)
or Delay-Locked Loop (DLL) circuits are used in DRAM
memory controllers to actively compensate for signal
skew. In the following sections, the clocking schemes
used in modern DRAM memory systems to enable
system synchronization are examined.

9.5.1 Clock Forwarding

Figure 9.30 illustrates the trivial case where a
reference clock signal is sent along with the data
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signal from the transmitter to the receiver. The clock
forwarding technique is used in DRAM memory
systems such as DDR SDRAM and Direct DRAM,
where subsets of signals that must be transported
in parallel from the transmitter to the receiver are
routed with clock or strobe signals that provide the
synchronization reference. For example, the 16-bit-
wide data bus in Direct RDRAM memory systems is
divided into two sets of signals with separate refer-
ence clock signals for each set, and DDR SDRAM
memory systems provide separate DQ strobe signals
to ensure that each 8-bit subset of the wide data bus
has an independent clocking reference.

The basic assumption here is that by routing the
synchronization reference signal along with a small
groups of signals, system design engineers can
more easily minimize variances in the electrical and
mechanical characteristics between a given signal
and its synchronization reference signal, and the
signal-to-clock skew is minimized by design.

Figure 9.30 also shows that the concept of clock
forwarding can be combined with more advanced
circuitry that further minimizes signal-to-clock skew.

9.5.2 Phase-Locked Loop (PLL)

Two types of circuits are used in modern digital
systems to actively manage the distribution and syn-
chronization of the clock signal: a PLL and a DLL.
PLLs and DLLs are used in modern high-speed DRAM
devices to adjust and compensate for the skew and
buffering delays of the clock signal. Figure 9.31 illus-
trates a basic block diagram of a PLL that uses an
input clock signal and a voltage-controlled oscillator
(VCO) in a closed-loop configuration to generate an
output clock signal. With the use of the VCO, a PLL
is capable of adjusting the phase of the output clock
signal relative to the input clock signal, and it is also
capable of frequency multiplication. For example, in
an XDR memory system where the data bus interface

r 1 r
I Transmitter ] Receivel I
Data D o — )I D Q |
| I
| I I La I
e |- | I |
- | Toggle D Q | e i {Phase adjust I
- T [ | | I
[ ~ L — — 4
Clock
Ny
FIGURE 9.30: Clock forwarding.
(voltage
controlled | VCO % b out
oscillator) —y ) (output clock)
req, || Loop
Input clock Phase Filter ____|

FIGURE 9.31: Basic PLL block diagram.

Petitioners
Ex. 1070, p. 401



402 Memory Systems: Cache, DRAM, Disk

operates at a data rate of 3.2 Gbps, a relatively low-
frequency clock signal that operates at 400 MHz
is used to synchronize data transfer between the
memory controller and the DRAM devices. In the
XDR DRAM memory system, PLL circuits are used to
multiply the 400-MHz clock frequency and generate
a 1.6-GHz output clock signal from the slower input
clock frequency. The devices in the XDR memory
system then make use of the phase-compensated
1.6-GHz clock signal as the clock reference signal for
data movement. In this manner, two silicon devices
can operate synchronously at relatively high frequen-
cies without the transport of a high-frequency clock
signal on the system board.

PLLs can be implemented as a discrete semicon-
ductor device, but they are typically integrated into
modern high-speed digital semiconductor devices
such as microprocessors and FPGAs. Depending on
the circuit implementation, PLLs can be designed
to lock in a range of input clock frequencies and
provide the phase compensation and frequency
multiplication needed in modern high-speed digital
systems.

9.5.3 Delay-Locked Loop (DLL)

Figure 9.32 illustrates the basic block diagram of a
DLL. The difference between the DLL and the PLL is
that a DLL simply inserts a voltage-controlled phase
delay between the input and output clock signals. In
a PLL, a voltage-controlled oscillator synthesizes a

o — 25

new clock signal whose frequency may be a multiple
of the frequency of the input clock signal, and the
phase delay of the newly synthesized clock signal is
also adjustable for active skew compensation. In this
manner, while DLLs only delay the incoming clock
signals, the PLLs actually synthesize a new clock
signal as the output.

The lack of a VCO means that DLLs are simpler
to implement and more immune to jitter induced
by voltage supply or substrate noise. However, since
DLLs merely add a controllable phase delay to the
input clock signal and produce an output clock
signal, jitter that is present in the input clock sig-
nal is passed directly to the output clock signal. In
contrast, the jitter of the input clock signal can be
better filtered out by a PLL.

The relatively lower cost of implementation
compared to PLLs makes DLLs attractive for use in
commodity DRAM devices designed to minimize
manufacturing costs and in any application where
clock synthesis is not required. Specifically, DLLs are
found in DRAM devices such as DDRx SDRAM and
GDDRx (Graphics DDRx) devices.”

9.6 Seclected DRAM Signaling and
Timing Issues

Signaling in DRAM memory systems is alike
in many ways to signaling in logic-based® digital
systems and different in other ways. In particular,

O out

L

Phase A
D Comp

Loop
Filter

—

FIGURE 9.32: Basic DLL block diagram.

"DDRx denotes different generations of SDRAM devices such as DDR SDRAM, DDR2 SDRAM, and DDR3 SDRAM. Similarly,
GDDRx denotes different generations of GDDR devices such as GDDR2 and GDDR3.

8Logic based, as opposed to memory based.
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the challenges of designing high data rate signaling
systems such as proper impedance matching, skew,
jitter, and crosstalk minimization, as well as a system
synchronization mechanism, are the same for all dig-
ital systems. However, commodity DRAM memory
systems such as SDRAM, DDR SDRAM, and DDR2
SDRAM have some unique characteristics that are
unlike high-speed signaling systems in non-DRAM-
based digital systems. For example, in commod-
ity DRAM memory systems, the burdens of timing
control and synchronization are largely placed in
the sophisticated memory controllers, and com-
modity DRAM devices are designed to be as simple
and as inexpensive to manufacture as possible. The
asymmetric master-slave relationship between the
memory controller and the multiple DRAM devices
also constrains system signaling and timing charac-
teristics of commodity DRAM memory systems in
ways not commonly seen in more symmetric logic-
based digital systems.

Figure 9.18 illustrates the data bus structure of a
commodity DRAM memory system. Figure 9.33 illus-
trates the command and address bus structure of the
same DRAM memuory system. Despite the superficial
resemblance to the data bus structure illustrated in
Figure 9.18, Figure 9.33 shows that in a commod-
ity DRAM memory system, all of the DRAM devices
within a DRAM memory system are typically con-
nected to a given trace on the command and address
bus. Figure 9.34 illustrates the topology of a typical

PCB traces on memory module
(command and address busses)

Controiler

PCB traces on system board
(command and address busses)

commodity DRAM memory system where the address
and command busses are connected to every device
in the system.

The difference in the loading characteristics
means that signals propagate far slower on the
command and address bus than on the data bus
in a typical commodity DRAM memory system. To
alleviate the constraints placed on timing by the
large number of loads on the command and address
busses, numerous strategies have been deployed
in modern DRAM memory systems. One strategy
to alleviate timing and signaling constraints on

address and command
{connected to every device)

: = = »1
b | etz 12 |
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FIGURE 9.33: Typical topology of commodity DRAM memory
systems such as DDRx SDRAM. Address and command busses
are connected to every device.

memory module

DRAM
devices

FIGURE 9.34: Transmission line model of DDR SDRAM memory system command and address busses.
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the command and address buses is to make use
of buffered or registered memory modules. For
example, registered dual in-line memory modules
(RDIMM) use separate buffer chips on the memory
module to buffer command and address signals
from the memory controller to the DRAM devices.
Figure 9.35 illustrates that, from the perspective
of the DRAM memory controller, the signal deliv-
ery path is limited to the system board through
the socket interface and up to the input of the
buffer chips on the memory modules. The buffer
chips then drive the signal to the DRAM devices
in a separate transmission line. The benefits of the
buffer devices in the registered memory modules
are shorter transmission lines, fewer electrical loads
per transmission line, and fewer transmission line
segments. The drawbacks of the buffer devices in
the registered memory modules are higher cost
associated with the buffer devices and the additional
latency required for the address and command
signal buffering and forwarding.

PCB traces on memory module
(command and address busses|

9.6.1 Data Read and Write Timing in DDRx
SDRAM Memory Systems

Figure 9.33 illustrates that the command and
address busses in a commodity DRAM memory sys-
tem are typically more heavily loaded than the data
bus, and timing margins are tighter on the command
and address busses when compared to the data bus.
Modern DDRx SDRAM memory systems capital-
ize on the lighter loading characteristics of the data
bus by operating the data bus at twice the data rate
as the command and address busses. The differ-
ence in operating the various busses at different data
rates as well as the difference between the role of the
DRAM memory controller and the commodity DRAM
devices introduces several interesting aspects in the
timing and synchronization of DDRx SDRAM devices.
Figure 9.36 illustrates several interesting aspects
of data read and write timing in commodity DDRx
SDRAM devices: the use of a Data Strobe Signal (DQS)
in DDRx SDRAM memory systems as the source-syn-
chronous timing reference signal on the data bus, the

DRAM
devices

I

memory module_l

Controller

address buffer

PCB traces on system board
(command and address busses)

memory module

|
|
[

FIGURE 9.35: Register chips buffer command, control, and address signals in a Registered memory system.
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FIGURE 9.36: Column read, column write command and data timing in DDRx SDRAM memory systems.

transmission of symbols on half clock cycle bound-
aries on the data bus as opposed to full clock cycle
boundaries on the command and address busses,
and the difference in phase relationships between
read and write data relative to the DQS signal.

First, Figure 9.36 illustrates that in DDRx SDRAM
memory systems, address and command signals
are asserted by the memory controller for a full
clock cycle, while symbols on the data bus are only
transmitted for half cycle durations. The doubling of
the data rate on the data bus is an effective strategy
that significantly increases bandwidth of the memory
system from previous generation SDRAM memory
systems without wholesale changes in the topology
or structure of the DRAM memory system. However,
the doubling of the data rate, in turn, significantly
increases the burden on timing margins on the data
bus. Figure 9.36 illustrates that valid data windows
on the command, address, and data busses are con-
strained by the worst-case data skew and data jitter
that exist in wide, parallel busses. Typically, in'a DDRx
SDRAM memory system with a 64-bit-wide data bus,
the data bus is divided into smaller groupings of

8 signals per group, and a separate DQS signal is used
to provide timing reference for each group of data bus
signals. In this manner, the amount of timing budget
allocated to account for skew and jitter is minimized
on a group-by-group basis. Otherwise, much larger
timing budgets would have to be allocated to account
for skew and jitter across the entire width of the
64-bit-wide data bus. Figure 9.23 illustrates that
where the timing budget devoted to fg,y increases,
feycle Must be increased proportionally, resulting in
lower operation frequency.

Figure 9.36 also shows that read and write data
are sent and received on different phases of the DQS
signal in DDRx SDRAM memory systems. That is,
DRAM devices return data bursts for read commands
on each edge of the DQS signal. The DRAM memory
controller then determines the centers of the valid
data windows and latches in data at the appropri-
ate time. In contrast, the DRAM memory controller
delays the DQS signal by 90° relative to write data.
The DRAM devices then latch in data relative to each
edge of the DQS signal without shifting or delaying
the .data. One reason that the phase relationship
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between the read data and the DQS signal differs
from the phase relationship between write data and
the DQS signal is that the difference in the phase
relationships shifts the burden of timing synchroni-
zation from the DRAM devices and places it in the
DRAM memory controller. That is, the commodity
DDRx SDRAM devices are designed to be inexpen-
sive to manufacture, and the DRAM controller is
responsible for providing the correct phase relation-
ship between write data and the DQS signal. More-
over, the DRAM memory controller must also adjust
the phase relationship between read data and the
DQS signal so that valid data can be latched in the
center of the valid data window despite the fact that
the DRAM devices place read data onto the data bus
with the same phase relative to the DQS signal.

9.6.2 The Use of DLL in DDRx SDRAM Devices

In DDRx SDRAM memory systems, data symbols
are, in theory, sent and received on the data bus rela-
tive to the timing of the DQS signal as illustrated in
Figure 9.30, rather than a global clock signal used by
the DRAM memory controller. Theoretically, the DQS
signal, in its function as the source-synchronous
clocking reference signal, operates independently
from the global clock signal. However, where the DQS
signal does operate independently from the global
clock signal, the DRAM memory controller must
either operate asynchronously or devote additional
stages to buffer read data returning from the DRAM
devices. A complete decoupling of the DQS signal
from the global clock signal is thus undesirable. To
mitigate the effect of having two separate and inde-
pendent clocking systems, on-chip DLLs have been
implemented in DDR SDRAM devices to synchronize
the read data returned by the DRAM devices, the DQS
signals, and the memory controller’s global clock sig-
nal. The DLL circuit in a DDR DRAM thus ensures
that data returned by DRAM devices in response to
aread command is actually returned in synchroniza-
tion with the memory controller’s clock signal.

Figure 9.37 illustrates the use of an on-chip DLL
in a DDR SDRAM device, and the effect that the DLL
has upon the timing of the DQS and data signals. The
upper diagram illustrates the operation of a DRAM
device without the use of an on-chip DLL, and the

lower diagram iillustrates the operation of a DRAM
device with the use of an on-chip DLL. Where the
DRAM device operates without an on-chip DLL, the
DRAM device internally buffers the global clock sig-
nal and uses it to generate the source-synchronous
DQS signal and return data to the DRAM memory
controller relative to the timing of the buffered clock
signal. However, the buffering of the clock signal
introduces phase delay into the DQS signal relative to
the global clock signal. The result of the phase delay is
that data on the DQ signal lines is aligned closely with
the DQS signal, but can be significantly out of phase
alignment with respect to the global clock signal.

The lower diagram in Figure 9.37 illustrates that
where the DRAM device operates with an on-chip DLL,
the DRAM device also internally buffers the global
clock signal, but the DLL then introduces more delay
into the DQS signal. The net effect is to delay the out-
put of the DRAM device by a full clock cycle so that the
DQS signal along with the DQ data signals becomes
effectively phase aligned to the global clock signal.

9.6.3 The Use of PLL in XDR PRAM Devices

In an effort devoted to the pursuit of high band-
width in DRAM memory systems, the Rambus Corp.
has designed several different clocking and timing
synchronization schemes for its line of DRAM mem-
ory systems. One scheme utilized in the XDR memory
system involves the use of PLLs in both the DRAM
devices and the DRAM memory controller. Figure
9.38 abstractly illustrates an XDR DRAM device with
two data pin pairs on the data bus along with a differ-
ential clock pin pair. The figure shows that the signals
in the XDR DRAM memory system are transported
via differential pin pairs. Figure 9.38 further illus-
trates that a relatively low system clock signal that
operates at 400 MHz is used as a global clock refer-
ence between the XDR DRAM controller and the XDR
DRAM device. The XDR DRAM device then makes
use of a PLL to synchronize data latch operations at
a higher data rate relative to the global clock signal.
Figure 9.38 shows that the use of the PLL enables the
XDR DRAM device to synchronize the transportation
of eight data symbols per clock cycle. Moreover, the
XDR DRAM controller contains a set of adjustable
delay elements labelled as FlexPhase. The XDR DRAM
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memory controller can set the adjustable delay in
the FlexPhase circuitry to effectively remove timing
uncertainties due to signal path length differentials.
To some extent, the FlexPhase mechanism can also
account for drift in skew characteristics as the system
environment changes. The XDR memory controller
can adjust the delay specified by the FlexPhase cir-
cuitry by occasionally suspending data movement
operations and reinitializing the FlexPhase adjustable
delay setting based on the transportation of pre-
determined test patterns.

9.7 Summary

This chapter covers the basic conceptsofasignaling
system that form the essential foundation for data

transport between discrete devices. Specifically, the
physical requirements of high data rate sighaling
in modern multi-device DRAM memory systems
directly impact the design space of system topology
and memory-access protocol. Essentially, this chap-
ter illustrates that the task of transporting command,
address, and data between the DRAM memory con-
troller and DRAM devices becomes more difficult with
each generation of DRAM memory systems that oper-
ate at higher data rates. Increasingly, sophisticated
circuitry such as DLLs and PLLs is being deployed in
DRAM devices, and the desire to continue to increase
DRAM memory system bandwidth has led to restric-
tions to the topology and configuration of modern
DRAM memory systems.
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cHAPTER 10

DRAM Memory

System Organization

Previous chapters examine the basic building
blocks of DRAM devices and signaling issues that
constrain the transmission and subsequent storage
of data into the DRAM devices. In this chapter, basic
terminologies and building blocks of DRAM memory
systems are described. Using the building blocks
described in the previous chapters, the text in this
chapter examines the construction, organization, and
operation of multiple DRAM devices in a larger mem-
ory system. This chapter covers the terminologies
and topology, as well as the organization of various
types of memory modules.

10.1 Conventional Memory System

The number of storage bits contained in a given
DRAM device is constrained by the manufacturing
process technology, the cell size, the array efficiency,
and the effectiveness of the defect-cell remapping
mechanism for yield enhancement. As the manu-
facturing process technology advances in line with
Moore’s Law, the number of storage bits contained in
a given DRAM device doubles every few years. How-
ever, the unspoken corollary to Moore’s Law states
that software written by software companies in the
Pacific Northwest and elsewhere will automatically
expand to fill available memory in a given system.
Consequently, the number of storage bits contained
in a single DRAM device at any given instance in
time has been and will continue to be inadequate
to serve as the main memory for most computing
platforms with the exception of specialty embedded
systems.

In the past few decades, the growth rate of DRAM
device storage capacity has roughly paralleled the
growth rate of the size of memory systems for desk-
top computers, workstations, and servers. The paral-
lel growth rates have dictated system designs in that
multiple DRAM devices must be connected together
to form memory systems in most computing plat-
forms. In this chapter, the organization of different
multi-chip DRAM memory systems and different
interconnection strategies deployed for cost and per-
formance concerns are explored.

In Figure 10.1, multiple DRAM devices are intercon-
nected together to form a single memory system that
is managed by a single memory controller. In modern
computer systems, one or more DRAM memory con-
trollers (DMCs) may be contained in the processor
package or integrated into a system controller that
resides outside of the processor package. Regardless
of the location of the DRAM memory controller, its
functionality is to accept read and write requests to
a given address in memory, translate the request to
one or more commands to the memory system, issue
those commands to the DRAM devices in the proper
sequence and proper timing, and retrieve or store data
on behalf of the processor or I/O devices in the sys-
tem. The internal structures of a system controller are
examined in a separate chapter. This chapter focuses
on the organization of DRAM devices in the context of
multi-device memory systems.

10.2 Basic Nomenclature

The organization of multiple DRAM devices into a
memory system can impact the performance of the
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FIGURE 10.1: Multiple DRAM devices connected to a processor through a DRAM memory controller.

memory system in terms of system storage capac-
ity, operating data rates, access latency, and sustain-
able bandwidth characteristics. It is therefore of great
importance that the organization of multiple DRAM
devices into larger memory systems be examined in
detail. However, the absence of commonly accepted
nomenclature has hindered the examination of DRAM
memory-system organizations. Without a common
basis of well-defined nomenclature, technical articles
and data sheets sometimes succeed in introducing
confusion rather than clarity into discussions on
DRAM memory systems. In one example, a technical
data sheet for a system controller used the word bank
in two bulleted items on the same page to mean two
different things. In this data sheet, one bulleted item
proclaimed that the system controller could support
6 banks (of DRAM devices). Then, several bulleted
items later, the same data sheet stated that the same
system controller could support SDRAM devices with
4 banks. In a second example, an article in a well-
respected technical journal examined the then-new
i875P system controller from Intel and proceeded
to discuss the performance advantage of the system
controller due to the fact that the i875P system con-
troller could control 2 banks of DRAM devices (it can
control two entire channels).

In these two examples, the word bank was used
to mean three different things. While the meaning

of the word bank can be inferred from the context
in each case, the overloading and repeated use of
the word introduces unnecessary confusion into
discussions about DRAM memory systems. In this
section, the usage of channel, rank, bank, row, and
column is defined, and discussions in this and sub-
sequent chapters will conform to the usage in this
chapter.

10.2.1 Channel

Figure 10.2 shows three different system control-
lers with slightly different configurations of the DRAM
memory system. In Figure 10.2, each system con-
troller has a single DRAM memory controller (DMC),
and each DRAM memory controller controls a single
channel of memory. In the example labelled as the
typical system controller, the system controller con-
trols a single 64-bit-wide channel. In modern DRAM
memory systems, commodity DRAM memory mod-
ules are standardized with 64-bit-wide data busses,
and the 64-bit data bus width of the memory mod-
ule matches the data bus width of the typical per-
sonal computer system controller.’ In the example
labelled as Intel i875P system controller, the system
controller connects to a single channel of DRAM with
a 128-bit-wide data bus. However, since commod-
ity DRAM modules have 64-bit-wide data busses,

!Commodity memory modules designed for error correcting memory systems are standardized with a 72-bit-wide data bus.
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the i875P system controller requires matching pairs
of 64-bit wide memory modules to operate with the
128-bit-wide data bus. The paired-memory module
configuration of the i875P is often referred to as a
dual channel configuration, However, since there is
only one memory controller, and since both memory
modules operate in lockstep to store and retrieve
data through the 128-bit-wide data bus, the paired-
memory module configuration is, logically, a 128-bit-
wide single channel memory system. Also, similar to
SDRAM and DDR SDRAM memory systems, standard

Direct RDRAM memory modules are designed with
16-bit-wide data busses, and high-performance sys-
tem controllers that use Direct RDRAM, such as the
Intel i850 system controller, use matched pairs of
Direct RDRAM memory modules to form a 32-bit-
wide channel that operates in lockstep across the two
physical channels of memory.

In contrast to system controllers that use a single
DRAM memory controller to control the entire mem-
ory system, Figure 10.3 shows that the Alpha EV7 pro-
cessor and the Intel i925x system controller each have

“Typical”

system controller DMC

DDR

One “physical channel” of 64 bit width
One DMC: One logical 64 bit wide channel

Intel i875P 128
system controlier DMC

x
g

Two “physical channels” of 64 bit wide busses
One DMC: One logical 128 bit wide channel

Intel i850

system controller DMC

16

16 D-RDRAM | Two “physical channels” of 16 bit width

D-RDRAM

One DMC: One logical 32 bit wide channel

FIGURE 10.2: Systems with a single memory controiler and different data bus widths.
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FIGURE 10.3: Systems with two independent memory controllers and two logical channels of memory.
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two DRAM controllers that independently control
64-bit-wide data busses.? The use of indepen-
dent DRAM memory controllers can lead to higher
sustainable bandwidth characteristics, since the
narrower channels lead to longer data bursts per
cacheline request, and the various inefficiencies
dictated by DRAM-access protocols can be better
amortized. As a result, newer system controllers are
often designed with multiple memory controllers
despite the additional die cost.

Modern memory systems with one DRAM
memory controller and multiple physical chan-
nels of DRAM devices such as those illustrated in
Figure 10.2 are typically designed with the physi-
cal channels operating in lockstep with respect to
each other. However, there are two variations to the
single-controller-multiple-physical-channel  con-
figuration. One variation of the single-controller-
multiple-physical-channel configuration is that
some system controllers, such as the Intel i875P sys-
tem controller, allow the use of mismatched pairs of
memory modules in the different physical channels.
In such a case, the i875P system controller operates

in an asymmetric mode and independently controls
the physical channels of DRAM modules. However,
since there is only one DRAM memory controller, the
multiple physical channels of mismatched memory
modules cannot be accessed concurrently, and only
one channel of memory can be accessed at any given
instance in time. In the asymmetric configuration,
the maximum system bandwidth is the maximum
bandwidth of a single physical channel.

A second variation of the single-controller-
multiple-physical-channel configuration can be
found in high-performance FPM DRAM memory
systems that were designed prior to the emergence of
SDRAM-type DRAM devices that can burst out multi-
ple columns of data with a given column access com-
mand. Figure 10.4 illustrates a sample timing diagram
of a column access in an SDRAM memory system.
Figure 10.4 shows that an SDRAM device is able to
return a burst of multiple columns of data for a single
column access command. However, an FPM DRAM
device supported neither single-access-multiple-
burst capability nor the ability to pipeline multiple
column access commands. As a result, FPM DRAM

f L i I} i ! i
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: —~——y— | 1data T ek T 2E
A__i : , 5=
. | feas (YT T T T ca
' toas Bufstlergth ' L~ L ° g FPM
data‘ L @ T E q>>
C 11 11 L1 B 3 ,
SDRAM memory bursts multiple casi — ] \7\'& —+—1 $ g bMC 4
columns of data (2) for each column : : ; 2= 72
access command (1). I © g Z
FPM DRAM returns one column of cas | [ | m I % §
data (2) for each column access — ™| ——— !\1-‘@:‘ I FPM
command (1). Column accesses data ' \ £ 2
cannot be pipelined. Solution: stagger N L £ 9 72
column accesses to different physical tcas
channels of FPM DRAM devices

FIGURE 10.4: High-performance memory controllers with four channels of interleaved FPM DRAM devices.

YIgnoring additional bitwidths used for error correction and cache directory.
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devices need multiple column accesses to retrieve
the multiple columns of data for a given cacheline
access, column accesses that cannot be pipelined to

a single FPM DRAM device.

One solution deployed to overcome the shortcom-
ings of FPM DRAM devices is the use of multiple
FPM DRAM channels operating in an interleaved
fashion. Figure 10.4 also shows how a sophisticated
FPM DRAM controller can send multiple column
accesses to different physical channels of memory
so that the data for the respective column accesses
appears on the data bus in consecutive cycles. In this
configuration, the multiple FPM DRAM channels can
provide the sustained throughput required in high-
performance workstdtions and servers before the
appearance of modern synchronous DRAM devices
that can burst through multiple columns of data in

consecutive cycles.

10.2.2 Rank

Figure 10.5 shows a memory system populated
with 2 ranks of DRAM devices. Essentially, a rank of
memory is a “bank” of one or more DRAM devices
that operate in lockstep in response to a given com-
mand. However, the word bank has already been
used to describe the number of independent DRAM
arrays within a DRAM device. To lessen the confu-
sion associated with overloading the nomenclature,
the word rank is now used to denote a set of DRAM
devices that operate in lockstep to respond to a given
command in a memory system.

Figure 10.5 illustrates a configuration of 2 ranks
of DRAM devices in a classical DRAM memory sys-
tem topology. In the classical DRAM memory system
topology, address and command busses are con-
nected to every DRAM device in the memory system,

address and command
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FIGURE 10.5: Memory system with 2 ranks of DRAM devices.
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FIGURE 10.6: SDRAM device with 4 banks of DRAM arrays internally.

but the wide data bus is partitioned and connected
to different DRAM devices. The memory control-
ler in this classical system topology then uses chip-
select signals to select the appropriate rank of DRAM
devices to respond to a given command.

In modern memory systems, multiple DRAM
devices are commonly grouped together to provide
the data bus width and capacity required by a given
memory system. For example, 18 DRAM devices,
each with a 4-bit-wide data bus, are needed in a given
rank of memory to form a 72-bit-wide data bus. In
contrast, embedded systems that do not require as
much capacity or data bus width typically use fewer
devices in each rank of memory—sometimes as few
as one device per rank.

10.2.3 Bank

As described previously, the word bank had been
used to describe a set of independent memory arrays
inside of a DRAM device, a set of DRAM devices
that collectively act in response to commands,

and different physical channels of memory. In this
chapter, the word bank is only used to denote a set of
independent memory arrays inside a DRAM device.
Figure 10.6 shows an SDRAM device with 4 banks
of DRAM arrays. Modern DRAM devices contain mul-
tiple banks so that multiple, independent accesses to
different DRAM arrays can occur in parallel. In this
design, each bank of memory is an independent
array that can be in different phases of a row access
cycle. Some common resources, such as I/O gating
that allows access to the data pins, must be shared
between different banks. However, the multi-bank
architecture allows commands such as read requests
to different banks to be pipelined. Certain commands,
such as refresh commands, can also be engaged in
multiple banks in parallel. In this manner, multiple
banks can operate independently or concurrently
depending on the command. For example, multiple
banks within a given DRAM device can be activated
independently from each other—subject to the power
constraints of the DRAM device that may specify how
closely such activations can occur in a given period of
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time. Multiple banks in a given DRAM device can also
be precharged or refreshed in parallel, depending on
the design of the DRAM device.

10.2.4 Row

In DRAM devices, a row is simply a group of stor-
age cells that are activated in parallel in response to
a row activation command. In DRAM memory sys-
tems that utilize the conventional system topology
such as SDRAM, DDR SDRAM, and DDR2 SDRAM
memory systems, multiple DRAM devices are typi-
cally connected in parallel in a given rank of mem-
ory. Figure 10.7 shows how DRAM devices can be
connected in parallel to form a rank of memory. The
effect of DRAM devices connected as ranks of DRAM
devices that operate in lockstep is that a row activa-
tion command will activate the same addressed row
in all DRAM devices in a given rank of memory. This
arrangement means that the size of a row—from the
perspective of the memory controller—is simply the
size of a row in a given DRAM device multiplied by

the number of DRAM devices in a given rank, and a
DRAM row spans across the multiple DRAM devices
of a given rank of memory.

A row is also referred to as a DRAM page, since a
row activation command in essence caches a page
of memory at the sense amplifiers until a subse-
quent precharge command is issued by the DRAM
memory controller. Various schemes have been pro-
posed to take advantage of locality at the DRAM page
level. However, one problem with the exploitation
of locality at the DRAM page level is that the size of
the DRAM page depends on the configuration of the
DRAM device and memory modules, rather than the
architectural page size of the processor.

10.2.5 Column

In DRAM memory systems, a column of data is
the smallest addressable unit of memory. Figure 10.8
illustrates that, in memory systems such as SDRAM
and DDRx® SDRAM with topology similar to the
memory system illustrated in Figure 10.5, the size of

DRAM devices arranged in parallel in a given rank
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FIGURE 10.7: Generic DRAM devices with 4 banks, 8196 rows, 512 columns per row, and 16 data bits per column,

3DDRx denotes DDR SDRAM and evolutionary DDR memory systems such as DDR2 and DDR3 SDRAM memory systems,

inclusively.
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DRAM devices arranged in parallel in a given rank

amammmen

£
sense amp arcay

SDRAM memory systems: width of data bus = column size

FIGURE 10.8: Classical DRAM system topology; width of data bus equals column size.

a column of data is the same as the width of the data
bus. In a Direct RDRAM device, a column is defined
as 16 bytes of data, and each read command fetches
a single column of data 16 bytes in length from each
physical channel of Direct RDRAM devices.

A beatis simply a data transition on the databus. In
SDRAM memory systems, there is one data transition
per clock cycle, so one beat of data is transferred per
clock cycle. In DDRx SDRAM memory systems, two
data transfers can occur in each clock cycle, so two
beats of data are transferred in a single clock cycle.
The use of the beat terminology avoids overloading
the word cycle in DDRx SDRAM devices.

In DDRx SDRAM memory systems, each column
access command fetches multiple columns of data
depending on the programmed burst length. For
example, in a DDR2 DRAM device, each memory read
command returns a minimum of 4 columns of data.
The distinction between a DDR2 device returning a
minimum burst length of 4 beats of data and a Direct
RDRAM device returning a single column of data over
8 beats is that the DDR2 device accepts the address of
a specific column and returns the requested columns
in different orders depending on the programmed
behavior of the DRAM device. In this manner, each
column is separately addressable. In contrast, Direct
RDRAM devices do not reorder data within a given
burst, and a 16-byte burst from a single channel of

Direct RDRAM devices is transmitted in order and
treated as a single column of data.

10.2.6 Memory System Organization: An
Example

Figure 10.9 illustrates a DRAM memory system with
4 ranks of memory, where eachrank of memory consists
of 4 devices connected in parallel, each device contains
4 banks of DRAM arrays internally, each bank contains
8192 rows, and each row consists of 512 columns of
data. To access data in a DRAM-based memory sys-
tem, the DRAM memory controller accepts a physical
address and breaks down the address into respective
address fields that point to the specific channel, rank,
bank, row, and column where the data is located.

Although Figure 10.9 illustrates a uniformly
organized memory system, memory system orga-
nizations of many computer systems, particularly
end-user configurable systems, may be typically
non-uniformly organized. The reason that the DRAM
memory systems organizations in many computer
systems are typically non-uniform is because most
computer systems are designed to allow end-users
to upgrade the capacity of the memory system by
inserting and removing commodity memory mod-
ules. To support memory capacity upgrades by the
end-user, DRAM controllers have to be designed to

Petitioners
Ex. 1070, p. 416



Chapter 10 DRAM MEMORY SYSTEM ORGANIZATION 417

bank ID =1

row ID = 0x0B1D

rank iD =1

column ID = 0x187

Memory System

FIGURE 10.9: Location of data in a DRAM memory system.

flexibly adapt to different configurations of DRAM
devices and modules that the end-user could place
into the computer system. This support is provided
for through the use of address range registers whose
functionality is examined separately in the chapter
on memory controllers.

10.3 Memory Modules

The first generations of computer systems allowed
end-users to increase memory capacity by providing
sockets on the system board where additional DRAM
devices could be inserted. The use of sockets on the
system board made sense in the era where the price
of DRAM devices was quite expensive relative to the
cost of the sockets on the system board. In these
early computer systems, system boards were typi-
cally designed with sockets that allowed end-users
to remove and insert individual DRAM devices, usu-
ally contained in dual in-line packages (DIPs). The
process of memory upgrade was cumbersome and

difficult, as DRAM devices had to be individually
removed and inserted into each socket. Pins on the
DRAM devices may have been bent and not visu-
ally detected as such. Defective DRAM chips were
difficult to locate, and routing of sockets for a large
memory system required large surface areas on the
system board. Moreover, it was physically possible
to place DRAM devices in the wrong orientation in
the socket—180° from the intended placement. Cor-
rect placement with proper orientation depended on
clearly labelled sockets, clearly labelled devices, and
an end-user that paid careful attention while insert-
ing the devices into the sockets.* The solution to the
problems associated with memory upgradability was
the creation and use of memory modules.

Memory modules are essentially miniature system
boards that hold a number of DRAM devices. Mem-
ory modules provide an abstraction at the module
interface so that different manufacturers can manu-
facture memory upgrades for a given computer sys-
tem with different DRAM devices. DRAM memory

“The author of this text can personally attest to the consequences of inserting chips into sockets with incorrect orientation.

Petitioners
Ex. 1070, p. 417



418 Memory Systems: Cache, DRAM, Disk

modules also reduce the complexity of the memory
upgrade process. Instead of the removal and inser-
tion of individual DRAM chips, memory upgrades
with modules containing multiple DRAM chips can
be quickly and easily inserted into and removed from
a module socket. The first generations of memory
modules typically consisted of specially created,
system-specific memory modules that a given com-
puter manufacturer used in a given computer sys-
tem. Over the years, memory modules have obtained
a level of sophistication, and they are now specified
as a part of the memory-system definition process.

10.3.1 Single In-line Memory Module (SIMM)

In the late 1980s and early 1990s, the personal
computer industry first standardized on the use
of 30-pin SIMMs and then later moved to 72-pin
SIMMs. SIMMs, or Single In-line Memory Modules,
are referred to as such due to the fact that the con-
tacts on either side of the bottom of the module are
electrically identical.

A 30-pin SIMM provides interconnects to 8 or 9
signals on the data bus, as well as power, ground,
address, command, and chip-select signal lines
between the system board and the DRAM devices.
A 72-pin SIMM provides interconnects to 32 to 36 sig-
nals on the data bus in addition to the power, ground,
address, command, and chip-select signal lines. Typ-
ically, DRAM devices on a 30 pin, 1 Megabyte SIMM
collectively provide a 9-bit, parity protected data bus
interface to the memory system. Personal computer
systems in the late 1980s typically used sets of four
matching 30-pin SIMMs to provide a 36-bit-wide
memory interface to support parity checking by the
memory controller. Then, as the personal computer
system moved to support memory systems with
wider data busses, the 30-pin SIMM was replaced by
72-pin SIMMs in the early 1990s.

10.3.2 Dual In-line Memory Module (DIMM)

In the late 1990s, as the personal computer indus-
try transitioned from FPM/EDO DRAM to SDRAM,
72-pin SIMMs were, in turn, phased out in favor of
Dual In-line Memory Modules (DIMMs). DIMMs
are physically larger than SIMMs and provide a

64- or 72-bit-wide data bus interface to the memory
system. The difference between a SIMM and a DIMM
is that contacts on either side of a DIMM are elec-
trically different. The electrically different contacts
allow a denser routing of electrical signals from the
system board through the connector interface to the
memory module.

Typically, a DIMM designed for the commodity
desktop market contains little more than the DRAM
devices and passive resistor and capacitors. These
DIMMs are not buffered on either the address path
from the memory controller to the DRAM devices
or the datapath between the DRAM devices and the
memory controller. Consequently, these DIMMs are
also referred to as Unbuffered DIMMs (UDIMMSs).

10.3.3 Registered Memory Module (RDIMM)

To meet the widely varying requirements of sys-
tems with end-user configurable memory systems,
memory modules of varying capacity and timing
characteristics are needed in addition to the typical
UDIMM. For example, workstations and servers typi-
cally require larger memory capacity than those seen
for the desktop computer systems. The problem asso-
ciated with large memory capacity memory modules
is that the large number of DRAM devices in a mem-
ory system tends to overload the various multi-drop
busses. The large number of DRAM devices, in turn,
creates the loading problem on the various address,
command, and data busses.

Registered Dual In-line Memory Modules
(RDIMMs) alleviate the issue of electrical loading of
large numbers of DRAM devices in a large memory
system through the use of registers that buffer the
address and control signals at the interface of the
memory module. Figure 10.10 illustrates that regis-
tered memory modules use registers at the interface
of the memory module to buffer the address and
control signals. In this manner, the registers greatly
reduce the number of electrical loads that a memory
controller must drive directly, and the signal inter-
connects in the memory system are divided into two
separate segments: between the memory controller
and the register and between the register and DRAM
devices. The segmentation allows timing characteris-
tics of the memory system to be optimized by limiting
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the number of electrical loads, as well as by reduc-
ing the path lengths of the critical control signals in
individual segments of the memory system. However,
the drawback to the use of the registered latches on a
memory module is that the buffering of the address
and control signals introduces delays into the mem-
ory-access latency, and the cost of ensuring signal
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FIGURE 10.10: Registered latches buffer the address and
command and also introduce additional latency into the DRAM
aceess.

integrity in a large memory system is paid in terms of
additional latency for all memory transactions.

10.3.4 Small Outline DIMM (SO-DIMM)

Over the years, memorymodule designhasbecome
ever more sophisticated with each new generation of
DRAM devices. Currently, different module specifi-
cations exist as standardized, multi-source compo-
nents that an end-user can purchase and reasonably
expect trouble-free compatibility between memory
modules manufactured by different module manu-
facturers at different times. To ensure system-level
compatibility, memory modules are specified as part
of the memory system standards definition process.
More specifically, different types of memory modules
are specified, with each targeting different markets.
Typically, UDIMMs are used in desktop computers,
RDIMMs are used in workstation and server systems,
and the Small Outline Dual In-line Memory Module
(SO-DIMM) has been designed to fit into the limited
space found in mobile notebook computers.

Figure 10.11 shows the standardized placement of
eight DDR2 SDRAM devices in Fine Ball Grid Array
(FBGA) packages along with the required serial ter-
mination resistors and decoupling capacitors on

67.6 mm
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FIGURE 10.11: Component placement specification for a DDR2 SO-DIMM.
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a 200-pin SO-DIMM. Figure 10.11 shows that the
outline of the SO-DIMM is standardized with specific
dimensions: 30 mm X 67.6 mm. The specification of
the SO-DIMM dimension illustrates the point that as
part of the effort to ensure system-level compatibil-
ity between different memory modules and system
boards, mechanical and electrical characteristics of
SO-DIMMs, UDIMMs, and RDIMMs have been care-
fully defined. Currently, commodity DRAM devices
and memory modules are defined through long and
arduous standards-setting processes by DRAM device
manufacturers and computer-system design houses.

The standards-setting process enables DRAM
manufacturers to produce DRAM devices that are
functionally compatible. The standards-setting
process further enables memory-module manufac-
turers to take the functionally compatible DRAM
devices and construct memory modules that are
functionally compatible with each other. Ultimately,
the multi-level standardization enables end-users
to freely purchase memory modules from differ-
ent module manufacturers, using DRAM devices
from different DRAM manufacturers, and to enjoy
reasonably trouble-free interoperability. Currently,
standard commodity DRAM devices and memory
modules are specified through the industry organi-
zation known as the JEDEC Solid-State Technology
Association.®

Finally, to further minimize problems in achiev-
ing trouble-free compatibility between different
DRAM devices and memory module manufacturers,
JEDEC provides reference designs to memory mod-
ule manufacturers, complete with memory module
raw card specification, signal trace routings, and a
bill of materials. The reference designs further enable
memory module manufacturers to minimize their
expenditure of engineering resources in the process
to create and validate memory module designs, thus
lowering the barrier of entry to the manufacturing
of high-quality memory modules and enhancing
competition in the memory module manufacturing
business.

10.3.5 Memory Module Organization

Modern DRAM memory systems often support
large varieties of memory modules to give end-users
the flexibility of selecting and configuring the desired
memory capacity. Since the price of DRAM devices
fluctuates depending on the unpredictable com-
modity market, one memory module organization
may be less expensive to manufacture than another
organization at a given instance in time, while the
reverse may be true at a different instance in time.
As aresult, a memory system that supports different
configurations of memory modules allows end-users
the flexibility to purchase and use the most economi-
cally organized memory module. However, one issue
that memory-system design engineers must account
for in providing the flexibility of memory system
configuration to the end-user is that the flexibility
translates into large combinations of memory mod-
ules that may be placed into the memory system at
one time. Moreover, multiple organizations often
exist for a given memory module capacity, and mem-
ory system design engineers must often account for
not only different combinations of memory modules
of different capacities, but also different modules of
different organizations for a given capacity.

Table 10.1 shows that a 128-MB memory
module can be constructed from a combination
of 16 64-Mbit DRAM devices, 8 128-Mbit DRAM
devices, or 4 256-Mbit DRAM devices. Table 10.1
shows that the different memory-module organi-
zations not only use different numbers of DRAM
devices, but also present different numbers of rows
and columns to the memory controller. To access
the memory on the memory module, the DRAM
controller must recognize and support the organi-
zation of the memory module inserted by the end-
user into the memory system. In some cases, new
generations of DRAM devices can enable memory
module organizations that a memory controller
was not designed to support, and incompatibility
follows naturally.

5TEDEC was once known as the Joint Electron Device Engineering Council.
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10.3.6 Serial Presence Detect (SPD)

Memory modules have gradually evolved as each
generation of new memory modules gains addi-
tional levels of sophistication and complexity. Table
10.1 shows that a DRAM memory module can be
organized as multiple ranks of DRAM devices on the
same memory module, with each rank consisting of
multiple DRAM devices, and the memory module
can have differing numbers of rows and columns.
What is not shown in Table 10.1 is that each DRAM
memory module may, in fact, have different mini-
mum timing characteristics in terms of minimum
tcas tras treps and tgp latencies. The variability of
the DRAM modules, in turn, increases the complex-
ity that a memory-system design engineer must
deal with.

To reduce the complexity and eliminate the
confusion involved in the memory upgrading process,
the solution adopted by the computer industry is to
store the configuration information of the memory
module on a read-only memory device whose con-
tent can be retrieved by the memory controller as part
of the system initialization process. In this manner,
the memory controller can obtain the configuration
and timing parameters required to optimally access
data from DRAM devices on the memory module.
Figure 10.12 shows the image of a small flash mem-
ory device on a DIMM. The small read-only memory
device is known as a Serial Presence Detect (SPD)
device, and it stores a wide range of variations that can
exist between different memory modules. Table 10.2
shows some parameters and values that are stored in
the SPD of the DDR SDRAM memory module.

TaBLe 10.1  Four different configurations for a 128-MB SDRAM memory module

Numberof  Devices

Ranks

Device

_ Capacity Density

per Rank

Number of
- Columns

: "_'Number
of Rows

Number ’
of Banks

Device
Width

eaMbit | 1 |

x4

64 Mbit

4096

8

28 Mbit

xS 96 ’

256 Mbit |

- 8192

a5 |

serial presence detect (SPD)

FIGURE 10.12: The SPD device stores memory module
configuration information.
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10.4 Memory System Topology

In Figure 10.13, a memory system where 16 DRAM
devices are connected to a single DRAM controller is
shown. In Figure 10.13, the 16 DRAM devices are orga-
nized into 4 separate ranks of memory. Although all
16 DRAM devices are connected to the same DRAM
controller, different numbers of DRAM devices are
connected to different networks for the unidirec-
tional address and command bus, the bidirectional
data bus, and the unidirectional chip-select lines. In
this topology, when a command is issued, electrical
signals on the address and command busses are sent
to all 16 DRAM devices in the memory system, but
the separate chip-select signal selects a set of 4 DRAM
devices in a single rank to provide the data for a read
command or receive the data for a write command.
In this topology, each DRAM device in a given rank of
memory is also connected to a subset of the width of
the data bus along with three other DRAM devices in
different ranks of memory.

Memory system topology determines the signal
path lengths and electrical loading characteristics in
the memory system. As a result, designers of mod-
ern high-performance DRAM memory systems must
pay close attention to the topology and organizations
of the DRAM memory system. However, due to the
evolutionary nature of the memory system, the clas-
sic system topology described above has remained

Channel
SDRAM
Controller

essentially unchanged for Fast Page Mode DRAM
(FPM), Synchronous DRAM (SDRAM), and Dual Data
Rate SDRAM (DDR) memory systems. Furthermore,
variants of the classical topology with fewer ranks are
expected to be used for DDR2 and DDR3 memory
systems.

10.4.1 Direct RDRAM System Topology

One memory system with a topology dramatically
different from the classical topology is the Direct
RDRAM memory system. In Figure 10.14, four
Direct RDRAM devices are shown connected to a
single Direct RDRAM memory controller. Figure 10.14
shows that in a Direct RDRAM memory system, the
DRAM devices are connected to a well-matched
network of interconnects where the clocking network,
the data bus, and the command busses are all path-
length matched by design. The benefit of the well-
matched interconnection network is that signal skew
is minimal by design, and electrical signaling rates in
the Direct RDRAM memory system can be increased
to higher frequencies than a memory system with
the classic memory system topology. Modern DRAM
systems with conventional multi-rank topology can
also match the raw signaling rates of a Direct RDRAM
memory system. However, the drawback is that idle
cycles must be designed into the access protocol and
devoted to system-level synchronization. As a result,

“Mesh Topology”
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emmmmess  Data Bus
Chip (DIMM) Select

FIGURE 10.13: Topology of a generic DRAM memory system.
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FIGURE 10.14: Topology of a generic Direct RDRAM memory system.
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FIGURE 10.15: Philosophy differences.

even when pushed to comparable data rates, multi-
rank DRAM memory systems with classical system
topologies are somewhat less efficient in terms of data
transported per cycle per pin.

The Direct RDRAM memory system achieves
higher efficiency in terms of data transport per cycle
per pin through the use of a novel system topology.
However, in order to take advantage of the system
topology and enjoy the benefits of higher pin data
rates as well as higher data transport efficiency, Direct
RDRAM memory devices are by design more complex
than comparable DRAM memory devices that use the

classic memory system topology. In DRAM devices,
complexity translates directly to increased costs. As
aresult, the higher data transport efficiency of Direct
RDRAM memory systems has to be traded off against
relatively higher DRAM device costs.

10.5 Summary

Figure 10.15 shows the difference in philosophy
of commodity SDRAM variant devices such as DDR
SDRAM and high data rate DRAM memory devices
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such as Direct RDRAM and XDR DRAM. Similar to
SDRAM variant memory systems, Direct RDRAM
and XDR DRAM memory systems are engineered
to allow tens of DRAM devices to be connected to
a single DRAM controller. However, to achieve high
signaling data rates, Direct RDRAM and XDR DRAM

memory systems rely on the re-engineering of the
interconnection interface between the memory con-
troller and the DRAM devices. In these high data rate
DRAM devices, far more circuitry is placed on the
DRAM devices in terms of pin interface impedance
control and signal drive current strength.

Petitioners
Ex. 1070, p. 424



The basic structures of modern DRAM devices
and memory system organizations have been
described in previous chapters. This chapter contin-
ues the examination of the DRAM memory system
with a discussion on a basic DRAM memory-access
protocol. A DRAM memory-access protocol defines
commands and timing constraints that a DRAM
memory controller uses to manage the movement
of data between itself and DRAM devices. The basic
DRAM memory-access protocol described in this
chapter is generic in nature, and it can be broadly
applied to modern memory systems such as SDRAM,
DDR SDRAM, DDR2 SDRAM, and DDR3 SDRAM
memory systems. The examination of the generic
DRAM memory-access protocol begins by focus-
ing on basic DRAM commands and the sequence of
events that occurs in a DRAM device in the execu-
tion of the basic DRAM commands. Different DRAM
memory systems, in particular, high-performance-
oriented and low-power-oriented DRAM memory
systems, have slightly differing access protocols.
Specialized or high-performance DRAM memory
systems such as Direct RDRAM, GDDRx, and FCRAM
have slightly varying sets of DRAM commands and
different command timings and interactions as those

. 7211

Basic DRAM

Memory-Access
Protocol

described in this chapter. However, the fundamental
command interactions in all DRAM memory systems
are substantially similar to each other, and under-
standing of the basic DRAM memory-access proto-
col can aid in the understanding of more complex
memory-access protocols in more specialized DRAM
memory systems.

111 Basic DRAM Commands

A detailed examination of any DRAM memory-
access protocol is a difficult and complex task. The
complexity of the task arises from the number of
combinations of commands in modern DRAM mem-
ory systems. Fortunately, a basic memory-access
protocol can be modelled by accounting for a limited
number of basic DRAM commands.! In this section,
five basic DRAM commands are described. The
descriptions of the basic commands form the founda-
tion of the DRAM memory-access protocol examined
in this chapter. The interactions of the basic DRAM
commands are then used to determine the latency
response and sustainable bandwidth characteristics
of DRAM memory systems in this book.

!Modern DRAM devices such as Direct RDRAM and DDR2 SDRAM devices support larger sets of commands. However,
most are used to manage the electrical characteristics of the DRAM devices, and only indirectly impacts access latency and
sustainable bandwidth characteristics of a DRAM memory system at a given operating frequency. Commands such as those
used to manage power-down states and self-refresh modes are not examined in this chapter for the sake of simplification.
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Throughout this chapter, the SDRAM device
llustrated in Figure 11.1 is used as the generic DRAM
device for the purpose of defining the basic memory-
access protocol. The generic DRAM memory-access
protocol described in this chapter is based on a
resource usage model. That is, the generic DRAM
memory-access protocol assumes that two different
commands can be fully pipelined on a given DRAM
device aslong as they do notrequire the use of a shared
resource at a given time.? Figure 11.1 illustrates that
in the movement of data in modern DRAM devices,

CKE
—® control

CLK L logic

a given command would progress through different
phases of operation to facilitate the movement of
data, and in each phase, a given command would
require the use of certain resources that often can-
not be shared with a different command. Figure 11.1
illustrates four overlapped phases of operation for an
abstract DRAM command. In phase 1, the command
is transported through the address and command
busses and decoded by the DRAM device. In phase
2, data is moved within a bank, either from the cells
to the sense amplifiers or from the sense amplifiers
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mode
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IIIIIIIIIIIII

III]III!II][I
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read data latch
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A

data in
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counter
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in bank data in device data system data
transport and decode movement movement transport

FIGURE 11.1: Command and data movement on a generic SDRAM device.

2Additional timing parameter constraints on the scheduling of DRAM commands such as tppp and tpayy exist in addition to
the resource-sharing based timing parameter constraints. These timing parameters are used to limit the maximum current
draw of DRAM devices, so while the resource on the DRAM device is not used, these timing parameters limit the rate of
resource utilization to limit peak power consumption characteristics on a given DRAM device.
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back into the DRAM arrays. In phase 3, the data is
moved through the shared I/O gating circuit and then
through the read latches or write drivers, as appropri-
ate in each case. In phase 4, read data is placed onto
the data bus by the DRAM device in the case of a col-
umn-read command or by the memory controller in
the case of a column-write command. Since the data
bus may be connected to multiple ranks of memory,
no two commands to different ranks of memory can
use the shared data bus at the same instance in time.

A DRAM-access protocol also defines the timing
constraints between combinations of consecutive
DRAM commands. In this chapter, the description
of the DRAM memory-access protocol begins with
the examination of individual DRAM commands
and progresses with the examination of combina-
tions of DRAM commands. The impact of power-
limitation-based constraints such as the row-to-row
activation delay and the four-bank activation win-
dow are then described in detail in Sections 11.3.2
and 11.3.3, respectively.

111 Generic DRAM Command Format

Figure 11.2 illustrates the progression of a generic
DRAM command. In Figure 11.2, the time period that
it takes to transport the command from the DRAM
controller to the DRAM device is illustrated and
labelled as fcym. Figure 11.2 also illustrates fparameterts
a generic timing parameter that measures the dura-
tion of “phase 2.” In Figure 11.2, fyarameter1 defines the
amount of time that the described command spends
in the use of the selected bank, and %y,rameter2 defines
the amount of time that the described command
spends in the use of resources common to multiple

banks of DRAM arrays in the same DRAM device. In
this manner, #arameter1 also denotes the minimum
amount of time that must pass between the schedul-
ing of two commands whose relative timing is lim-
ited by the sharing of resources within a given bank of
DRAM arrays, and fparameterz also denotes the mini-
mum amount of time that must pass between the start
of two commands whose relative timing is limited by
the sharing of resources by multiple banks of DRAM
arrays within the same DRAM device.

DRAM commands are abstractly defined in this
chapter, and the abstraction separates the actions of
each command from the timing-specific nature of
each action in specific DRAM-access protocols. That
is, the abstraction enables the same set of DRAM com-
mand interactions to be applied to different DRAM
memory systems with different timing parameter
values. By abstracting out protocol-specific timing
characteristics, DRAM commands can be described
in abstract terms. The generic DRAM memory-access
protocol, in turn, enables abstract performance
analysis of DRAM memory systems that can then be
broadly applied to different memory systems and
retain relevance in the cross comparison.

11.1.2 Summary of Timing Parameters

The basic timing parameters used in the exami-
nation of the basic DRAM-access protocol are
summarized in Table 11.1. The timing parameters
summarized in Table 11.1 are far from a complete set
of timing parameters used in the description of every
modern DRAM memory-access protocol. Neverthe-
less, the limited set of timing parameters described
in Table 11.1 is sufficient to characterize and illustrate

temp ¢ :
parameter1 parameter2
cmd & addr bus -——-- { emd T emd
bank utilization -----l---—-- phase 2 time
device utilization -———F————————- ———1 _phase3 | -
databus -———-——- T ————————— b | phase4

FIGURE 11.2: Different phase of an abstract DRAM command in a generic DRAM device.
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the operations of a basic DRAM memory-access
protocol of a modern DRAM memory system.

1.1.3 Row Access Command

Figure 11.3 abstractly illustrates the progression
of a row access command. The row access command
is also known as the row activation command. The
purpose of a row access command is to move data
from the cells in the DRAM arrays to the sense ampli-
fiers and then restore the data back into the cells in

TasLE 11.1

the DRAM arrays as part of the same command. Two
timing parameters are associated with a row access
command: fzep and fgag. The time it takes for the row
access command to move data from the DRAM cell
arrays to the sense amplifiers is known as the Row-
Column (Command) Delay, tycp. After tyep time from
the assertion of the row access command, the entire
row of activated data is held in the sense amplifiers,
and subsequent column read or column-write com-
mands can then move data between the sense amplifi-
ers and the memory controller through the data bus.

Summary of timing parameters used in a generic DRAM-access protocol

lllustration

.| Added Latency 1o column accesses, used in DDRx SDRAM devices for posted CAS commands.

Data burst duration. The time period that data burst occupies on the data bus. Typically 4 or 8
beats of data. In DDR SDRAM, 4 beats of data accupy 2 full clock cycles.

Column Access Strobe latency. The time interval between column access command and the
start of data return by the DRAM device(s). Also known as fg;.

Column-to-Column Delay. The minimum column command timing, determined:by internal
burst (prefetch) length. Multiple'internal bursts are used to form longer burst for column
reads. fgep is 2 beats (1 cycle) for DDR SDRAM, and 4 beats (2 cycles) for DDR2 SDRAM.

Command transport duration. The time period that a command occupies on the command
bus as it is transported from the DRAM controller to the DRAM devices.

-Column Write Delay. The time interval between issuance of the column-write command and
‘placement of data on the data bus by the DRAM controller.-
Four (row) bank Activation Window. A rolling time-frame in which a maximum of four-bank
activation can be engaged. Limits peak current profile in DDR2 and DDR3 devices with more
than 4 banks. : ‘ : ‘
ODT Switching Time. The time interval to switching ODT control from rank to rank.
Row Access Strobe. The time interval between row access command and dafa restoration in
a DRAM array. A DRAM bank cannot be precharged until at least l‘RAs time after the previous
bank activation.

Figure 11.11
Figure 11.4

Figure 11.4

Figure 11.4

Figure 11.2
Figure 11.5

Figure 11.32

Figure 11.19
Figure 11.3

Row Cycle. The time interval between accesses to different rows in'a bank. fy = frag + tRp. Figuré 11.6
Row to Column command Delay. The time interval between row access and data ready at Figure 11.3
sense amplifiers.

Refresh Gycle time. The time interval between Refresh and Ac'uvatlon commands: Figure 11.7
Row Precharge. The time interval that it takes for a DRAM array to be precharged for another | Figure 11.6
oW access:

(continued)
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TasLe 11.1  (continued)

before read command starts.

Row activation to Row activation Delay. The minimum time interval between two row activa-
tion commands to.the same DRAM device. Limits peak current profile.

Read to Precharge. The time interval between a read‘and a precharge command,

Rank-to-rank switching time. Used in DDR and DDR2 SDRAM memory systems; not used in
SDRAM or Direct RDRAM memory systems. One full cycle in DDR SDRAM.

| Write Recovery t)me The minimum time interval between the end of a write data burst and
the start of a precharge command Allows sense amplifiers to restore data to cells.

Write To Read delay time. The minimum time interval between the end of a write data burst
and the start of a column-read command. Allows 1/0 gatmg to overdnve sense ampllfiers

‘igure 1132

Figure 11.13
Figure 11.18

| Figure 11.5

: Figure 11.5‘

trep

cmd & addr bus [ row acc
bank utilization

device utilization
data bus

address and
command bus

data sense |
addr &cmd

time

\

sense amplifiers

data bus

FIGURE 11.3: Row access command and timing.

After tpep time from the assertion of the row access
command, data is available at the sense amplifiers,
but not yet fully restored to the DRAM cells. The time
it takes for a row access command to discharge and
restore data from the row of DRAM cells is known as
the Row Access Strobe latency or tpag. After tgag time
from the assertion of the row access command, the
sense amplifiers are assumed to have completed data
restoration to the DRAM arrays, and the sense ampli-
fiers can then be precharged for another row access
to a different row in the same bank of DRAM arrays.

1.1.4 Column-Read Command

Figure 11.4 illustrates the progression of a column-
read command. A column-read command moves data
from the array of sense amplifiers of a given bank of
DRAM arrays through the data bus back to the mem-
ory controller. Three basic timing parameters are asso-
ciated with a column-read command: {g, {ccp, and
tgursT The Column Access Strobe Latency (fcas, Or
Icy) is the time it takes for the DRAM device to place
the requested data onto the data bus after issuance of
the column-read command. Modern DRAM devices
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move data internally in short and continuous bursts.
Figure 11.4 illustrates the case where the DRAM device
internally moves the data in two short burst durations,
but data is placed onto the data bus in a longer, con-
tinuous burst. The internal burst length of the DRAM
device is labelled as 7-cp in Figure 11.4, and the dura-
tion of the data burst on the data bus for a single col-
umn-read command is labelled as fzygrgr The timing
parameter f-cp represents the timing of minimum
burst duration, or minimum column-to-column com-
mand timing. The minimum burst duration is deter-
mined by the prefetch length of the DRAM device.
For example, the prefetch length of the DDR SDRAM
device is 2 beats of data, so f{ccpis one full clock cycle in
DDR SDRAM devices; the prefetch length of the DDR2
SDRAM device is 4 beats of data, so fccp is two full
clock cycles in DDR2 SDRAM devices; and so on.

The difference in the prefetch length of column
access commands has limited impact on the generic
memory-access protocol as long as fccp is shorter
than fgyrsr- In the case where #ccp is longer than
fgursT the intra-rank column access commands are
limited by fgcp rather than fgygrsm Otherwise, the
only case where the differences in the prefetch lengths
impact the memory-access protocol occurs when the
column-read command is followed immediately by a
precharge command. The read-to-precharge timing
is examined separately in Section 11.2.2.

teas

115 Column-Write Command

Figure 11.5 illustrates the progression of a column-
write command. A column-write command moves
data from the memory controller to the sense amplifi-
ers of the targeted bank. The column-write command
goes through a similar set of overlapped phases as
the column-read command, but the direction of data
movement differs between a column-read command
and a column-write command. As a result, the order-
ing of the phases is reversed between the column-
read and the column-write commands.

One timing parameter associated with a column-
write command is fcwp, column write delay. The
column-write delay specifies the timing between
assertion of the column-write command on the
command bus and the placement of the write data
onto the data bus by the memory controller. Differ-
ent memory-access protocols have different settings
for fcwp. Figure 11.5 shows that in SDRAM devices,
write data is placed onto the data bus at the same
time as the column-write command, and fcwp is
zero. In DDR SDRAM devices, fcwp is specified as one
clock cycle in the memory system. In DDR2 SDRAM
memory-access protocol, fcwp is specified as one
cycle less than fc-ps, and #cwp has a range of pro-
grammability in the DDR3 SDRAM memory-access
protocol between five and eight cycles. Finally, Figure
11.5 also illustrates fyyg, the write recovery time, and

tgursT

cmd & addr bus lmr_j\—v—/f;/tcco

bank utilization

| data read | data read

device utilization

I/0 gating | I/O gating |

data bus

address and
command bus

sense amplifiers

data burst ]

time

\

FIGURE 11.4: Column-read command and timing.
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fwrr the write-to-read turnaround time. The write
recovery time, fyp, is the time it takes for the write
data to propagate into the DRAM arrays, and it must
be respected in the case of a precharge command
that follows the write command. The write-to-read
time, tyr, accounts for the time that the I/0 gating
resources are released by the write command, and
it must be respected in the case of a read command
that follows the write command.

11.1.6 Precharge Command

Data access in a typical DRAM device is composed
of a two-step process. First, a row access command
moves data from the array of DRAM cells to the array
of sense amplifiers. Then, after an entire row of data
is moved into the sense amplifiers by the row access
command, that data is cached by the sense ampli-
fiers for subsequent column access commands to
move data between the DRAM device and the DRAM
controller. The precharge command completes the
Tow access sequence as it resets the sense amplifiers
and the bitlines and prepares them for another row
access command to the same array of DRAM cells.
Figure 11.6 illustrates the progression of a precharge
command. The timing parameter associated with
the (row) precharge command is #zp That s, fzp time
after the assertion of the precharge command, the

bitlines and sense amplifiers of the selected bank are
properly precharged, and a subsequent row access
command can be sent to the just-precharged bank of
DRAM cells.

The two row-access-related timing parameters, zp
and fpag can be combined to form ¢, the row cycle
time. The row cycle time of a given DRAM device
denotes the minimum amount of time that a DRAM
device needs to bring data from the DRAM cell arrays
into the sense amplifiers, restore the data to the
DRAM cells, and precharge the bitlines to the refer-
ence voltage level for another row access command.
The row cycle time is the fundamental limitation to
the speed at which data can be retrieved from differ-
ent rows within the same DRAM bank. As aresult, fy¢
is also commonly referred to as the random row-cycle
time of a DRAM device.

11.i.7 Refresh Command

The word “DRAM” is an acronym for Dynamic Ran-
dom-Access Memory. The nature of the non-persistent
charge storage in the DRAM cells means that the
electrical charge stored in the storage capacitors will
gradually leak out through the access transistors.
Consequently, to maintain data integrity, data values
stored in DRAM cells must be periodically read out and
restored to their respective, full voltage level before the

addr &g¢md
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command bus
(one

t

cwo , e [cmd | SDRAM

tauRst P
o] Vil [daa burst ]

cmd & addr bus [col-write] K—A—\
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device utilization /O gating | time
databus -——————f——m . DDR SDRAM

[ st ]

tcﬁ; Memory clock

DDR2 SDRAM
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FIGURE 11.5: Column-write command and timing for DDR SDRAM and DDR2 SDRAM devices.
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FIGURE 11.6: Row precharge command and timing.

stored electrical charges decay to indistinguishable
levels. The refresh command accomplishes the task
of data read-out and restoration in DRAM devices,
and as long as the time interval between refresh com-
mands made to a given row of a DRAM array is shorter
than the worst-case data decay time, DRAM refresh
commands can be used to ensure data integrity. The
drawback to the refresh mechanism is that the refresh
action consumes available bandwidth and power.
Consequently, different refresh mechanisms are used
in different systems; some are designed to minimize
controller complexity, and some are designed to mini-
mize bandwidth impact, while still others are designed
to minimize power consumption.

To simplify the control complexity associated with
the refresh command, most DRAM devices use a
refreshrowaddressregister tokeep track of the address
of the last refreshed row. Typically, the memory con-
troller sends a single refresh command to the DRAM
device, and the DRAM device increments the address
in the refresh row address register and goes through
arow cycle for all rows with that row address in all of
the banks in the DRAM device. Figure 11.7 illustrates
a basic all-banks-concurrent refresh command that
modern DRAM memory controllers use to send a sin-
gle refresh command to refresh one row of DRAM cells
in all banks. When this all-banks-concurrent basic
refresh command is issued, the DRAM device takes

the row address from the refresh address register and
then sends the same row address to all banks to be
refreshed concurrently. As illustrated in Figure 11.7,
the single refresh command to all banks takes one
refresh cycle time tgpc to complete.

Table 11.2 shows the general trend of refresh
cycle times in DDR and DDR2 SDRAM devices. With
increasing DRAM device density, an increasing num-
ber of DRAM cells must be refreshed. The choice that
DRAM manufacturers have apparently made, for
larger DDR2 devices, is to keep the number of refresh
commands per 64-ms period constant despite the
doubling of the number of rows in successive genera-
tions of higher capacity DRAM devices. Consequently,
regardless of the capacity of the DRAM device in the
system, the memory controller will send 8192 refresh
commands to the DRAM device every 64 ms. However,
in high-capacity DRAM devices, there are more than
8192 rows, and each refresh command must refresh
2, 4, or 8 rows in these DRAM devices. In the case of
the 4-Gbit DDR2 SDRAM device, there are eight times
the number of rows than the number of refresh com-
mands. Consequently, a given 4-Gbit DDR2 SDRAM
device will cycle through and refresh 8 rows with each
refresh command—a sequence of events that takes
a long time to complete. Table 11.2 shows that each
refresh command in the 4-Gbit DDR2 SDRAM device
takes 327.5 ns to complete.
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tarc time
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|
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from current spike or perform multiple row refreshes
per refresh command

FIGURE 11.7: All-banks-concurrent row refresh timing.

TaeLe 11.2  Refresh cycle times for DDR and DDR2 SDRAM devices

DRAM Device ' Number of
Gapacity Banks

. 256Mb |
| s2m |
256Mb
| stamb
1024Mb |
2048Mb |
4096 Mb |

DRAM Device
Family
DDR

Voltage

DDR2

Number of
Rows

16384
16384

32768
65536

Refresh - ‘
_ Count e B
67 ns

70ns

75

105ns

127.5ns

197.5ns

327.5 ns

Row Size
8192 | 1kB
8192 | 2kB
8192 | 1kB
1KB
1kB
kB
kB

ns

8192

DRAM device design engineers and DRAM mem-
ory system design engineers are actively exploring
alternatives to the bank-concurrent refresh com-
mand. Some advanced memory systems are designed
in such a manner that the controller manually injects
row cycle reads to individual banks. The per-bank
refresh scheme can decrease the bandwidth impact
of refresh commands at the cost of increased com-
plexity in the memory controller.

11.1.8 A Read Cycle

Figure 11.8illustrates a read cycle in generic DRAM
memory systems such as SDRAM and DDRx SDRAM
memory systems. In a typical, modern DRAM device,
each row access command brings thousands of bits of
data to the array of sense amplifiers in a given bank.

A subsequent column-read command then brings
tens or hundreds of those bits of data through the data
bus into the memory controller. For applications that
access data by streaming through memory, keeping
thousands of bits of a given row of data active at the
sense amplifiers ensures that subsequent memory
reads from the same row do not incur the latency or
energy cost of another row access. In contrast, appli-
cations that are not likely to access data in adjacent
locations favor memory systems that immediately
precharge the DRAM arrays after each row access
to prepare the DRAM bank for a subsequent access
to a different row within the same bank. Figure 11.8
illustrates a sequence of commands issued in rapid
succession to access one bank of DRAM cells. Data is
brought in from the DRAM cells to the sense ampli-
fiers by the row access command. After fgep time,
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FIGURE 11.8: A read cycle.

data from the requested row is resolved by the sense
amplifiers, and the memory controller can then issue
column read or write commands to the DRAM device.
Concurrent with the issuance of column access com-
mands, the memory device actively restores data from
the sense amplifiers to the DRAM cells. Then, after
tpas time from the initial issuance of the row access
command, the DRAM cells are ready for a precharge
command to reset the bitlines and the sense ampli-
fiers. Collectively, memory systems that immediately
precharge a bank to prepare it for another access to
a different row are known as close-page memory sys-
tems. Memory systems that keep rows active at the
sense amplifiers are known as open-page memory
systems.

11.1.9 A Write Cycle

Similar to the illustration of a read cycle in
Figure 11.8, Figure 11.9 illustrates a write cycle in a
generic DRAM memory system. In modern DRAM
devices, the row cycle time is limited by the duration
of the write cycle. That is, arow cycle time is defined as
the minimum time period that a DRAM device needs
to provide access to any data to any row in a given bank
of DRAM cells. Implicitly, the access in the definition
of a row access can be a read access or a write access.

In the case of a write access, data must be provided
by the memory controller, driven through the data
bus, passed through the I/0 gating multiplexors, over-
drive the sense amplifiers, and finally stored into the
DRAM cells. This complex series of actions must be
completed before the precharge command that com-
pletes the sequence can proceed. As a result, the row
cycle time must be defined so that it can account for
the row access time, the column write delay, the data
transport time, the write data restore time, as well as
the precharge time. That is, to account for the timing
of the more complex write access time, fyag must be
long enough to account for frep, fowp focp,® and yg.
As a result, the timing parameter fzag must be set so
that it is at least equal to fpep + focwp + lcop + fwr
in SDRAM, DDR SDRAM, and DDR2 SDRAM devices,
subject to the clock cycle granularity of the respective
latencyvalues, thus demonstrating the write cycle time
constraint of the row cycle time in these commodity
DRAM devices.

1.1.10 Compound Commands

In the previous discussion about the read cycle,
Figure 11.8 illustrates a read cycle in a generic DRAM
memory system by issuing a sequence of three sepa-
rate commands. As part of the evolution of DRAM

3DRAM devices such as DDR SDRAM and DDR2 SDRAM use multiple internal data bursts to form longer burst durations.
The tgag definition needs only account for the shortest ¢ gyrgy duration possible, fccp.
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FIGURE 11.10: A read cycle with a row access command and a column-read-and-precharge command.

devices and architecture, some DRAM devices have
been designed to support compound commands that
perform more complex series of actions. Figure 11.10
shows the same sequence of DRAM commands as pre-
sentedinFigure 11.8. However, the simple column-read
command in Figure 11.8 is replaced with a compound
column-read-and-prechargecommand inFigure11.10.
As the name implies, the column-read-and-precharge
command combines a column-read command and
a precharge command into a single command. The
advantage ofa column-read-and-precharge command
is that for close-page memory systems that precharge
the DRAM bank immediately after a read command,
the column-read-and-precharge command reduces
the bandwidth requirement on the command and
address bus. The implicit precharge command means
that the DRAM memory controller can now place a

different command on the address and command bus
that a separate precharge command would have oth-
erwise occupied.

Figure 11.10 shows a column-read-and-precharge
command as issued by the memory controller to the
DRAM device in the earliest time slot possible after
the row access command while still respecting the
frep timing requirement, but the implicit precharge
command is delayed so that it does not violate the
fras timing requirement. Modern DRAM devices
such as DDR2 SDRAM devices have implemented a
feature that is referred to as tgag lockout to ensure
that the auto-precharge component of the column
read-and-precharge command will not violate the
Iras timing requirement. That is, in the case where
a column-read-and-precharge command is issued
into the DRAM device before the DRAM device has
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FIGURE 11.11: Posted CAS defers CAS commands in DRAM devices by a preset delay value, &y .

completed the datarestoration phase oftherowaccess
command, as illustrated in Figure 11.10, the DRAM
device will delay the implicit precharge command
until the tgag timing requirement for the row access
has been met. In this manner, close-page memory
systems can issue the column-read-and-precharge
command with best possible timing to retrieve data
from the DRAM device without worrying about the
precharge aspect of the random row access.

A second type of complex commands supported
by some memory systems such as the DDR2 SDRAM
memory system is the posted column access (posted
CAS) command. The posted CAS command is simply
a column access command whose action is delayed
(or posted) by a fixed number of cycles in the DRAM
device. In DRAM devices that support the posted CAS
command, the device internally delays the actions of
the CAS command by a preset value, labelled as #,;,
in Figure 11.11. The number of delay cycles for the
posted CAS command is preprogrammed into the
DDR2 DRAM device, and the DRAM device cannot
dynamically or intelligently defer the column access
command. Some DRAM devices, such as the XDR
DRAM device, allow the command to be optionally
encoded with a delay value so that the controller can
flexibly schedule a DRAM command that the DRAM
device will then execute or act upon after the number
of specified delay cycles.

Figure 11.11 illustrates a posted column-read-and-
precharge command in a read cycle. The column-
read-and-precharge command is also commonly

referred to as the column-read command with auto-
precharge. The sequence of commands illustrated in
Figure 11.11 is the same as the sequence of DRAM
commands illustrated in Figure 11.10. The differ-
ence between the command sequences illustrated in
Figures 11.10 and 11.11 is that the column-read-and-
precharge command is a posted CAS command, and
the posted column-read command is issued immedi-
ately after the row access command in Figure 11.11.
In Figure 11.11, the preset value of #;, defers the
action of the column-read-and-precharge command
to ensure that the column read aspect of the com-
mand does not violate the fzep timing requirement.

The advantage of the posted CAS command is that
it allows a memory controller to issue the column
access command immediately after the row access
command and greatly simplifies controller design
for close-page memory systems. However, the posted
CAS command is not a panacea that reduces control-
ler complexity for all types of memory controllers,
since the posted command must still respect the
timing of the column access commands and normal
protocol timing requirements.

1.2 DRAM Command Interactions

In the previous section, basic DRAM commands
are described in some detail. In this section, the
interactions between the basic DRAM commands
are examined in further detail. In this chapter,
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aresource usage model is used as the primary model
to describe DRAM command interactions and the
need for specification of the various timing parame-
ters. In the resource usage model, DRAM commands
can be scheduled consecutively subject to availability
of shared on-chip resources such as sense amplifiers,
1/0 gating multiplexors, and the availability of off-
chip resources such as the command, address, and
data busses. However, even with the availability of
shared resources, considerations such as device cur-
rent limitations can prohibit commands from being
scheduled consecutively.*

This section examines read and write commands
in a memory system with simplistic open- and close-
page row-buffer-management policies. In a memory
system that implements the open-page row-buffer-
management policy, once a row is opened for access,
the array of sense amplifiers continues to hold the
data for subsequent read and write accesses to the
same row until another access to a different row
within the same bank forces the controller to pre-
charge the sense amplifiers and prepare for access
to the different row. Open-page memory systems
rely on workloads that access memory with some
amount of spatial locality so that multiple column
accesses can be issued to the same row without the
need for multiple DRAM row cycles. In an open-page
memory system, the DRAM command sequence for
a given request depends on the state of the memory
system, and the dynamic nature of DRAM command
sequences in open-page memory systems means
that there are larger numbers of possible DRAM
command interactions and memory system state
combinations in an open-page memory system. The
large number of command interactions leads to a
higher degree of difficulty in scheduling command
sequences. In the following sections, a large number
of possible DRAM command interactions for open-
page memory systems are examined in detail. The
detailed examination of DRAM command combina-
tions enables the creation of a table that summarizes
the minimum scheduling distances between DRAM

4That is tRRD and tFAVV'

commands. The summary of minimum scheduling
distances, in turn, enables performance analysis of
DRAM memory systems in this chapter.

11.2.1 Consecutive Reads and Writes to
$ame Rank

In modern DRAM memory systems such as
SDRAM, DDR SDRAM, and Direct RDRAM memory
systems, read commands to the same open row of
memory in the same bank, rank, and channel can
be pipelined and scheduled consecutively subject
to the burst durations of data on the data bus and
the internal prefetch length of the DRAM device.
Figure 11.12 shows two column-read commands,
labelled as read 0 and read 1, pipelined consecu-
tively. As illustrated in Figure 11.4, fcpg time after
a column-read command is placed onto the com-
mand and address busses, the DRAM device begins
to return data on the data bus. Since column-read
commands to any open banks of the same rank can
be pipelined consecutively, consecutive column-
read commands to the same open row of the same
bank of memory can be ideally scheduled every
fgyrst time period. One caveat to the scheduling
of consecutive column-read commands to an open
row of a bank is that tgypgr has to be greater than or
equal to tccp. Trivially, tgygrst is greater than tccp
in all RDRAM, SDRAM, DDR SDRAM, and DDR2
SDRAM memory systems. The one exception to the
rule is that f¢cp is 4 cycles in DDR3 SDRAM devices,
since the prefetch length of DDR3 SDRAM devices is
8 data beats. Consequently, the best-case timing for
consecutive column-read commands to the same or
different banks of the same rank of DRAM devices is
MAX(fgyrsp cep)-

Finally, similar to the case of consecutive column-
read commands to the same bank of a given rank of
memory, consecutive column-write commands can
be scheduled to different open banks within the same
rank of memory once every MAX(fgyrsp fcep) time
period.

Petitioners
Ex. 1070, p. 437



438 Memory Systems: Cache, DRAM, Disk
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FIGURE 11.12: Consecutive column-read commands to the same bank, rank, and channel.

11.2.2 Read to Precharge Timing

Figure 11.13 illustrates the minimum command
timing for a precharge command that immediately
follows a column-read command. Figure 11.13 illus-
trates the formula for minimum command timing as
tgurst * trre — ocp. In the case where the internal
burst length of the DRAM device fccp is equivalent
to the column burst duration zygsy, the minimum
command timing between a column-read command
and a precharge command is simply fgrp. However,
in some DRAM devices, the burst duration can be
composed of multiple internal data bursts. For exam-
ple, as previously illustrated in Figure 11.4, in a DDR2
SDRAM memory system where column access com-
mands are programmed to move data in burst dura-
tions of 8 beats, the internal burst duration of a DDR2
SDRAM device is only 4 beats. As a result, the col-
umn read to precharge timing in the aforementioned
DDR2 SDRAM memory system can be simply rewrit-
ten as tRTP + tCCD'

Essentially, the timing parameter tgp itself speci-
fies the minimum amount of time that is needed

between a column-read command and a precharge
command. However, in DRAM devices such as the
DDR2 SDRAM device, multiple shorter bursts are
used to construct one continuous burst for a column-
read command. In such a case, the DRAM device
must keep the sense amplifiers open to drive multi-
ple short bursts through the I/0 gating multiplexors,
and the timing parameter fzrp must be modified to
account to the extended time that the sense ampli-
fiers are kept open. More generally, the formula for
column read to precharge timing can be written as
tgrp + (N — 1) * tccp, where N is the number of inter-
nal bursts required to form one extended burst for a
single column-read command.

11.2.3 Consecutive Reads to Different Rows of
Same Bank

In most modern DRAM devices, multiple column-
read commands to the same row of the same open
bank can be issued and pipelined consecutively as
illustrated in Figure 11.12. However, column-read

STmplicit in this formula is that the column-read command does not use posted CAS timing. Otherwise, 4; must be added,

and the formula rewritten as tAL + tBURST + jTp— tCCD.
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FIGURE 11.14: Consecutive column-read commands to different rows of the same bank: best-case scenario.

commands to different rows within the same bank
would incur the cost of an entire row cycle time
as the current DRAM array must be precharged
and a different row activated by the array of sense
amplifiers.

Best-Case Scenario

Figure 11.14 illustrates the timing and command
sequence of two consecutive read requests to differ-
ent rows within the same bank of memory array. In
this sequence, as the first read command, labelled
as read 0, is issued, the array of sense amplifiers
must be precharged before a different row to the
same bank can be opened for access. After time
period fgp from the assertion of the precharge com-
mand, a different row access command can then be

issued, and time period fgcp after the row access
command, the second read command labelled as
read 1 can then proceed. Figure 11.14 illustrates
that consecutive column read accesses to different
rows within the same bank can be scheduled with
the best-case timing of tBURST + tRTP - tCCD + tRP +
trep @s long as the row restoration time fgag had
been satisfied.

Worst-Case Scenario

Figure 11.14 illustrates the best-case timing of
two consecutive read commands to different rows
of the same bank. However, the timing illustrated
in Figure 11.14 assumes that at least fzag time has
passed since the previous row access, and data had
been restored to the DRAM cells. In the case where
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data from the current row has not yet been restored
to the DRAM cells, a precharge command cannot be
issued until frag time period after the previous row
access command to the same bank. In contrast to the
best-case timing shown in Figure 11.14, Figure 11.15
shows the worst-case timing for two consecutive
read commands to different rows of the same bank
where the first column command was issued imme-
diately after a row access command. In this case, the
precharge command cannot be issued immediately
after the first column-read command, but must wait
until fpag time period after the previous row access
command has elapsed. Then, #zp time period after
the precharge command, the second row access
command can be issued, and tpcp time period after
that row access command, the second column-read
command completes this sequence of commands.

Figure 11.14 illustrates the best-case timing of two
consecutive read commands to different rows of the
same bank, and Figure 11.15 illustrates the worst-case
timing between two column-read commands to differ-
ent rows of the same bank. The difference between the
two different scenarios means that a DRAM memory
controller must keep track of the timing of a row access
command and delay any row precharge command until
the row restoration requirement has been satisfied.

11.2.6 Consecutive Reads to Different Banks:
Bank Conflict

The case of consecutive read commands to dif-
ferent rows of the same bank has been examined in
the previous section. This section examines the case

of consecutive read requests to different banks with
the second request hitting a bank conflict against an
active row in that bank. The consecutive read request
scenario with the second read request hitting a bank
conflict to a different bank has several different com-
binations of possible minimum scheduling distances
that depend on the state of the bank as well as the
capability of the DRAM controller to reorder com-
mands between different transaction requests.

Without Command Reordering

Figure 11.16 illustrates the timing and command
sequence of two consecutive read requests to different
banks of the same rank, and the second read request
is made to a row that is different than the active row in
the array of sense amplifiers of that bank. Figure 11.16
makes three implicit assumptions. The first assump-
tion made is that both banks i and j are open, where
bankiis different from bankj. The second read request
is made to bank j, but to a different row than the row
of data presently held in the array of sense amplifi-
ers of bank j. In this case, the precharge command to
bank j can proceed concurrently with the column read
access to a bank i. The second assumption made is that
the pag requirement has been satisfied in bank j, and
bankj can be immediately precharged. The third and
final assumption made is that the DRAM controller
does not support command or transaction reordering
between different transaction requests. That is, all of
the DRAM commands associated with the first request
must be scheduled before any DRAM commands
associated with the second request can be scheduled.

(tpas * frp) = g
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FIGURE 11.15: Consecutive column-read commands to different rows of same bank: worst-case scenatio.
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FIGURE 11.16: Consecutive DRAM read commands to different banks; bank conflict; no command reordering.

Figure 11.16 shows that due to the bank con-
flict, the read request to bank j is translated into a
sequence of three DRAM commands. The first com-
mand in the sequence precharges the sense ampli-
fiers to bank j, the second command brings the
selected row to the sense amplifiers, and the last
command in the sequence performs the actual read
request and returns data from the DRAM devices to
the DRAM controller. Figure 11.16 illustrates a case
where consecutive read requests are made to differ-
ent rows, with the second read request made to a
different row of the same bank. In the case where
the DRAM command sequence is not dynamically
reordered by the memory controller, then the two
requests can, at best, be scheduled with minimum
timing distance of tgp + frep.

With Command Reordering

Figure 11.16 illustrates the timing of two requests
to different banks with the second request hitting a
bank conflict and the DRAM controller not support-
ing command or transaction reordering. In contrast,
Figure 11.17 shows that the DRAM memory system
can obtain bandwidth utilization if the DRAM control-
ler can interleave or reorder DRAM commands from

different transactions requests. Figure 11.17 shows the
case where the DRAM controller allows the precharge
command for bank j to proceed ahead of the column-
read command for the transaction request to bank i. In
this case, the column-read command to banki can pro-
ceed in parallel with the precharge command to bankj,
since these two commands utilize different resources in
different banks. To obtain better utilization of the DRAM
memory system, the DRAM controller mustbe designed
with the capability to reorder and interleave commands
from different transaction requests. Figure 11.17 shows
that in the case where the DRAM memory system can
interleave and reorder DRAM commands from different
transaction requests, the two column-read commands
can be scheduled with the timing of fzp + fzep - fomp-
Figure 11,17 thusillustrates one way that a DRAM mem-
ory system can obtain better bandwidth utilization with
advanced DRAM controller designs.

11.2.5 Consecutive Read Requests to Different
Ranks

Figure 11.12 illustrates that consecutive read com-
mands to open banks of the same rank of DRAM
device can be issued and pipelined consecutively.®
However, consecutive read commands to different

5That is, assuming that the burst duration is equal to or longer than the minimum column-to-column delay time, focp.
This assumption is inherently true for SDRAM, DDR SDRAM, and DDR2 SDRAM devices, but may not be true for DDR3
and future generation devices where fyrgr may be shorter than tocp.
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FIGURE 11.17: Consecutive DRAM read commands to different banks, bank conflict, with command reordering.

ranks of memory may not be issued and pipelined
back to back depending on the system-level synchro-
nization mechanism and the operating datarate of the
memory system. In some memory systems, consecu-
tive read commands to different ranks of memory rely
on system-level synchronization mechanisms that are
non-trivial for multi-rank, high data rate memory sys-
tems. In these systems, the data bus mustidle for some
period of time between data bursts from different
ranks on the shared data bus. Figure 11.18 illustrates
the timing and command sequence of two consecutive
read commands to different ranks. In Figure 11.18, the
read-write (DQS) data stroberesynchronization timeis
labelled as tggs. For relatively low-frequency SDRAM
memory systems, data synchronization strobes are
not used, and fgrgg is zero. For Direct RDRAM mem-
ory systems, the use of the topology-matched source-
synchronous clocking scheme obviates the need for a
separate strobe signal, and fzrgs is also zero. However,
for DDR SDRAM and DDR2 SDRAM memory systems,
the use of a system-level data strobe signal shared by
all of the ranks means that the fgyrg data strobe resyn-
chronization penalty is non-zero.

11.2.6 Consecutive Write Requests: Open
Banks

Differing from the case of consecutive column-read
commands to different ranks of DRAM devices, con-
secutive column-write commands to different ranks
of DRAM devices may be pipelined consecutively in

modern DRAM memory systems, depending on the
bus termination strategy deployed. The difference
between consecutive column-write commands to
different ranks of DRAM devices and consecutive
column-read commands to different ranks of DRAM
devices is that in case of consecutive column-read
commands to different ranks of DRAM devices, one
rank of DRAM devices must first send data on the
shared data bus and give up control of the shared
data bus, then the other rank of DRAM devices must
gain control of the shared data bus and send its data
to the DRAM controller. In the case of the consecutive
column-write commands to different ranks of mem-
ory, the DRAM memory controller can send data to
different ranks of DRAM devices without needing to
give up control of the shared data bus to another bus
master. Consequently, write bursts to different ranks
of DRAM devices can be pipelined consecutively in
SDRAM and DDR SDRAM memory systems. However,
as signaling on a multi-drop bus becomes more chal-
lenging with increasing data rates, DRAM device man-
ufacturers and system design engineers have been
forced to deploy more sophisticated mechanisms to
improve system-level signal integrity. One mecha-
nism deployed in DDR2 SDRAM memory systems to
improve signal integrity is the use of active, On-Die
Termination (ODT) on DDR2 SDRAM devices. How-
ever, one unfortunate side effect of ODT as designed
in the DDR2 SDRAM memory system is that it takes
2 cycles to turn on ODT in a DDR2 SDRAM device
and 2 1/2 cycles to turn off ODT, and the difference in
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FIGURE 11.18: Consecutive column-read commands to different ranks.
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FIGURE 11.19: Consecutive column-write commands to different ranks.

turn-on and turn-off times necessitates an additional
bubble between write bursts.” Figure 11.19 shows two
write commands to different ranks, labelled as write 0
and write 1, pipelined consecutively, but with an ODT
switching time penalty, labelled as tngy, between dif-
ferent ranks. Figure 11.19 shows that consecutive col-
umn-write commands to open banks of memory can
occur every fgyrst T+ fost cycle. In the case of SDRAM

and DDR SDRAM memory systems, write data bursts
to different ranks can occur without needing any idle
time on the data bus. In the case of DDR2 and DDR3
memory systems, the need to accurately control data
bus signaling characteristics means that an additional
cycle is needed to switch the location of the termina-
tion element in the memory channel. In reality, fogr
is needed in the case of a rank-to-rank read as well.

"The difference is needed to ensure a properly terminated system topology for the duration of data transfers.
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However, since fgrrg is typically greater than or equal
to togp MAX(fgrrs, fost) may be simplified as fzrgs.

11.2.7 Consecutive Write Requests: Bank
Conflicts

Similar to the case of the consecutive read requests
to different rows of the same bank, consecutive write
requests to different rows of the same bank must also
respect the timing requirements of tgag and fzp. Addi-
tionally, column-write commands must also respect
the timing requirements of the write recovery time
twr. In the case of write commands to different rows
of the same bank, the write recovery time means that
the precharge cannot begin until the write recovery
time has allowed data to move from the interface of
the DRAM devices through the sense amplifiers into
the DRAM cells. Figure 11.20 shows two of the best-
case timing of two consecutive write requests made
to different rows in the same bank. The minimum
scheduling distance between two write commands to
different rows of the same bank is fcwp + fgyrst +

Figure 11.20 also shows the case where consecutive
write requests are issued to different ranks of DRAM
devices, with the second write request resulting in a
bank conflict. In this case, the first write command
proceeds, and assuming that bank j for rank n has
previously satisfied the tgg timing requirement, the
precharge command for a different bank or different
rank can be issued immediately. Similar to the case
of the consecutive read requests with bank conflicts
to different banks, bank conflicts to different banks
and different ranks for consecutive write requests can
also benefit from command reordering.

11.2.8 Write Request Following Read Request:
Open Banks

Similar to consecutive read commands and
consecutive write commands, the combination of a
column-write command that immediately follows
a column-read command can be scheduled con-
secutively subject to the timing of the respective data
bursts on the shared data bus. Figure 11.21 illustrates
a column-write command that follows a column-read

tcwp + tgurst + twr + tRp T treD

Bank conflict to

data bus -———————-———~ data burst

same bank
cmd&addr -——-—- [write 0 |--—-~—————— | prec F————Jrowacc }——— write 1
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rank “m” utilization -~~------ - VOgating f--—-——--——-—————————————————

____________________ data burst
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A different ranks
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databus -—————————————— data burst  }————————— [ data burst

time

trp

towp tRrep

FIGURE 11.20: Consecutive write commands, bank conflict, best cases.
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command and shows that the internal data movement
of the column-write command does not conflict with
the internal data movement of the column-read com-
mand. As a result, a column-write command can be
issued into the DRAM memory system immediately
after a column-read command as long as the timing of
databurstreturned by the DRAM device for the column-
read command does not conflict with the timing of the
data burst sent by the DRAM controller to the DRAM
device for the column-write command. Figure 11.21
shows that the minimum scheduling distance between
a column-write command that follows a column-read
command is simply fcas + fgursT + fRTRS — ICWD-

The minimum timing distance between a column-
write command that follows a column-read command
is different for different memory-access protocols.
However, the minimum timing expression of 7cag +
tgursT + tRTRS — fcwp i valid for an SDRAM memory
system as well as various DDRx SDRAM memory

systems. For example, in an SDRAM memory system,
fcwp and frrgs are both zero, so the minimum timing
distance between a write request that follows a read
request in an SDRAM memory system is simply fcag +
tgursT- Comparatively, in a DDR SDRAM memory sys-
tem, fcwp and frrgg both require 2 beats (1 full mem-
ory clock cycle), and the minimum timing distance
between a write request that follows a read request in
a DDR SDRAM memory system is also fcps + fguyrsT
In both cases, the timing is the same, but arrives at the
same equation through different means.

11.2.9 Write Request Following Read Recquest
to Different Banks, Bank Conflict, Best Case, No
Reordering

Figure 11.22 illustrates the case where a write
request follows a read request to different banks.
In the figure, the column-read command is issued

tcas + tpurst T trRTRs T fcwp
A

cmd&addr o ——

bank “i” of rank “m” -—----]_rowxopen_ |

bank “j” of rank “m” - =~ - —— -] data restore

rank “m” utilization -—————- - WOgating |-—=—————————————— [ WOgating |

data bus -—————-———————————————— [ databurst | sync | databurst |

]
il time .
i ? j : Does not matter tcas tBURST tRTRS -
FIGURE 11.21: Write command following read command to open banks.
tcmp + tRP + IRCD
‘A
cmd&addr -—————- {read0 | prec }-——-[rowaccl———{write1 |
bank “i” of rank “m” ----- row x open |
bank “j” of rank “m”’-——————————— [array precharge] data sense |——————
rank “m” utilization ————-— J 1o gating F-—————"——————————————— 1/0 gating
data bus ——~-————————————————— data burst |————————— -1 _data burst
il=j time
’ tRp tReD -

FIGURE 11.22: Write command following read command to different banks: bank conflict, best case.
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to bank i, the column-write command is issued to
bank j, and i is different from j. In the common case,
the two commands can be pipelined consecutively
with the minimum scheduling distance shown in
Figure 11.21. However, the assumption given in Fig-
ure 11.22 is that the write command is a write com-
mand to a different row than the row currently held
in bank j. As a result, the DRAM controller must first
precharge bank j and issue a new row access com-
mand to bank j before the column-write command
can be issued. In the best-case scenario presented,
the row accessed by the write command in bank j
had already been restored to the DRAM cells, and
more than fpag time period had elapsed since the
row was initially accessed. Figure 11.22 shows that
under this condition, the read command and the
write command that follows it to a different bank
can be scheduled with the minimum scheduling
distance of foyp + frp + freD- '

Figure 11.22 shows the case where the ordering
between DRAM commands from different requests is
strictly observed. Inthis case, the precharge command
sent to bank j is not constrained by the column-read
command to bank i. In a memory system with DRAM
controllers that support command reordering and
interleaving DRAM commands from different trans-
action requests, the efficiency of the DRAM memory
system in scheduling a write request with a bank con-
flict that follows a read request can be increased in
the same manner as illustrated for consecutive read
requests in Figures 11.16 and 11.17.

towp * taumrst * twir
A

11.2.10 Read Following Write to Same Rank,
Open Banks

Figure 11.23 shows the case for a column-read
command that follows a column-write command to
open banks in the same rank of DRAM devices. The
difference between a read command and a write
command is that the direction of data flow within
the selected DRAM devices is reversed with respect
to each other. The importance in the direction of
data flow can be observed when a read command is
scheduled after a write command to the same rank
of DRAM devices. Figure 11.23 shows that the dif-
ference in the direction of data flow limits the mini-
mum scheduling distance between the column-write
command and the column-read command that fol-
lows to the same rank of devices. Figure 11.23 shows
that after the DRAM controller places the data onto
the data bus, the DRAM device must make use of
the shared I/0 gating resource in the DRAM device
to move the write data through the buffers into the
proper columns of the selected bank. Since the I/0
gating resource is shared between all banks within
a rank of DRAM devices, the sharing of the 1/0 gat-
ing device means that a read command that follows
a write command to the same rank of DRAM devices
must wait until the write command has been com-
pleted before the read command can make usé of the
shared /O gating resources regardless of the target or
destination bank IDs of the respective column access
commands. Figure 11.23 shows that the minimum
scheduling distance between a write command and

Data restored into DRAM cells

cmd&addr ----[write0 | ———————————~~

bank “i” of rank “‘m”--———— -~ —————————

bank “j” of rank “m” -- = -~ ———————~—————————"_T" rowxopen |

rank “m” utilization ----———-~----—- { VOgating [ WOgating |
databus----—————------ data burst ——— e — 1 _databurst |

tBunst

tewp

time

twtr

\j

FIGURE 11.23: Read following write to the same rank of DRAM devices.
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a subsequent read command to the same rank of
memory is {cwp + fBUrsT T SWTR-

In order to alleviate the write-to-read turnaround
time illustrated in Figure 11.23, some high-perfor-
mance DRAM devices such as Rambus Direct RDRAM
have been designed with write buffers so that as soon
as data has been written into the write buffers, the I/O
gating resource can be used by another command
such as a column-read command.

1.2.11 Write to Precharge Timing

Figure 11.24 shows the subtle difference between
a column write to column read timing and a column
write to precharge timing. Essentially, g is used to
denote the time that is needed for the multiplexors in
the interface of DRAM devices—the I/0O gating phase
illustrated in Figure 11.24—to drive the data into the
array of sense amplifiers. After fypg time from the
assertion of the column-write command, a column-
read command is able to use the I/O gating resource to

move data from an array of active sense amplifiers out
of the DRAM device. The column write to precharge
command combination differs from the column write
to read combination in that the precharge command
releases data stored in the sense amplifiers and pre-
charges the sense amplifiers, while, as a result, a pre-
charge command that follows a write command cannot
be initiated until the write command has moved the
data through the I/0 gating resources to the sense
amplifiers and driven the new data values directly into
the DRAM cells. Figures 11.23 and 11.24 illustrate thatin
DRAM devices where fyg is separately specified from
fwr twrr IS typically shorter in duration than fyg.

11.2.12 Read Following Write to Different
Ranks, Open Banks

Figure 11.25 shows a slightly different case for a
column-read command that follows a column-write
command than the case illustrated in Figure 11.23.
The combination of a column-read command

tcwp * fBuRsT + fwRr

M

Data restored into DRAM cells

VA

cmd&addr -~ Wrte 0 === —=mm e "prec
bank “ of rank umn‘ ————— data restore me_reicba_rg_e_ j
rank “m” utilization _———__—;—t—b——‘t_ [ VOgating |
databus ~ T T TTTTT T e
tcwp  tBURST twr time >
FIGURE 11.24: Write to precharge command timing.
tcwp + tBursT + tRTRS — fCAS

cmd&addr ——- write 0 [-——[read 1 |

bank “i”of rank “m” -————-==-——--—__—{ datarestore |

bank “j” of rank “n” -————————— I “rowxopen

rank “m” utilization -~———~———————— Jrank m I/O gating|

rank “n” utilization ---——-———— [ /O gating

data bus ——————————- -/ databurst [sync| databurst |

time
tcwp tBumRsT IRTRS -

FIGURE 11.25: Read following write to different ranks of DRAM devices.
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issued after a column-write command illustrated
in Figure 11.25 differs from the combination of
a column-read command issued after a column-
write command illustrated in Figure 11.23 in that
the column-write command and the column-read
command are issued to different ranks of memory.
Since the data movements occur in different ranks
of memory, the conflict in the directions of data
movement inside of each rank of memory is irrele-
vant. The timing constraint between the issuance of
aread command after a write command to different
ranks is then reduced to the data bus synchroniza-
tion overhead of fyyRs, the burst duration fzyggy
and the relative timing differences between read
and write command latencies. The minimum time
period between a write command and a read com-
mand to different ranks of memory is thus fcywp +
fguRsT T fRTRS ~ ICAS

In a DDR SDRAM memory system, fcwp is one
cycle, tgrrs is on clock cycle, and the minimum
scheduling distance between a column-write
command and a column-read command that fol-
lows it to a different rank of memory is MAX (?cyvp,
tBURST - tCAS —2). In conftrast, in a DDR2 SDRAM
memory system, fcwp is one full cycle less than
tcas, and if fgrrg can be minimized to one full
cycle, tewp + frTrs — tcas would cancel to zero,
and the minimum scheduling distance between a
read command that follows a write command to a
different rank in the DDR2 SDRAM memory sys-
tem is simply fgygsT

11.2.13 Read Following Write to Same Bank,
Bank Conflict

Figure 11.26 illustrates the case where a read
request follows a write request to different rows of the
same bank. In the best-case scenario, therowaccessed
by the write request had already been restored to the
DRAM cells, and more than fp,g time period had
elapsed since the previous row was initially accessed.
Figure 11.26 shows that under this condition, the pre-
charge command cannotbe issued until the data from
the column-write command has been written into
the DRAM cells. That is, the write recovery time fiyg
must be respected before the precharge command
can proceed to precharge the DRAM array. Figure
11.26 shows that the best-case minimum scheduling
distance between a read request that follows a write
request to different rows of the same bank is tcyp +
tgurst T fwr + frp T fReD-

Figure 11.26 shows the command interaction of a
read request that follows a write request to different
rows of the same bank on a DRAM device that does
not have a write buffer. In DRAM devices with write
buffers, the data for the column-write command is
temporarily stored in the write buffer. In case a read
request arrives after a write request to retrieve data
from a different row of the same bank, a separate
commit data command may have to be issued by
the DRAM controller to the DRAM devices to force
the write buffer to commit the data stored in the
write buffer into the DRAM cells before the array can
be precharged for another row access.

time

towp +igurst + twr + trp t+ fRep

cmd&addr

——————————————— [ prec}———[rowacc]

[ read 1

bank “i” of rank “m”

data restore

larray precharge| datasense | row xopen |

rank “m” utitization =~ -————————— { WOgating |————————————————————] 1/0 gating
databus -——————————- — databurst f—————————
tewp  IBumst twr tpp treo

FIGURE 11.26: Read following write to different rows of the same bank.
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11.2.14 Read Following Write to Different
Banks of Same Rank, Bank Conflict, Best Case,
No Reordering

Finally, Figure 11.27 illustrates the case where a
read request follows a write request to different banks
of the same rank of DRAM devices. However, the read
request is sent to bank j, and a different row is active
in bank j than the row needed by the read request.
Figure 11.27 assumes that the tpag timing require-
ment has already been satisfied for bank j, and the
DRAM memory system does not support DRAM
command reordering between different memory
transactions. Figure 11.27 shows that in this case, the
precharge command for the read request command
can beissued as soon as the write command is issued.
Figure 11.27 thus shows that the minimum schedul-
ing distance in this case is tcyp + rp + freD-

Figure 11.27 also reveals several points of note.
One obvious point is that the DRAM command
sequence illustrated in Figure 11.27 likely benefits
from command reordering between different mem-
ory transactions. A second, less obvious point illus-
trated in Figure 11.27 is that the computed minimum
scheduling distance depends on the relative duration
of the various timing parameters. That is, Figure 11.27
assumes that the precharge command can be issued
immediately after the write command and that
temp t e + freD is greater than fcwp T+ BURsT T
twr. In case foyp + frp t+ frep 1S, in fact, less than
tcwp t+ fgursT T+ fwr, the use of the shared I/0 gating
resource becomes the bottleneck, and the column-
read command must wait until the write recovery

phase of the column-write command has completed
before the column-read command can proceed. That
is, the minimum scheduling distance between a write
request and a read request to a different bank with a
bank conflict is in fact the larger of toyp + frp + frep

and fcwp + fBursT + fwr-

11.2.15 Column-Read-and-Precharge Command
Timing

Figure 11.13 illustrates the minimum command
timing for a precharge command that immediately
follows a column-read command, and the minimum
command timing was computed as fgyrsT + fRTP —
tcep- Additionally, in the case where the column-read
command is a posted column-read command, the
additive latency parameter £y;, must be added to the
overall command timing, resulting in the minimum
command timing for a precharge command that fol-
lows a column-read command as a1, + fgygrst + fRTP—
tccpr The column-read-and-precharge command
would, in essence adopt the same timing specifica-
tion and atomically perform an implicit precharge
command fa1, + tgyrsT + TP — fcop time after the
column-read command is issued. However, the pre-
charge component of the must still respect the row
data restoration time fppg from the previous row
activation command. Consequently, modern DRAM
devices such as DDR2 SDRAMs have additional hard-
ware that internally delays the precharge component
of the unified column-read-and-precharge com-
mand to ensure that fgag timing to the row access is

tomp + trp + tRep

time o
cmd&addr ____/{ write 0 [ prec ]————{ row acc l____l read 1 [
bank “i” of rank “m” -—————————————— | datarestore |
bank “j” of rank “m” -———————— J array precharge |  data sense row x open |
rank “m” utilization -———————————— | 1Ogatng F————| /0 gating

data bus

““““““““ R T e

trp

tFlCD

FIGURE 11.27: Read following write to different banks, bank conflict, best case.

Petitioners
Ex. 1070, p. 449



450 Memory Systems: Cache, DRAM, Disk

respected before the integrated precharge component
of the command is engaged. Figure 11.28 illustrates
that the minimum timing of a column-read-and-
precharge command that follows a row access com-
mand is simply fgep — far-

11.2.16 Column-Write-and-Precharge Timing

The timing for a column-write-and-precharge
command that immediately follows a row access com-
mand must ensure that both the column write compo-
nent and the precharge component of the integrated
column-write-and-precharge command respects the
timing constraints imposed by the row access com-
mand. Fortunately, the timing parameter fzag has
been defined to include a column-write command,
and a column-write-and-precharge command can be
freely issued after a row access command without vio-
lating precharge timing for the integrated precharge
component of the command. Figure 11.29 shows the
minimum timing required between a column-write
command and a precharge command that follows
it. Similar to the column-read-and-precharge com-
mand, the column-write-and-precharge command
adopts the same timing specification and atomically
performs an implicit precharge command.

Finally, DRAM devices are typically write-cycle
limited, and #gag is often defined with enough tim-
ing margin for a single column-write command
in SDRAM, and DDRx SDRAM memory systems.
However, other memory systems and future memory

tras — taL

systems may define iz g differently, and the timing of
a column-write-and-precharge command may have
additional constraints in such memory systems.

11.3 Additional Constraints

In previous sections, the resource contention model
is used to justify various specified minimum timing
constraints between different DRAM command com-
binations. However, additional constraints exist in
modern DRAM memory systems and limit bandwidth
utilization of modern DRAM memory systems. One
such constraint is related to the power consumption
of DRAM devices, and a second constraintis related to
the distribution of commands and addresses to DRAM
devices in the memory system. In the following sec-
tions, these additional constraints in the operations of
the memory system are respectively examined.

11.3.1 Device Power Limit

With continuing emphasis placed on memory
system performance, DRAM manufacturers are
pushing for ever-higher data transfer rates in each
successive generation of DRAM devices. However,
just as increasing operating frequencies leads to
higher activity rates and higher power consump-
tion in modern processors, increasing data rates for
DRAM devices also increases the potential for higher
activity rates and higher power consumption on

thas DRAM device will
delay implicit
recharge until
ta + tBuns/T&TP — teep fans timi%g is
satisfied

cmd & addr bus

| I e

| prec |

bank “i” utilization ——~————{" bank activation {

bank access |

rank “m

» utilization —— —————————_____/__
databug —\ -\ -\ —(—— —(— L
posted

column-read command

______ 1 Wogating |

___________ —| data burst

IBuRsT time

\j

FIGURE 11.28: Row access to column-read-and-precharge command timing.
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DRAM devices. One solution used by DRAM device
design engineers to limit the power consumption
of DRAM devices is to constrain the activity rate of
DRAM devices. Constraints on the activity rate of
DRAM devices, in turn, limit the capability of DRAM
devices to move data and limit the performance of
DRAM memory systems.

In modern DRAM devices, each time a row is acti-
vated, thousands of data bits are discharged, sensed,
and then restored in parallel. As a result, the row acti-
vation command is a relatively energy intensive oper-
ation. Figure 11.30 shows the abstract current profile
of a DRAM read cycle. In the figure, an active DRAM
device draws a relatively low and constant quiescent
current level as a result of active I/O buffers and DLLs.
The DRAM device then draws additional current for
each activity on the DRAM device. The total current

t

draw of the DRAM device is simply the summation of
the quiescent current draw and the current draw of
each activity on the DRAM device. The current pro-
files shown in Figures 11.30 and 11.31 are described in
terms of abstract units rather than concrete values. The
reason that the current profiles are shown in abstract
units in Figures 11.30 and 11.31 is that the magnitude
of the current draw for the row activation command
depends on the number of bits in a row that are acti-
vated in parallel, and the magnitude of the current
draw for the data burst on the data bus depends on
the data bus width of the DRAM device. As a result, the
current profile of each command on each respective
device depends not only on the type of the command,
but also on the configuration of the DRAM device.
Modern DRAM devices contain multiple banks of
DRAM arrays that can be pipelined to achieve high

tras

taL + towp + teursT + twr

rep i~ faL
row acc | jwrite+pre hwrite+prel T prec

implicit
cmd & addr bus precharge
bank “i” utilli?ati(.)n ——————— bank activation £ ———————— wj—f_l‘é;}jé_l‘—gs:_mj
rank “m” utilization - - -~~~ ——————— 110 gating
databus -~————————— data burst
posted ¢ ¢ '
column-write cwD BURST WR time .
FIGURE 11.29: Row access to column-write-and-precharge command timing.
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FIGURE 11.30: Current profile of a DRAM read cycle.
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current draw
profile due to

read cycle 0

cmd&addr [row act[row act[read 0]  [read 1] -

rank “m” internalemd - - ——————————————— ~ prec_ [ prec |

bank “i” util. - - — [ data sense | row x open - data restore _|bank i precharge|
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current draw
of active device
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FIGURE 11.31: Current profile of two pipelined DRAM read cycles.

performance. Unfortunately, since the current profile
of a DRAM device is proportional to its activity rate,
a high-performance, highly pipelined DRAM device
can also draw a large amount of active current. Fig-
ure 11.31 shows the individual contributions to the
current profile of two pipelined DRAM read cycles
on the same device. The total current profile of the
pipelined DRAM device is not shown in Figure 11.31,
but can be computed by the summation of the qui-
escent current profile and the current profiles of the
two respective read cycles. The problem of power
consumption for a high-performance DRAM device is
that instead of only two pipelined read or write cycles,
multiple read or write cycles can be pipelined, and as
many as g/ tgyrsy NUMber of read or write cycles can
be theoretically pipelined and in different phasesin a
single DRAM device. To limit the maximum current
draw of a given DRAM device and avoid the addition
of heat removal mechanisms such as head spread-
ers and heat sinks, new timing parameters have been
defined in DDR2 and DDR3 devices to limit the activ-
ity rate and power consumption of DRAM devices.

11.3.2 fppp: Row-to-Row (Activation) Delay

In DDR2 SDRAM devices, the timing parameter
trrp has been defined to specify the minimum time
period between row activations on the same DRAM

device. In the present context, the acronym RRD
stands for row-to-row activation delay. The timing
parameter fppp is specified in terms of nanoseconds,
and Table 11.3 shows that by specifying fzpp in terms
of nanoseconds instead of number of cycles, a mini-
mum spacing between row activation is maintained
regardless of operating data rates. For memory sys-
tems that implement the close-page row-buffer-man-
agement policy, typp effectively limits the maximum
sustainable bandwidth of a memory system with a
single rank of memory. In memory systems with two
or more ranks of memory, consecutive row activation
commands can be directed to different ranks to avoid
the fpgp constraint.

Table 11.3 shows fggp for different configurations
of a 1-Gbit DDR2 SDRAM device from Micron. The
1-Gbit DDR2 SDRAM device with the 16-bit-wide
data bus is internally arranged as 8 banks of 8192
rows per bank and 16384 bits per row. Comparatively,
the 512-Mbit X4 and 256-Mbit X8 configurations of
the 1-Gbit DDR2 SDRAM device are arranged inter-
nally as 8 banks of 16384 rows per bank and 8192
bits per row. Table 11.3 thus demonstrates that with
larger row size, each row activation on the 128-Mbit
X16, 1-Gbit DDR2 SDRAM device draws more cur-
rent than a row activation on the 256-Mbit X8 or 512-
Mbit X4, 1-Gbit DDR2 SDRAM devices. As a result,
row activations in the 128-Mbit X16, 1-Gbit DDR2
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Databuswidth
Number of banks '
Number of rows
Number of columns
Row size (bits)

TasLe 11.3  trrp and teayy for a 1-Gbit DDR2 SDRAM device

frep (NS)
fenw (nS).

SDRAM device must be spaced farther apart in time,
as specified in Table 11.3.

1.3.3 ftraw: Four-Bank Activation Window

The topic of DRAM device configuration was
covered in some detail in a previous chapter. The
coverage provided was lacking discussions in regard
to the reasoning behind the trade-offs of bank count,
row count, and row size. That is, the difficulties of
determining the optimal bank count, row count, and
column count (row size) were not discussed. How-
ever, with the description of tggp and fgaw, the discus-
sion can now proceed with some context. Basically, as
DRAM devices grow in density, DRAM device con-
figuration becomes a tug of war between some rather
unpalatable choices. DRAM device manufacturers
are reluctant to increase the number of banks, since
bank control logic overhead increases die size. How-
ever, larger rows increase the current draw of the row
activation command, necessitating longer fzpp and
fpaw Parameter specifications. Increasing the number
of rows per bank means that there are more cells on a
given bitline, contributing possibly to longer fpcp and
fpas Parameters, not to mention that with more rows,
more row refresh requests are needed per unit time.

To manage the ever-increasing capacity of DRAM
devices, 1-Gbit and larger DDR2 SDRAM devices
have been designed with 8 banks of DRAM arrays.
However, the larger number of banks means that

a 1-Gbit DDR2 SDRAM device can have more than
4 banks of DRAM arrays that are activated in rapid
succession, and the current draw of the 8-bank
device can exceed the current draw of a comparable
device with only 4 banks of DRAM arrays. To limit the
increase in current draw in the larger DDR2 SDRAM
devices, the timing parameter fgay has been defined
to specify a rolling time-frame in which a maximum
of four row activations on the same DRAM device can
be engaged concurrently. The acronym FAW stands
for Four-bank Activation Window. Figure 11.32
shows a sequence of row activation requests to dif-
ferent banks on the same DDR2 SDRAM device that
respects both tzpp as well as oy Figure 11.32 shows
that the row activation requests are spaced at least
trrp apart from each other and that the fifth row
activation to a different bank is deferred until at
least fgay time period has passed since the first row
activation was initiated. For memory systems that
implement the close-page row-buffer-management
policy, fgaw places great constraints on the maxi-
mum sustainable bandwidth of a memory system
with a single rank of memory regardless of operating
data rates. Finally, the timing parameters fppp and
traw have been defined for DDR2 SDRAM devices,
and these timing parameters will carry over to DDR3
and future DDRx devices. Furthermore, these timing
parameters are expected to increase in importance
as future DRAM devices are introduced with even
larger row sizes.
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FIGURE 11.32: Maximum of four row activations in any fy, time frame.

11.3.4 2T Command Timing in Unbuffered
Memory Systems

In high data rate, unbuffered memory systems, the
address and command must be distributed to a large
number of DRAM devices with the constraint of lim-
ited cycle times. To ensure functional correctness in
the delivery of addresses and commands to the large
number of DRAM devices in the memory system, the
memorycontrollermaybe designed to hold the address
and command for two full clock cycles. In this mode of
operation, the memory controller is described as hav-
ing 2T command timing. The net effect is that the com-
mand and address bandwidth of the memory system
is reduced by one-half in these memory systems.

Figure 11.33 shows two memory systems populated
with 4 ranks of DRAM devices. The memory system
on the left has a single set of address and command
busses connected to all four ranks of memory in the
system. In contrast, the memory system on the right
has two sets of address and command busses, with
one set of busses devoted to each half of the memory
system. Figure 11.33 shows that as a consequence of
the number of loads on the address and command
busses on the single set of address and command
busses, the memory system on the left may be forced

to use 2T command timing, while the memory sys-
tem on the right may be able to retain the use of 1T
command timing.

1.4 Command Timing Summary

Inprevious sections, the minimum timing between
different combinations of DRAM commands was
examined in detail. Table 11.4 summarizes the
minimum timing equations for basic DRAM com-
mand interactions between the row access, column
read, column write, column-read-and-precharge,
column-write-and-precharge, precharge, and refresh
commands. Table 11.4 is organized by each DRAM
command, the possible commands that can precede
each command, and the respective minimum timing
constraints that must be met in between each com-
mand combination before the second command can
be issued.

1.5 Summary

In this chapter, a basic DRAM-access protocol is
described in detail. The basic DRAM-access protocol
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FIGURE 11.33: Unbuffered memory systems with 4 ranks of DRAM devices with one set of address and command busses and

two sets of address and command busses.

is illustrated through the use of a resource utilization
model. That is, two DRAM commands can be pipe-
lined consecutively if they do not require the use of
a shared resource at the same instance in time. The
basic resource usage model is then qualified by stat-
ing that additional constraints such as power con-
sumption limitation can further limit the issue rate of
DRAM commands.

One popular question that is often asked, but not
addressed by the description of the generic DRAM-
access protocol, is in regard to what happens if the
timing parameters are not fully respected. For exam-
ple, what happens when a precharge command is
issued before the fgpg data restoration timing para-
meter has been fully satisfied? Does the DRAM device
contain enough intelligence to delay the precharge
command until #gag has been satisfied?

The answer to questions such as these is that,
in general, DRAM devices contain very little intel-
ligence in terms of logic circuitry to ensure func-
tional correctness. The DRAM device manufacturers
provide data sheets to specify the minimum tim-
ing constraints for individual DRAM commands. To
ensure that the DRAM devices operate correctly, the
DRAM controller must respect the minimum and
maximum timing parameters as defined in the data
sheet. In the specific case of a precharge command
issued to a DRAM device before fzag has been sat-
isfied, the DRAM. device may still operate correctly,
since the DRAM cell may have already been largely
restored by the time the precharge command was
engaged. The issue of early command issuance is
thus analogous to that of the practice of processor
overclocking. That is, a processor manufacturer can

Petitioners
Ex. 1070, p. 455



456  Memory Systems: Cache, DRAM, Disk

TaBLE 11.4 Summary of minimum DRAM command timing equations
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specify that a processor will operate correctly within
a given frequency and supply voltage range. An end-
user may increase the supply voltage and operating
frequency of the processor in hopes of obtaining bet-
ter performance from the processor. In such a case,
the processor may well operate correctly. However,
the parameters of operation are then outside of the
bounds specified by the processor manufacturer, and

= reFresh; s = same; d = different; a = any.

the correctness of operation is no longer guaranteed
by the processor manufacturer. Similarly, in the case
where a DRAM command is issued at a timing that
is more aggressive than that specified by the DRAM
device data sheet, the DRAM device may still oper-
ate correctly, but the correctness of operation is no
longer guaranteed by the DRAM device or module
manufacturer.

Petitioners
Ex. 1070, p. 456



., CHAPTER 12
Evolutionary

Developments of DRAM

Device Architecture

ThefirstDynamicRandom-Access Memory (DRAM)
device, based on the operation of Field Effect Transis-
tors (FET), was invented by Robert Dennard of IBM in
1966. Then in 1970, Intel Corp. produced the first com-
mercial DRAM device, the 1103. In the decades since
the introduction of Intel’s 1103 DRAM device, DRAM
device architecture has undergone continuous and
gradual evolution. However, up until the mid-1990s,
the evolutionary path of DRAM device architecture
had been dominated by a single path devoted to high-
capacity, low-cost commodity devices.

In recent years, the differing requirements placed
on modern DRAM memory systems have strained
the evolutionary development of modern DRAM
devices. Consequently, the largely monolithic path
of DRAM device architecture evolution has fractured
into multiple evolutionary paths in recent years to
respectively satisfy the varying system requirements
of low cost, high bandwidth, low latency, and low
power.

In previous chapters, basic structures of DRAM
devices, common system configurations, abstract
timing parameters, and abstract access protocols
were described in detail. These chapters provide the
foundation that enables the discussion in the ratio-
nale and capability of different DRAM devices. This
chapter is devoted to the description and architec-
tural evolution of different families of stand-alone
DRAM devices.

12.1 DRAM Device Families

In the decades since the invention of the basic
charge-storage DRAM circuit and the introduc-
tion of the first DRAM device, a myriad of DRAM
devices, each with slightly different device architec-
tures, has been developed to meet specific system
requirements of low cost, low latency, high band-
width, low power, or a reasonable combination
thereof. In this chapter, the role of different DRAM
devices is examined in context by classifying the
different paths of the DRAM family tree illustrated
in Figure 12.1.

12.1.1 Cost (Capacity), Latency, Bandwidth,
and Power

The utility and cost effectiveness of commodity
DRAM devices have allowed them to proliferate and
become critical design components in large variet-
ies of computer systems and computing devices.
However, the specific requirements of different com-
puter systems and computing devices have, in turn,
forced DRAM device architectures to evolve and
meet the wide spectrum of system requirements.
Consequently, large numbers of DRAM devices that
vary widely in their respective architecture, feature
set, and performance characteristics now exist and
occupy different market niches. To begin the difficult
task of describing and comparing different DRAM
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Historical-Commodity

Modern-Commodity
(lowest cost)

Low Power

FIGURE 12.1: A broad classification of the DRAM family tree.

devices and different device architectures, four sim-
ple metrics are used in this chapter to broadly evalu-
ate all DRAM devices and classify them into one of
the four general paths of the family of DRAM devices
described in this section. The four metrics are cost
(capacity), latency, bandwidth, and power.

As described previously, different DRAM devices
have been designed and manufactured to target low
cost, low latency, high bandwidth, low power, or a
reasonable compromise thereof. However, the single
overriding consideration that has greatly impacted
and constrained the evolutionary developments of
DRAM device architectures is the issue of cost. In the
general sense, cost-focused DRAM devices strive for
the lowest cost per bit, and in this chapter, the focus
on the lowest cost per bit is equated to the focus on
capacity. In the decades since the invention of the
DRAM circuit, the vast majority of DRAM devices
manufactured and sold are commodity DRAM devices
focused on cost, and these DRAM devices are classi-
fied in this chapter as belonging in the Commodity
path of the DRAM device family tree. The classifica-
tion of the DRAM family tree in this chapter follows
the evolutionary family tree illustrated in Figure 12.1.
Figure 12.1 separates and classifies the myriad of
DRAM devices into four evolutionary paths in the
DRAM family tree: the Commodity path, the Low-
Latency path, the High-Bandwidth path, and the
Low-Power path. To facilitate the examination of
the numerous DRAM devices .in the Commodity

path, the Commodity path is further separated into
Historical-Commodity and Modern-Commodity sub-
paths. Alternatively, DRAM devices that focus on pro-
viding fast random accesses are classified as belonging
to the Low-Latency path of the DRAM device fam-
ily tree. DRAM devices that focus on delivering the
highest bandwidth are classified as belonging to the
High-Bandwidth path. Finally, the near-commodity
Graphics-Oriented GDDR devices and Alternative
DRAM devices that had appeared along the way in the
evolution of the DRAM family tree—yet do not read-
ily belong in the primary paths of the DRAM family
tree—are also examined in Sections 12.5 and 12.6.

12.2 Historical-Commodity PRAM
Devices

As stated previously, the overriding factor that has
driven and continues to drive the development of
DRAM devices is the cost per storage bit. As a conse-
quence of the singular focus on cost, nearly all legacy
DRAM devices that existed prior to the emergence of
Synchronous DRAM (SDRAM) devices are classified in
this chapter asbelonging in the Historical-Commodity
path of the DRAM family tree. Specifically, the com-
modity DRAM device evolved from asynchronous to
fast page mode (FPM) to extended data-out (EDO)
to burst-mode EDO (BEDO) and then finally into
synchronous (SDRAM). In this chapter, SDRAM and
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its direct descendants such as DDR SDRAM, DDR2
SDRAM, and DDR3 SDRAM devices are classified
as belonging in the Modern-Commodity path of the
DRAM family tree, and these devices are examined in
Section 12.3.

In this section, DRAM devices that belong to the
Historical-Commodity path of the DRAM family tree
are selectively examined, and the selected devices are
the Intel 1103 DRAM device, the asynchronous DRAM
device, the FPM DRAM device, the EDO DRAM device,
and the BEDO DRAM device. These selectively exam-
ined devices represent important milestones in the
evolutionary path of historical-commodity DRAM
devices. However, a large number of different DRAM
devices were produced by various DRAM manufac-
turers in the time period between the appearance
of Intel’s 1103 DRAM device and the BEDO DRAM
device. Consequently, it is important to note that
while the DRAM devices selectively examined in this
section illustrate well the gradual evolution of com-
modity DRAM devices from the early 1970s to the late
1990s, the few illustrated devices do not represent all
of the DRAM devices and evolutionary attempts in
that time period.

In the evolution of DRAM device architecture from
Intel’s 1103 DRAM device to the BEDO DRAM device,
the changes to the DRAM device have largely been
structural in nature and relatively minor in terms of
implementation cost; yet device functionality and
throughput have increased significantly in each suc-
cessive generation of DRAM devices. In the following
section, the general description of the Historical-
Commodity path of the DRAM family tree begins with
a cursory examination of Intel’s 1103 DRAM device.

12.2.1 The Intel 1103

The first commercially successful DRAM device,
the 1103, was introduced by Intel in 1971. Due to its
relatively low cost, the 1103 gained wide acceptance
and rapidly replaced magnetic core memory in many
different applications. Figure 12.3 shows the package
pin configuration of the 1103, and it shows that this
device was packaged in a low-cost, 18-pin, plastic
dualin-line package. The 1103 had a row cycle time of
580 ns and a random access time of 300 ns. The 1103

also had a data retention time that was guaranteed to
be longer than 2 ms; as long as each cell was refreshed
at least once every 2 ms, data integrity was guaran-
teed. Differing from DRAM devices that followed it in
subsequent years, the 1103 also had some interesting
features such as unidirectional data input and output.
The unidirectional input and output gave the early
DRAM devices such as the 1103 (up to FPM devices)
an interesting capability—an atomic read-modify-
write cycle. That is, as the DRAM device drives data
out of the output, the memory controller can hold
the address on the address bus. Then, the controller
can read, process, and immediately write data back
through the input to the same address—something
not practical in later DRAM devices with bidirec-
tional data busses. Also, the 1103 used dedicated pins
for row and column addresses, while later devices
typically multiplexed row and column addresses over
a single set of address pins. Moreover, the 1103 was a
rudimentary device in terms of power supply require-
ments. Unlike the more modern DRAM devices, the
1103 required separate power supplies to properly
bias the transistors. Finally, one feature that differen-
tiated the 1103 from later DRAM devices was that it
utilized the 3 transistor, 1 capacitor (3T1C) structure
as the basic storage cell. Due to the 3T1C cell struc-
ture in the 1103 illustrated in Figure 12.2, data read-
out from the 1103 is nondestructive. Consequently,
data does not need to be restored into the DRAM cell
immediately after it is read out.

In comparison to the myriad of DRAM devices
that followed it, Intel's 1103 DRAM device was a

READ
READ
- — ~ Bitline
/
WRITE! |
Bitlinel |
S
\ = Vss
~ —
WRITE

FIGURE 12.2: One (3T1C) bit cell of Intel’s 1103 DRAM device.
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FIGURE 12.4: Structural block diagram of an 1103 memory system, consisting of 9 1103 devices.

rudimentary device that contained little more than
address decoders and an array of 1024 DRAM cells.
Common structures that were found in later devices,
such as integrated address latches and sense ampli-
fiers, were not present in the 1103. Consequently, a

Memory system block diagram taken from 1103 data sheet.

memory system that utilized the 1103 required more
external circuitry than later devices. Figure 12.4
illustrates the structural block diagram of a memory
system that utilizes the 1103.! The figure shows that
several important external circuits are needed to
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create a memory system based on the 1103. First,
external voltage level shifters were needed to inter-
face TTL devices to the MOS signal levels of the 1103.
Second, the 1103 memory system required a signifi-
cant amount of external logic to perform a simple
read or write. Finally, the memory system used exter-
nal sense amplifiers to resolve the stored data value
from an 1103 DRAM device.

12.2.2 Asynchronous DRAM Devices

In the 1970s, subsequent to the introduction of
Intel's 1103 DRAM device, many other DRAM devices
were produced by Intel and other DRAM manufac-
turers. These DRAM devices were not standardized,
and each DRAM device was unique in some way, con-
taining subtle improvements from the previous gen-
eration of DRAM devices. For example, subsequent to
the 1103, Intel introduced the 2104 DRAM device that
multiplexed the row address and the column address
over the same address bus, the 2116 DRAM device
that was Intel’s first 16-kbit DRAM device, and the
2118 DRAM device that was the first DRAM device to
use a single 5-V power supply.

Other early DRAMSs were sometimes clocked, where
the DRAM commands were driven by a periodic clock
signal. However, by the mid-1970s, DRAM device
interfaces moved away from the clock-driven inter-
face and moved to an Asynchronous command-data
timing interface. These Asynchronous DRAM devices,

like the clocked versions before them, require that
every single access go through separate row activation
and column access steps. Even if the microprocessor
wants to request data contained in the same row that
it previously requested, the entire row activation and
column access process must be repeated. Figure 12.5
illustrates the timing for an asynchronous DRAM
device. The figure shows that in the early asynchro-
nous DRAM device, a row-activation command and
a column-access command are needed to read data
from the DRAM device, and two entire row cycles are
needed to move data to or from any two addresses.

12.2.3 Page Mode and Fast Page Mode DRAM
(FPM DRAM)

Since the introduction of Intel's 1103 DRAM
device, each successive DRAM device has intro-
duced new features to improve upon previous DRAM
devices. One important feature that greatly improved
DRAM device performance and was found in all
later DRAM devices is page mode operation. In page
mode operation, an entire row (page) of data is held
by an array of sense amplifiers integrated into the
DRAM device, and multiple column accesses to data
in the same row can occur without having to suffer
the latency of another row access. Page mode opera-
tion in DRAM devices improves system performance
by taking advantage of the spatial locality present in
the memory-access patterns of typical application

fre trac
trep loas trop \/—}\‘\
PR —
ADDR row] X X [col XX X _row} X ool XN :
Q X \ \ D&
T ] \
(data out) row column —- row column
activation access CAS F‘a‘a activation access
hold time

FIGURE 12.5: Read timing for a conventional asynchronous DRAM device.
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programs. Page mode operation was not possible in
the earliest DRAM devices due to the fact that the
sense amplifiers were located off-chip. However,
this mode of operation was enabled by the integra-
tion of sense amplifiers into the DRAM device, and
data for an entire row could be sensed and buffered
by the array of integrated sense amplifiers in parallel.
Page mode permitted fast column accesses, and FPM
improved the timing of the column access by allowing
the column address buffers to remain open and active
for as long as the row address strobe signal was held
low. In this manner, the column addresses could be
sent through the column address buffer and decoded
before the column address strobe signal was asserted
by the memory controller. Consequently, FPM was
introduced into many 64-kbit DRAM devices in the
early 1980s. FPM DRAM remained as the mainstream
commodity memory well into the 1990s until it was
replaced, in part, by EDO DRAM and finally entirely
by Synchronous DRAM (SDRAM) in the late 1990s.
Figure 12.6 illustrates the organization and struc-
ture of a 64-Mbit FPM DRAM device with a 16-bit-
wide bidirectional data bus. The FPM DRAM device

illustrated in Figure 12.6 is a relatively modern DRAM
device with a bidirectional data bus, while early gen-
erations of FPM DRAM devices typically had sepa-
rate and unidirectional data input and output pins.
Internally, the DRAM storage cells in the FPM DRAM
device in Figure 12.6 are organized as 4096 rows, 1024
columns per row, and 16 bits of data per column. In
this device, each time a row access occurs, the row
address is placed on the address bus, and the row
address strobe (RAS) is asserted by an external mem-
ory controller. Inside the DRAM device, the address
on the address bus is buffered by the row address buf-
fer and then sent to the row decoder. The row address
decoder then accepts the row address and selects 1
of 4096 rows of storage cells. The data values con-
tained in the selected row of storage cells are then
sensed and kept active by the array of sense ampli-
fiers. Each row of DRAM cells in the illustrated FPM
DRAM device consists of 1024 columns, and each col-
umn is 16 bits wide. That is, a 16-bit-wide column is
the basic addressable unit of memory in this device,
and each column access that follows the row access
would read or write 16 bits of data from the same
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FIGURE 12.6: Internal organization of a 64-Mbit past page mode DRAM device (4096 x 1024 x 16).
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row of DRAM. The FPM DRAM device illustrated in
Figure 12.6 does allow each 8-bit half of the 16-bit col-
umn to be accessed independently through the use of
separate column access strobe high (CASH) and col-
umn access strobe low (CASL) signals. In FPM DRAM
devices, column access commands are handled in a
similar manner as the row access commands. For a
column access command, the memory controller
places the column address on the address bus and
then asserts the appropriate CAS signals. Internally,
the DRAM chip takes the column address, decodes it,
and selects 1 column out of 1024 columns. The data
for that column is then placed onto the data bus by
the DRAM device in the case of an ordinary column
read command or overwritten with data from the
memory controller depending on the write enable
(WE) signal.

Figure 12.7 illustrates the timing for page mode
read commands in an FPM device. The figure shows
that once a row is activated by holding the RAS sig-
nal low, multiple column accesses can be used to
retrieve spatially adjacent data from the same DRAM
row with the timing of tpc, the page mode cycle time.
Figure 12.7 also shows that the output data valid time
period is implicitly controlled by the timing of the
CAS signal. That is, the DRAM device will hold the
value of the read data out for some period of time

after CAS goes high. The DRAM device then prepares
for a subsequent column-access command without
an intervening precharge command or row-access
command.

In FPM DRAM devices, the page mode cycle time
can be as short as one-third of the row cycle time. Con-
sequently, (fast) page mode operation increased DRAM
device bandwidth for spatially adjacent data by as much
as three times that of a comparable generation asyn-
chronous DRAM device without page mode operation.

12.2.4 Extended Data-Out (EDO) and Burst
Extended Data-Out (BEDO) Devices

FPM DRAM devices were highly popular and pro-
liferated into many different applications in the 1980s
and the first half of the 1990s. Then, in the mid-1990s,
EDO, a new type of DRAM device, was introduced
into the market and achieved some degree of suc-
cess in replacing FPM DRAM devices in mainstream
personal computers. The EDO DRAM device added a
new output enable (OF) signal and allowed the DRAM
device to hand over control of the output buffer from
the CAS signal to the OE signal. Consequently, read
data on the output of the DRAM device can remain
valid for a longer time after the CAS signal is driven
high, thus the name “extended data-out.”

Ip (page mode cycle time)

facp foas foas toas
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CAS
ADDR TTDXEW < ><cdl
Q
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hold time (implicit control by CAS)

FIGURE 12.7: Multipte column read command timing for an FPM DRAM device.
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Figure 12.8 gives the timing for three column read
commandsin an EDO DRAM device. The figure shows
that the explicit control of the output data means that
the CAS signal can be cycled around faster in an EDO
DRAM device as compared to a FPM DRAM device,
without impacting CAS data hold time. Consequently,
EDQO devices can achieve better (shorter) page mode
cycle time, leading to higher device bandwidth when
compared to FPM DRAM devices of the same process
generation.

The EDO DRAM device achieved some success in
replacing FPM DRAM devices in some markets, par-
ticularly the personal computer market. The higher
bandwidth offered by the EDO DRAM device was
welcomed by system design engineers and architects,
as faster processors drove the need for higher mem-
ory bandwidth. However, the EDO DRAM device was
unable to fully satisfy the demand for higher memory
bandwidth, and DRAM engineers began to seek an
evolutionary path beyond the EDO DRAM device.

The BEDO DRAM device builds on EDO DRAM by
adding the concept of “bursting” contiguous blocks of
data from an activated row each time a new column
address is sent to the DRAM device. Figure 12.9 illus-
trates the timing of several column access commands

trop foas

RAS

for a BEDO DRAM device. The figure shows that the
row activation command is given to the BEDO device
by driving the RAS signal low. The column access com-
mand in the BEDO device is then initiated by driving
the CAS signal low, and the address of the column
access command is latched in at that time. Figure
12.9 shows that unlike the DRAM devices that pre-
ceded it, the BEDO DRAM device then internally gen-
erates four consecutive column addresses and places
the data for those columns onto the data bus with
each falling edge on the CAS signal. By eliminating
the need to send successive column addresses over
the bus to drive a burst of data in response to each
microprocessor request, the BEDO device eliminates
a significant amount of timing uncertainty between
successive addresses, thereby further decreasing the
page mode cycle time that correlates to increasing
DRAM device bandwidth. '

12.3 Modern-Commodity DRAM Devices

The nature of the commodity DRAM business
means that any proposed change to the DRAM
device must incur relatively low circuit overhead

shorter - (page mode cycle time)

Mmpared to FPM DRAM
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FIGURE 12.8: Multiple read command timing for an EDO DRAM device.
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for the change to be acceptable to DRAM device
manufacturers. Consequently, changes to DRAM
devices are often evolutionary (low die cost) rather
than revolutionary (high die cost). For example, the
circuit overhead for an EDO DRAM device over that
of an FPM DRAM device was minimal, and the evo-
lutionary step required only a subtle change in pro-
tocol. However, owing to the convergence of factors
such as the push to attain higher device bandwidth
and more functionality from the DRAM device,
DRAM manufacturers and systems manufacturers
gathered through the joint Electron Device Engi-
neering Council (JEDEC) and collectively defined a
new DRAM device, the SDRAM device. Compared
to the EDO DRAM device that preceded it, the
SDRAM device contained many new features that
separated it distinctly from DRAM devices that pre-
ceded it. In this manner, the SDRAM device repre-
sents a break in the commodity path of the DRAM
family tree and separates the Modern-Commodity
DRAM devices from the Historical-Commodity
DRAM devices.

The SDRAM device proved to be a highly success-
ful DRAM device that proliferated into many differ-
ent applications. The SDRAM device also became the
basis for many different DRAM devices that followed
it. The device architecture of commodity DRAM
devices such as the Dual Data Rate (DDR) SDRAM,
the Dual Data Rate I (DDR2) SDRAM, and Dual Data
RateIll (DDR3) SDRAM is the direct descendant of the

SDRAM device architecture. The venerable SDRAM
device can also claim as its descendant, directly or
indirectly, DRAM devices such as the Graphics DDR
(GDDR) SDRAM, Graphics DDR2 (GDDR2) SDRAM,
Graphics DDR3 (GDDR3) SDRAM, Enhanced SDRAM
(ESDRAM), and Virtual Channel SDRAM (VCDRAM),
as well as Mobile SDRAM and Mobile DDR SDRAM.
In this section, the evolutionary development for
modern-commodity DRAM devices from SDRAM to
DDR3 SDRAM devices are described and examined
in detail.

12.3.1 Synchronous DRAM (SDRAM)

The SDRAM device is the first device in a line of
modern-commodity DRAM devices. The SDRAM
device represented a significant departure from
the DRAM devices that preceded it. In particular,
SDRAM devices differ from previous generations
of FPM and EDO DRAM devices in three signifi-
cant ways: the SDRAM device has a synchronous
device interface, all SDRAM devices contain mul-
tiple internal banks, and the SDRAM device is
programmable.

DRAM devices are controlled by memory control-
lers optimized for specific systems. In the case of FPM
and EDO DRAM devices used in modern computer
systems, the memory controller typically operated
at specific, fixed frequencies to interface with other
components of the system. The asynchronous nature
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FIGURE 12.9: Multiple column read command timing for a BEDO DRAM device.
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of FPM and EDO devices—that can, in theory, enable
different controller and system designs to aggressively
extract performance from different DRAM devices
with different timing parameters—was more of a
hindrance than an asset in the design of high volume
and relatively high-performance memory systems.
Consequently, computer manufacturers pushed to
place a synchronous interface on the DRAM device
that also operated at frequencies commonly found
in the computer systems of that era, resulting in the
SDRAM device.

In FPM and EDO DRAM devices, the RAS and CAS
signals from the memory controller directly control
latches internal to the DRAM device, and these signals
can arrive at the DRAM device's pins at any time. The
DRAM devices then respond to the RAS and CAS sig-
nals at the best possible speed that they are inherently
capable of. In SDRAM devices, the RAS and CAS sig-
nal names were retained for signals on the command
bus that transmits commands, but these specific sig-
nals no longer control latches that are internal to the
DRAM device. Rather, the signals deliver commands
on the command bus of the SDRAM device, and the
commands are only acted upon by the control logic of
the SDRAM device at the falling edge of the clock sig-
nal. In this manner, the operation of the state machine
in the DRAM device moved from the memory control-
ler into the DRAM device, enabling features such as
programmability and multi-bank operation.

The second feature that significantly differenti-
ated the SDRAM device from FPM and EDO devices
that preceded it was that the SDRAM device contained
multiple banks internally. The presence of multiple,
independent banks in each SDRAM device means that
while one bank is busy with a row activation command
or a precharge command, the memory controller can
send a row access command to initiate row activa-
tion in a different bank or can send a column access
command to a different open bank. The multi-bank
architecture of the SDRAM device means that multiple
memory requests can be pipelined to different banks
ofasingle SDRAM device. The first-generation 16-Mbit
SDRAM device contained only 2 banks of independent
DRAM arrays, but higher capacity SDRAM devices
contained 4 independent banks in each device.

The SDRAM device also contains additional func-
tionalities such as a column-access-and-precharge

command. These functionalities along with the
programmable state machine and multiple banks of
sense amplifiers mean that the SDRAM device con-
tains significant circuit overhead compared to FPM and
EDO DRAM devices of the same capacity and process
generation. However, since the circuit overhead was
relatively constant and independent of device capacity,
the die size overhead of the additional circuitry became
less of an issue with larger device capacities. Conse-
quently, the relatively low delta in manufacturing costs
in combination with demonstrable performance bene-
fits enabled 100-MHz, 64-Mbit SDRAM devices to take
over from FPM and EDO devices as the mainstream
commodity DRAM device.

Figure 12.10 shows a block diagram of an SDRAM
device. The figure shows that the SDRAM device,
unlike the FPM DRAM device in Figure 12.6, has 4
banks of DRAM arrays internally, each with its own
array of sense amplifiers. Similar to the FPM device,
the SDRAM device contains separate address registers
that are used to control dataflow on the SDRAM device.
In case of arow access command, the address from the
address register is forwarded to the row address latch
and decoder, and that address is used to activate the
selected wordline. Data is then discharged onto the bit-
lines, and the sense amplifiers array senses, amplifies,
and holds the data for subsequent column accesses. In
the case of a column read command, the data is sent
through multiple levels of multiplexors, then through
the I/0 gating structure out to the data bus, and even-
tually driven into the memory controller. In the case
of a column write command, the memory controller
places data on the data bus, and the SDRAM device
then latches the data in the data in register, drives the
data through the I/0 gating structure, and overwrites
data in the sense amplifier arrays; the sense amplifi-
ers, in turn, drive the new data values into the DRAM
cells through the open access transistors.

In an SDRAM device, commands are decoded on
the rising edge of the clock signal (CLK) if the chip-
select line (CS#) is active. The command is asserted
by the DRAM controller on the command bus, which
consists of the write enable (WE#), column access
(CAS#), and row access (RAS#) signal lines. Although
the signal lines have function-specific names, they
essentially form a command bus, allowing the SDRAM
devicetorecognize more commands without theuse of
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FIGURE 12.10: SDRAM device architecture with 4 banks.

additional signal lines. Table 12.1 shows the command
set of the SDRAM device and the signal combinations
on the command bus. The table shows that as long
as CS# is not selected, the SDRAM device ignores the
signals on the command bus. In the case where CS#
is active on the rising edge of the clock, the SDRAM
device then decodes the combination of control sig-
nals on the command bus. For example, the SDRAM
device recognizes that the combination of an active
low voltage value on RAS#, an interactive high voltage
value on CAS#, and an inactive high voltage value on
WE# as a row activation command and begins the row
activation process on the selected bank, using the row
address as provided on the address bus.

A different combination of signal values on the
command bus allows the SDRAM device toload in new
values for the mode register. That is, in the case where
CS#, RAS#, CAS#, and WE# are all active on the rising
edge of the clock signal, the SDRAM device decodes
the load mode register command and loads the mode
register from values presented on the address bus.

The third feature in an SDRAM device that differen-
tiatesitfrom previous DRAM devicesisthatthe SDRAM
device contains a programmable mode register, and
the behavior of the DRAM device depends on the val-
ues contained in the various fields of the mode reg-
ister. The presence of the mode register means that

the SDRAM device can exhibit different behaviors in
response to a given command. Specifically, the mode
register in an SDRAM device allows it to have pro-
grammable CAS latency, programmable burst length,
and programmable burst order.

Figure 12.11 shows that in an SDRAM device, the
mode register contains three fields: CAS latency, burst
type, and burst length. Depending on the value of
the CAS latency field in the mode register, the DRAM
device returns data two or three cycles after the
assertion of the column read command. The value
of the burst type determines the ordering of how the
SDRAM device returns data, and the burst length field
determines the number of columns that an SDRAM
device will return to the memory controller with a
single column read command. SDRAM devices can
be programmed to return 1, 2, 4, or 8 columns or an
entire row. Direct RDRAM devices and DDRx SDRAM
devices contain more mode registers that control an
ever-larger set of programmable operations, includ-
ing, but not limited to, different operating modes for
power conservation, electrical termination calibration
modes, self-test modes, and write recovery duration.

To execute a given command, the control logic
block on the SDRAM device accepts commands
sent on the command bus from the memory con-
troller. Then, depending on the type of command
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TasLe 12.1 Command definition on the SDRAM device
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FIGURE 12.11: Programmable mode register in an SDRAM device.
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and values contained in the respective fields of the
mode register, the SDRAM device performs specific
sequences of operations on successive clock cycles
without requiring clock-by-clock control from the
memory controller. For example, in the case of the
column-read-and-precharge command, the SDRAM
device accepts the command, and then, depending
on the value programmed into the mode register,
the SDRAM device begins to return data two or three
clock cycles after the command was asserted on the
command bus. The burst length and burst order of
the single column access command also depends on
the value programmed in the mode register. Then, the
SDRAM device automatically precharges the DRAM
bank after the column read command completes.

SDRAM-Access Protocol

Figure 12.12 illustrates some basic concepts of data
accessto an SDRAM memory system. The figure shows
a total of three commands: arow activation command
to bank i of rank n, followed by a column read access
command to the same bank, followed by another
column read access command to an open bank in a
different rank. Figure 12.12 shows that the interface
of the SDRAM memory system presents the memory
system as a synchronous state machine that responds
to commands issued from the memory controller.
Specifically, Figure 12.12 shows that a row activation
is started in an SDRAM device by the device latch-

ing the command and addresses on the rising edge
of the clock signal. The SDRAM device then decodes
the command and transitions the state machine on
the DRAM device that is appropriate to the specific
command received. In Figure 12.12, two cycles after
the row activation command, the row-column delay
time is satisfied, and the row is then assumed by the
memory controller to be open. The memory control-
ler then places the column read access command on
the command bus, and #cag time later, the SDRAM
device begins to return data from the just-opened row
to the memory controller. In Figure 12.12, the SDRAM
devices are programmed to return four consecutive
columns of data for each column access command, so
four consecutive columns of data are placed onto the
data bus by the DRAM device without further interac-
tion from the memory controller. Finally, Figure 12.12
subtly illustrates that the synchronous interface of
the SDRAM memory system is only a convenient illu-
sion. For the case of two column read commands to
different ranks, the change in the bus master of the
data bus on back-to-back clock cycles leads to some
minor uncertainty on the timing.

Die Photo and a TSOP Package

Figure 12.13 shows the die photograph of a 256-
Mbit SDRAM device from Micron. In the figure,
much of the surface area of the silicon die is domi-
nated by the regular structures of the DRAM arrays.
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FIGURE 12.12: A row activation, followed by a column access to rank n, followed by a column access to rank m.
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FIGURE 12.13: 256-Mbit SDRAM device from Micron. (Photo courtesy of Micron.)

14 Pwr/Gnd
16 Data
15 Addr

7 Cmd

1 Clk

1 NC

54 pin
TSOP

N AnAnnArnrnn

I

FIGURE 12.14: TSOP for an SDRAM device.

In this case, roughly 70% of the silicon surface is used
by the DRAM arrays, and the rest of the area is taken
up by I/0 pads, sense amplifiers, decoders, and the
minimal control logic. The SDRAM device shown in
Figure 12.13 is manufactured on a DRAM-optimized,
0.11-pm process with three layers of metal intercon-
nects and six layers of polysilicon. The die size of the
SDRAM device is approximately 45 mm?,

SDRAM devices are packaged in a low-cost Thin,
Small Outline Package (TSOP). Figure 12.14 shows
a 54-pin TSOP for an SDRAM device with a 16-bit-
wide data bus. In ax16 SDRAM device, 14 pins on the
54-pin TSOP are used for power and ground, 16 pins
are used for the data bus, 15 pins are used for the
address bus, 7 pins are used for the command bus,
and 1 pin is used for the clock signal.

PC100—The Proliferation of Extended, Rigorous

DRAM Standardization and Qualification Processes

In April 1998, Intel Corp. introduced a new sys-
tem controller that was the first controller to operate
the SDRAM memory system at 100 MHz. Prior to the
rollout of the 440BX AGPset, engineers at Intel discov-
ered that memory modules manufactured by differ-
ent module manufacturers, possibly utilizing different
DRAM devices from different manufacturers, may not
inter-operate in a seamless manner when placed into
the same SDRAM memory system despite the fact that
each module individually meets technical require-
ments for 100-MHz operation according to JEDEC stan-
dards specification. To ensure the success of the 440BX
system controller chipset and the associated Pentium
II processor platform, Intel Corp., in conjunction with
DRAM device, DRAM module, and system manu-
facturers, adopted a more stringent set of standards
for 100-MHz SDRAM memory. This set of stringent
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requirements for SDRAM memory to operate at 100
MHz was referred to as the PC100 standard.

The PC100 SDRAM standard ensured module
inter-operability by further decreasing the allowable
timing margins on the chip and module interface.
The decreased timing margins placed more strin-
gent requirements on SDRAM device and SDRAM
memory module manufacturers. In an effort to alle-
viate the demand placed on these manufacturers,
Intel began to provide reference designs of SDRAM
memory modules complete with bills of materials
that specified prequalified SDRAM parts, schemat-
ics that illustrated connection points on a memory
module, and Gerber files that specified the con-
nections within the PCB layers of a memory mod-
ule, as well as the values and placement of resistors
and capacitors on a memory module. The refer-
ence design approach reduced the burden placed
on memory module manufacturers and allowed the
PC100 standard to proliferate. Consequently, PC100
SDRAM memory modules quickly gained popularity
as end-users were assured of high performance and
trouble-free memory system configuration, regard-
less of configuration and manufacturer of the DRAM
device or modules.

Subsequent to the PC100 standardization effort,
Intel attempted to shift industry memory system
architecture to Direct RDRAM. Consequently, Intel

did not drive the 133-MHz PC133 standardiza-
tion effort. Nevertheless, the qualification path set
down by Intel to ensure compatibility between dif-
ferent manufacturers was used to drive subsequent
standard qualification efforts for faster SDRAM and
DDRx memory systems. Currently, the module stan-
dardization effort to ensure trouble-free inter-oper-
ability resides in a subcomittee within JEDEC.

12.3.2 Double Data Rate SDRAM (DDR SDRAM)

The Double Data Rate (DDR) Synchronous DRAM
device evolved from, and subsequently replaced, the
SDRAM device as the mainstream commodity DRAM
device. Consequently, DDR SDRAM device architec-
ture closely resembles SDRAM device architecture.
The primary difference between DDR SDRAM device
architecture and the SDRAM device architecture is
that the SDRAM device operates the data bus at the
same data rate as the address and command busses,
while the DDR SDRAM device operates the data bus at
twice the data rate of the address and command bus-
ses. The reason that the data bus of the DDR SDRAM
device operates at twice the data rate of the address
and command busses is that signal lines on the data
bus of the traditional SDRAM memory system topol-
ogy are more lightly loaded than signal lines on the
address and command busses. Figure 12.15 shows
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the general topology of the SDRAM memory system
where there are Nranks of DRAM devices in the mem-
ory system with M ranks of DRAM devices per rank. In
the topology shown in Figure 12.15, each pin on the
address and command bus may drive as many as N
* M loads, whereas the pins on the data bus are lim-
ited to the maximum of IV loads. Consequently, the
data bus can switch states at a much higher rate as
compared to the address and command busses. DDR
SDRAM devices are architected to take advantage of
the imbalance in loading characteristics and operate
the data bus at twice the data rate as the command
and address busses.

DDR SDRAM-Access Protocol

Figure 12.16illustratesbasicconcepts of dataaccess
to a DDR SDRAM memory system. A total of three
commands are shown: a row activation command to
bank i of rank n, followed by a column read access
command to the same bank, followed by another
column read access command to an open bank in a
different rank. Figure 12.16 shows that data transfer
occurs at twice the rate on the data bus as compared
to the address and command bus. Figure 12.16 also
shows that the DDR SDRAM memory system uses the

data strobe signal (DQS), a signal not found in previ-
ous-generation SDRAM devices, to provide a source-
synchronous timing reference signal between the
source and the destination. In DDR SDRAM devices,
the DQS signal is controlled by the device that sends
the data on the data bus. In the case of a read com-
mand, the DQS signal is used by the DRAM device
to indicate the timing of read data delivery to the
memory controller. In the case of a write command,
the DQS signal is used by the memory controller to
indicate the timing of write data delivery from the
memory controller to the DRAM device.

The timing diagram in Figure 12.16 shows a one-
cycle bubble between data bursts from different
ranks of DRAM devices. The one-cycle bubble exists
because the DQS signal is a shared signal used by all
data sources in the memory system. Consequently,
one idle cycle is needed for one bus master to hand
off control of the DQS signal line to another bus mas-
ter, and the one-cycle bubble appears on the data bus
as a natural result.

DDR SDRAM I/O Interface

Figure 12.17 presents a block diagram view of the
DDR SDRAM device I/0 interface. As Figure 12.16
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FIGURE 12.16: Accessing data in a DDR SDRAM memory system.
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illustrates, DDR SDRAM memory systems trans-
fer data on both edges of the DQS strobe signal.
However, despite the increase in the rate of data
transfer on the device interface, the rate of internal
data transfer in the DDR SDRAM device is not simi-
larly increased. Instead, in DDR SDRAM devices, the
rate of data transfer is internally halved so that data
movement occurs internally at twice the width, but
half the rate of the device interface. DRAM device
manufacturers have adopted the terminology of
M-bit prefetch to describe the data rate multiplica-
tion architecture, where M represents the multipli-
cation factor between the DRAM device’s internal
width of data movement and the width of the data
bus on the device interface. In this nomenclature,
DDR SDRAM devices are said to have a 2-bit prefetch
architecture where 2 * N bits are moved internally
at rate Y, but the DDR SDRAM device provides an
N-bit-wide interface to the memory system that
moves data at rate 2 * Y.

Aside from the difference in the 1I/0 interface of
the DRAM device, DDR SDRAM device architecture
is otherwise identical to SDRAM device architecture.
Consequently, some DRAM manufacturers created
unified designs that can be bonded out as a DDR
SDRAM device of data width X or an SDRAM device of

data width 2 * X. These unified designs allowed these
manufacturers to quickly shift wafer allocations to
meet shifting market demands. However, these unified
designs typically cost several percentage points of die
overhead, so their use was limited to the transitional
period between SDRAM and DDR SDRAM devices.

Series Stub Terminated Signaling Protocol

Aside from the changes to the I/O architecture
of the DRAM device, the signaling protocol used
by the DDR SDRAM device also differed from the
signaling protocol used by the SDRAM device. The
signaling protocol used in DDR SDRAM devices
had to meet two conditions: better signal integ-
rity to achieve the higher data rate and a signaling
protocol that would still permit the DRAM device
core and the DRAM device interface to share a com-
mon, yet lower voltage level. The 2.5-V Series Stub
Terminated Logic (SSTL-2) signaling protocol met
the requirement for DRAM manufacturers to simul-
taneously achieve the higher signaling rates found
in DDR SDRAM memory systems and to lower
the device voltage from the 3.3 V used by SDRAM
devices to 2.5 V. Consequently, SSTL-2 is used in all
DDR SDRAM devices.
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Figure 12.18 illustrates the idealized signal input
and output characteristics for an SSTL-2 inverter. The
figure shows that SSTL-2 differs from Low-Voltage
Transistor-Transistor Logic (IVITL) in that SSTL-2
uses a common reference voltage V¢ to differentiate
between a logically high voltage state and a logically
low voltage state. The use of the common voltage
reference enables SSTL-2 devices to enjoy better
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FIGURE 12.18: SSTL-2 signaling in DDR SDRAM devices.

voltage margins than LVTTL, despite the decrease in
the overall voltage range from 3.3 t0 2.5 V.

12.3.3 DDR2 SDRAM

In the search for an evolutionary replacement to
the DDR SDRAM device as the commodity DRAM
device of choice, DRAM device manufacturers
sought to achieve higher device data rates and lower
power dissipation characteristics without substan-
tially increasing the complexity, which translates
to higher manufacturing cost, of the DRAM device.
The DDR2 SDRAM device architecture was devel-
oped by a consortium of DRAM device and system
manufacturers at JEDEC to meet these stringent
requirements. The DDR2 SDRAM device was able to
meet the requirement of a higher data transfer rate
without substantially increasing the manufacturing
cost of the DRAM device by further increasing the
prefetch length, from 2 bits in DDR SDRAM device
architecture to 4 bits. In the M-bit prefetch nomen-
clature, DDR2 SDRAM devices move 4 * N bits inter-
nally at rate Y, but provide an N-bit-wide interface to
the memory system that moves data at a rate of 4 * Y.
Figure 12.19 presents a block diagram view of the
DDR2 SDRAM device 1/0 interface. The figure shows
that DDR2 SDRAM devices further double the inter-
nal datapath of the DRAM device compared to that of
a comparable DDR SDRAM device.
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FIGURE 12.19: DDR2 SDRAM device 1/0 interface.
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Figure 12.19 also shows another subtle difference
between DDR and DDR2 SDRAM devices. The I/0
interface of the DDR2 SDRAM device has an addi-
tional signal to control the termination characteris-
tic of the input pin. The On-Die Termination (ODT)
signal can be controlled by a DDR2 SDRAM memory
controller to dynamically adjust the electrical char-
acteristics of the memory system, depending on the
configuration of the specific memory system.

12.3.4 Protocol and Architectural Differences

The evolutionary relationship between DDR
SDRAM and DDR2 SDRAM device architectures
means that the two devices architectures are substan-
tially similar to each other. However, there are subtle
architectural and protocol differences that separate
the DDR2 SDRAM device from the DDR SDRAM
device. For example, DDR2 SDRAM devices can sup-
port posted CAS commands, and DDR2 devices now
mandate a delay between the column write com-
mand and data from the memory controller.

Figure 12.20 illustrates two pipelined transactions
to different banks in a DDR2 SDRAM device. The figure
shows that the DDR2 SDRAM device is programmable
to the extent thatit can hold a column access command

for a certain number of cycles before it executes the
command. The posted CAS command feature allows a
DDR2 SDRAM memory controller to treat a row acti-
vation command and a column access command as
a unitary command pair to be issued in consecutive
cycles rather than two separate commands that must
be controlled and timed separately. In Figure 12.20,
the additional hold time for the CAS command is three
cycles, and it is labelled as f5;, for Additional Latency.
Figure 12.20 also shows that the DDR2 SDRAM device
now requires a write delay that is equivalent to tcag—1
number of cycles. With the addition of £3;, column read
command timing can be simply referred to as Read
Latency, or fgy, and column write command timing
can be simply referred to as Write Latency, or fyy.

Differential Strobes and FBGA Packages

In addition to dynamic termination control, DDR2
SDRAM device architecture also contains other fea-
tures that differentiate it from DDR SDRAM device
architecture. For example, DDR2 SDRAM devices can
optionally support a differential DQS signal, while
DDR SDRAM devices only support a single ended
DQS signal. The differential DQS signal enables the
DDR2 SDRAM device to bolster the signal integrity
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FIGURE 12.20: A posted column read command and a posted column write command in a DDR2 SDRAM system.
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FIGURE 12.21: A DDR SDRAM device in a TSOP and a DDR2 SDRAM device in an FBGA package. (Photos courtesy of Micron.)

of the reference strobe, thus enabling it to operate at
higher data rates. In addition to illustrating the pro-
gression of the posted column read and posted col-
umn write commands, Figure 12.20 also shows that
data for column read commands, sent by the DRAM
devices, is edge-aligned to the data strobe signal,
while data for column write commands, sent by the
DRAM controller, is center-aligned to the DQS and
DQS# data strobe signals.?

Finally, Figure 12.21 shows a DDR SDRAM device
in a TSOP and a DDR2 SDRAM device in a Fine Ball
Grid Array (FGBA) package. FBGA packaging is more
expensive than TSOP, but the ball grid contacts pres-
ent less electrical parasitics for the signal transmis-
sion line. Consequently, FBGA packaging is required
for the higher datarate DDR2 devices, while it remains
optional for DDR SDRAM devices.

12.3.5 DDR3 SDRAM

Having learned many lessons in the evolutionary
development of DDR and DDR2 SDRAM devices,
DRAM device and systems manufacturers have

continued on the path of further increasing DRAM
device prefetch lengths to enable higher device
data rates in the next-generation commodity DRAM
device—DDR3 SDRAM. The DDR3 SDRAM device
continues the technique of increasing prefetch
lengths and employs a prefetch length of 8. Con-
sequently, DDR3 SDRAM devices are expected to
attain data rates that range between 800 Mbps per
pin to 1.6 Gbps per pin, doubling the range of 400 to
800 Mbps per pin for DDR2 SDRAM devices.?

DDR3 SDRAM devices also contain additional
enhancements not found in DDR2 SDRAM devices. For
example, DDR3 SDRAM devices of all capacities have
atleast 8 banks of independent DRAM arrays, while the
8-bank architecture is limited to DDR2 devices with
capacities of 1 Gbit or larger. DDR3 SDRAM devices will
also have two features that may enable them to reduce
refresh power consumption. One optional feature that
will enable DDR3 SDRAM devices to reduce refresh
power consumption is a temperature-dependent self-
refresh mode. In this self-refresh mode, the rate of
refresh and current of the self-refresh circuitry will be
adjusted automatically by the DDR3 device, depending

2Read data in SDRAM devices is edge-aligned to the clock signal, while write data is center-aligned to the clock signal. The
data timing described herein for DDR2 is similar for DDR, DDR2, and DDR3 SDRAM devices.
3At the time of the writing of this text, discussions are underway to extend the range of DDR3 data rate past 2 Gbps.
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FIGURE 12.22: Commodity DRAM device timing and data rate scaling trends.

on the temperature of the device. The second feature
that will enable DDR3 devices to reduce refresh power
is that a DDR3 device can be programmed to refresh
only a subset of the rows that contain data, rather than
all of the rows once per fresh loop.* These features,
in combination with the lower 1.5 V supply voltage,
enable DDR3 devices to consume less power per unit
of storage or unit of bandwidth.

Unfortunately, the high data transfer rate of DDR3
SDRAM devices requires significant trade-off in
memory system configuration flexibility, a trade-off
that will limit the utility of the device in unbuffered
memory systems. To reach the high data rate of DDR3
SDRAM devices, DRAM device and system manufac-
turers have imposed the limit of two ranks of DRAM
devices in a memory system, and the two ranks of
DRAM devices are assumed to be located close to
each other. Consequently, computer system manu-
facturers will not be able to design and market com-
puters with traditional, unbuffered memory systems
that still allow end-users to flexibly configure the
capacity of the memory system as could be done with
DDR and DDR2 SDRAM memory systems.

“Partial array refresh is also present in DDR2 SDRAM devices.

12.3.6 Scaling Trends of Modern-Commodity
DRAM Devices

In the decade since the definition of the SDRAM
standard, SDRAM devices and their descendants
have continued on a general scaling trend of expo-
nentially higher data rates and slowly decreasing tim-
ing parameter values for each generation of DRAM
devices, Table 12.2 contains a summary of timing
parameter values for selected SDRAM, DDR SDRAM,
and DDR2 SDRAM devices. Table 12.2 shows that
fundamental device operation latencies in terms of
wall clock time have gradually decreased with suc-
cessive generations, of DRAM devices, while DRAM
device data rates have increased at a much higher
rate. Consequently, DRAM device operation latencies
have, in general, increased in terms of cycles, despite
the fact that the latency values in nanoseconds have
decreased in general.

Figure 12.22 shows the scaling trends of commod-
ity DRAM devices from 1998 to 2006. In the time
period illustrated in Figure 12.22, random row cycle
times in commodity DRAM devices decreased on
the order of 7% per year. In contrast, the data rate of
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TasLe 12.3 Quick summary of SDRAM and DDRx SDRAM devices

Supply voltage
Signaling
‘Bank count

Prefetch length

Internal

Dataraterange

x4

datapath

width

%8
%16

33V
LVTTL
4b
66~133
.
.
8
B

258y
SSTL-2
L
200~400
2

8

16

32

1.8V
SSTL-18
4C

 400~800

4
16
32
64

15V

SSTL-15
8

800~1600
8

82

64

2400-Mbps DDR SDRAM standard voltage set at 2.6 V.

b16-Mbit density SDRAM devices only have 2 banks in each device.
€256- and 512-Mbit devices have 4 banks; 1-, 2-, and 4-Gbit DDR2 SDRAM devices have 8 banks in each device.

commodity DRAM devices doubled every three years.
Consequently, the relatively constant row cycle times
and rapidly increasing data rates mean that longer
requests or a larger number of requests must be kept
in flight by the DRAM memory controller to sustain
high bandwidth utilization.

Figure 12.22 also shows an anomaly in that the
refresh cycle time tzpc has increased rather than
decreased in successive generations of DRAM
devices, unlike the scaling trends for other tim-
ing parameters. Although the fgpc values reported
in Table 12.2 are technically correct, the illustrated
trend is somewhat misleading. That is, frpc increased
for the DDR2 devices examined over that for the DDR
SDRAM devices due to the fact that the DDR SDRAM
devices examined in Table 12.2 are 512-Mbit devices,
whereas the DDR2 SDRAM devices examined in
Table 12.2 are 1-Gbit devices. In this case, the larger
capacity means that a larger number of cells must be
refreshed, and the 1-Gbit DDR2 DRAM device must
take longer to perform a refresh command or draw
more current to refresh twice the number of DRAM
storage bits in the same amount of time as the 512-
Mbit DDR SDRAM device. Table 12.2 shows that
DRAM manufacturers have, in general, chosen to
increase the refresh cycle time fzpc, rather than sig-
nificantly increase the current draw needed to per-
form a refresh command. Consequently, the refresh

cycle time fzpc has not decreased in successive gen-
erations of DRAM devices when the general trend of
increasing capacity in each generation is taken into
account.

Table 12.3 contains a summary of modern-
commodity SDRAM devices, showing the general
trends of lower supply voltages to the devices and
higher operating data rates. Table 12.3 also summa-
rizes the effect of the increasing prefetch length in
SDRAM, DDR SDRAM, DDR2 SDRAM, and DDR3
SDRAM devices. Table 12.3 shows the worrying trend
that the increasing data rate of commodity DRAM
devices has been achieved at the expense of increas-
ing granularity of data movement. That is, in a X4
SDRAM device, the smallest unit of data movement
is a single column of 4 bits. With increasing prefetch
length, the smallest unit of data movement has also
increased proportionally. The increasing granularity
of data movement means that the commodity DRAM
system is losing randomness of data access, and the
higher device bandwidth is achieved only by stream-
ing data from spatially adjacent address locations.
The situation is being compounded with the fact
that X8 DRAM devices are far outselling X4 DRAM
devices, and X4 DRAM devices are only being used
in memory systems that require maximum capacity.
Consequently, X4 DRAM devices are now selling at a
price premium over X8 and X 16 DRAM devices.
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Thelarger granularity of datamovementhasserious
implications in terms of random access performance
as well as memory system reliability. For example, in
a DDR2 SDRAM memory system, the loss of a single
device will take out 16 bits of data in a X4 device and
32 bits of data in a X8 device. Consequently, a mini-
mum data bus width of 144 bits is needed, in combi-
nation with sophisticated error correction hardware
circuitry to cover for the loss of 16 bits of data in a X4
device and 32 bits of data in a X8 device.

12.4 High Bandwidth Path

In 1990, the 80386 processor was the dominant
desktop processor, and memory bandwidth was not
a limiting issue as it is in more modern memory sys-
tems. However, in that same year, Rambus Corp. was
founded with a focus to design high-speed chip inter-
faces, specifically memory system interfaces. Rambus
Corp.’s focus on high-speed signaling technology led
it to design high bandwidth memory interfaces and
systems that differ radically from commodity DRAM
memory systems in terms of signaling protocol, sys-
tem topology, device architecture, and access pro-
tocol. As a result of its singular focus on high device
and system bandwidth, the high bandwidth path of
DRAM device architecture evolution is dominated by
memory systems developed by Rambus Corp.

In the years since its founding, Rambus Corp. has
had various levels of contribution and involvement in
different memory systems. However, two high band-
width memory systems are often cited when Rambus
technology is brought up for discussion: the Direct
Rambus Dynamic Random-Access Memory (Direct
RDRAM) memory system and the Extreme Data Rate
(XDR) memory system. In this section, the unique
features of these two memory systems are singled out
for examination.

12.4.1 Direct RDRAM

The Direct RDRAM device and system architectures
are radically different from the conventional, com-
modity DRAM device and system architectures. In this
section, we begin with the fundamental difference

between the Direct RDRAM memory system and the
commodity, cost-focused DRAM memory systems by
starting with an examination of the high-speed sig-
naling technology developed by Rambus, the Rambus
Signaling Level (RSL) signaling protocol. RSL enabled
Rambus Corp. to design high-speed DRAM device
interfaces. However, the relatively slow DRAM cir-
cuits designed for use in low-cost commodity DRAM
devices mean that the high-speed RSL signaling pro-
tocol must be coupled with suitable device and system
architectures to attain high values of practical, sustain-
able bandwidth. In the following sections, the signaling
technology, system architecture, device architecture,
and access protocol of the Direct RDRAM memory
system are systematically examined. The systematic
examination of the Direct RDRAM memory system
architecture begins with an examination of RSL.

The Rambus Signa|ing Level (RSL)

TheRSLwas Rambus’ first signaling technology. RSL
was designed as a high-speed, singled-ended, multi-
drop, bidirectional bus signaling technology. RSL is
designed as a signaling technology that can support a
variable number of loads on the same bus—between
1 and 32 DRAM devices can be connected to the same
bus. RSL debuted with data rates of 500 Mbps and
reached over 1.2 Gbps in various configurations.

Figure 12.23 shows that the RSLis defined to swing
between 1.0 and 1.8 V. RSL is designed to operate as
a high-speed signaling system that makes use of cur-
rent mode output drivers with carefully controlled
slew rates to deliver low-voltage signals across trans-
missions lines with carefully controlled impedance
characteristics.

Memory System Architecture

The system architecture of the Direct RDRAM
memory system differs dramatically from system
architectures of SDRAM and DDRx SDRAM mem-
ory systems. The key elements of the Direct RDRAM
memory system architecture that differentiate it from
SDRAM and DDRx SDRAM memory system archi-
tectures are path-matched address, command and
data bus topology, separate row and column address
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FIGURE 12.23: Direct RDRAM signaling: Rambus signaling levels.

channels with encoded command packets, separate
data channel, multiple cycle, packet-based com-
mand and address assertion from memory controller
to memory device, and the absence of a critical word
forwarding data burst.

The system architecture of the Direct RDRAM
memory system was designed to sustain high pin-
bandwidth regardless of the number of DRAM
devices in the memory system. The motivation for
this design decision is that it allows for a high degree
of performance scalability with multiple channels of
memory, regardless of the number of DRAM devices
per channel. In theory, an embedded system with a
single channel memory system with a single DRAM
device in the memory system can enjoy as much pin-
bandwidth as a server system with multiple chan-
nels of memory and fully populated with 32 devices
per channel. Unlike high data rate DDR2 and DDR3
memory systems that rely on multiple ranks of DRAM
devices to collectively provide sufficient bandwidth
to saturate the channel, a single-rank Direct RDRAM
memory system can provide as much bandwidth as a
multi-rank Direct RDRAM memory system.

Device Architecture

Figure 12.24 illustrates the device organization of
a 288-Mbit Direct RDRAM device with 32 interleaved
and dependent (32d) banks internally. The Direct
RDRAM device can be architected to contain differ-
ent numbers of banks. The organization illustrated

in Figure 12.24 contains 32 dependent banks.’ In the
32d Direct RDRAM device architecture, each bank is
split into two halves, an upper half bank and a lower
half bank, and adjacent banks share common sets
of sense amplifiers. That is, the lower half of bank i
shares the same set of sense amplifiers with the upper
halfof bank i + 1. Consequently, adjacent banks i and
i + 1 cannot both be open at the same time.

One difference between Direct RDRAM memory
systems versus SDRAM and DDRx SDRAM mem-
ory systems is that SDRAM and DDRx SDRAM
memory systems rely on wide data busses with a
non-power-of-two number of devices in parallel
to provide the requisite number of data and check
bits for error detection and correction. In contrast,
a single Direct RDRAM device may form the entire
data bus width of a Direct RDRAM memory system.
Consequently, different versions of Direct RDRAM
devices are used in different Direct RDRAM mem-
ory systems. Direct RDRAM memory systems that
do not require error correction use Direct RDRAM
devices with a 16-bit-wide data bus, and Direct
RDRAM memory systems that require error correc-
tion use Direct RDRAM devices with an 18-bit-wide
data bus. Figure 12.24 illustrates a Direct RDRAM
device with an 18-bit-wide data bus. The figure
shows that the 18-bit-wide data bus is organized as
two separate 9-bit-wide data busses.

Unlike SDRAM and DDRx SDRAM devices where a
given command and the associated address are sent
in a single clock cycle, Direct RDRAM devices encode

5A 4 independent (4i) banks per device architecture was promoted as a cost reduction initiative for desktop systems that
are typically configured with multiple DRAM systems on a given RIMM. However the initiative did not gain traction, and
the 32d device architecture was the primary device architecture at the 256-/288-Mbit device node.
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the command and address into a multi-cycle packet
that must be buffered, de-multiplexed, and decoded
by the Direct RDRAM device. In the case of a column
read command, a read command packet (40 bits in
size) is sent over the 5-bit-wide COL[4:0] column
command bus on both the rising edge and the falling
edge of the clock-from-master (CFM) clock signal. The
40-bit-wide packet is received and decoded by the
Direct RDRAM device into COLX, COLC, and COLM
command and address fields. The Direct RDRAM
device then moves the requested data from the array
of sense amplifiers through the 8:1 multiplexor onto
the data bus. In this manner, the data prefetch archi-
tecture of Direct RDRAM devices is very similar to the
internal device architecture of DDR3 SDRAM devices.
However, unlike DDR3 SDRAM devices, Direct
RDRAM devices do not support burst reordering to
send the critical word first.

Topology

To take advantage of the high-speed signaling sys-
tem, Rambus designed a new system topology for
Direct RDRAM. Figure 12.25 shows that each Direct
RDRAM device appears on a Direct DRAM channel as
a single load. Figure 12.25 presents a topological view
of the Direct RDRAM memory system with the mem-
ory controller connected to two memory modules,
and each module contains four memory devices. The
memory module for the Direct RDRAM memory sys-
tem is referred to as a Rambus In-line Memory Module
(RIMM) by Rambus. Each memory device illustrated
in the Direct RDRAM memory system in Figure 12.25

DRDRAM
Memory
controller

16 bit wide data bus

presents a 16-bit-wide data interface to the data bus.
In Figure 12.25, all of the Direct RDRAM devices are
connected on the same channel with a 16-bit-wide
data bus. In essence, each Direct RDRAM device is a
single rank of memory in a Direct RDRAM memory
system.

In a Direct RDRAM memory system, the clock-
from-master signal, the clock-to-master signal, the
column address and command bus, the row address
and command bus, and the two 8-bit-wide data
busses are routed in parallel. Unlike the mesh topol-
ogy of the SDRAM and the DDRx SDRAM memory
systems, the topology of the Direct RDRAM mem-
ory system allows all of the signal interfaces of the
DRAM device to operate with minimal skew rela-
tive to the system clock signals. The Direct RDRAM
memory system uses a scheme where the clock sig-
nals propagate alongside data signals to minimize
timing skew between clock and data. The mini-
mal clock-data timing skew means that the Direct
RDRAM memory system can avoid the insertion of
idles in the protocol to account for timing uncer-
tainties and achieve high bandwidth efficiency. The
arrangement of the memory device in the Direct
RDRAM memory system also means that with more
devices, the bus turnaround time increases and
results in longer memory latency.

Access Protocol

The memory-access protocol of the Direct RDRAM
memory system is quite different from access proto-
cols of traditional memory systems such as SDRAM,

Direct
RDRAM
device

Address and command

clock from master

clock to master

FIGURE 12.25: Direct RDRAM system topology.
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DDR SDRAM, and DDR2 SDRAM memory systems. As
a consequence of the matched topology of the clock,
data, and command and address busses, the Direct
RDRAM memory controller encodes all commands
and addresses into packets® and transmits them in 8
half cycles,” a period of time called an octcycle, from
the controller to the DRAM device. In the case of row
commands, the Direct RDRAM controller encodes
the row address and access commands into row
access command packets that are 24 bits in length
and transports the 24-bit-long packets from the con-
troller to a Direct RDRAM device over 3 signal wires in
8 half cycles. In the case of column access commands,
the Direct RDRAM controller encodes the column
addresses and column access commands into pack-
ets that are 40 bits in length for transport to a Direct
RDRAM device over 5 signal wires in 8 half cycles.
The Direct RDRAM memory system transports
data in a manner that is similar to the command
transport mechanism. In the case of a column read
command, 128 bits of data are transported from a
single Direct RDRAM device over 16 signal wires
in 8 half cycles to the memory controller. The tim-
ing of a memory read command in a Direct RDRAM
memory system is illustrated in three separate steps
in Figure 12.26. The figure shows that the Direct
RDRAM memory controller first packs and encodes
a row activation command and then transmits the
packed row activation command over the span of

four clock cycles in step 1. The packed column access
command is then transmitted to the Direct RDRAM
device in step 2. Finally, in step 3, data is returned
to the controller by a given Direct RDRAM device
(device 0 in Figure 12.26) in over 8 half cycles. The
128 bits, or 16 bytes, of data are also referred to as a
dualoct by Rambus.

One interesting detail about the Direct RDRAM
memory-access protocol illustrated in Figure 12.26
is that the Direct RDRAM controller began to trans-
mit the column read command almost immediately
after the row access command, before fzcp timing
had been satisfied. The reason that the transmis-
sion of the column read command can begin almost
immediately after the transmission of the row access
command is that each command packet must be buff-
ered, decoded, and then executed by the addressed
Direct RDRAM device. Consequently, the column
access command shown as step 2 in Figure 12.26 is
not decoded until the transmission of the command
has been completed and the entire packet has been
received by the Direct RDRAM device. The optimal
timing to minimize delay is then to coincide the row-
activation-to-column-access delay with the end of
the column access packet as shown in Figure 12.26.

The Direct RDRAM memory system is designed to
sustain high bandwidth throughput, and the Direct
RDRAM memory-access protocol allows a large com-
bination of different memory-access commands to be

Row Command

Col Command

}
|
|
]
]

A ®/" DRDRAM | | DRDRAM
B B B B

T T T T @' device #0 device #1
FTTTTTT IMemory )

i Controller<-/' t t .
XW Data bus

I Il ] I}
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I
LI |
I

|
Data Bus T 1
[ T I A
row activation trCp feac
command (RASto CAS (CAS access
delay) delay)

I
@ Activation command asserted to DRAM device
@ Column Access command sent to DRAM device
@ Data (dualoct) returned by DRAM device

data packet

FIGURE 12.26: A row activation command followed by a column read command in a Direct RDRAM system.

6The command and address packets are not network packets with a header and payload. Rather, these packets are simply
multi-cycle, fixed-duration, predefined format, command and address data sent by the controller to the DRAM device.
"The Direct RDRAM memory system sends and receives data, commands, and addresses on each edge of a clock signal.
Consequently, in the Direct RDRAM memory system, the time period of 8 half cycles is equal to 4 full clock cycles.
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issued by the memory controller consecutively with-
out the need for idle cycles. Figure 12.27 illustrates
the full utilization of the data bus by showing three
consecutive column read commands that return data
to the memory controller without the presence of any
idle cycles between data packets on the data bus. Fig-
ure 12.27 shows two consecutive column read com-
mands to device #0, followed by a third command
sent to device #1. The figure then shows the return of
data by the memory devices after the appropriate CAS
delay. In theory, no idle cycles are needed in between

column read commands, since the data transmis-
sion on the data bus is synchronized by the common
clock-to-master signal, even in the case where the
column read commands are sent to different Direct
RDRAM devices in the Direct RDRAM channel.?

The Write-to-Read Turnaround Issue

Figure 12.28 illustrates the problematic case of a
column read command that follows a column write
command in commodity DRAM devices such as a

DRDRAM DRDRAM

device #0 device #1
Memory

=91 oo/}
Controller] .

fcac
(CAS access delay)

@ Column Access command sent to DRAM device #0
® Column Access command sent to DRAM device #0
® Column Access command sent to DRAM device #1

[ Data bus
®

data packet data packet data packet

@ Data packet returned by DRAM device #0
(® Data packet returned by DRAM device #0
® Data packet returned by DRAM device #1

FIGURE 12.27: A row activation command followed by a column read command in a Direct RDRAM system.
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FIGURE 12.28: 1/0 gating sharing problem for read following write to same rank of DRAM devices—commodity DDRx SDRAM.

8In theory, although no idle cycles are needed in between any two column read commands to open pages in a Direct
RDRAM memory system, idle cycles are sometimes inserted into Direct RDRAM memory systems between column access
commands to reduce the activity rate of the Direct RDRAM device and to reduce the peak power dissipation of Direct

RDRAM memory systems and Direct RDRAM devices.
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DDR SDRAM device. The figure illustrates that despite
the existence of separate read and write FIF buffers
and drivers, both read data and write data must share
the use of internal and external data busses through
the I/0 gating structure. The sharing of the data bus-
~ ses means that write data must be driven into and
through the internal data busses to the selected bank
of sense amplifiers before data for a subsequent read
command to the same device can be placed onto the
internal data bus. The bottleneck of the internal data
bus leads directly to long write-to-read turnaround
times in high data rate DRAM devices.

Write Buffer in Direct RDRAM Devices

To reduce the long write-read turnaround
time in high data rate DRAM devices, Rambus
designed Direct RDRAM devices and XDR DRAM
devices with specialized structures to alleviate the
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write-to-read turnaround problem. The solution to
the write-to-read turnaround problem implemented
in the Direct RDRAM device is through the use of a
write buffer. The existence of the write buffer in the
Direct RDRAM device means that as soon as data is
written into the write buffers, the I/0 gating resource
can be used by a subsequent column read com-
mand. Figure 12.29 illustrates the sequence of three
column access commands to a Direct RDRAM device:
a column write command followed by a column read
command that is, in turn, followed by a retire com-
mand. Figure 12.29 illustrates that the write-to-read
turnaround time is significantly reduced through the
use of the write buffer. Essentially, actions typically
performed by column write commands are separated
into a write-into-write-buffer command and a retire-
from-write-buffer-into-sense-amplifier command.
The separation of the column write command
enables a subsequent read command to be issued

Write Read Retire

ColurmCrrd_ 00000

Data Bus

time

FIGURE 12.29: A write-to-read-to-retire command sequence in a Direct RDRAM device.
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immediately after a column write command since
the column write command does not have to imme-
diately drive the data through the internal datapath
and into the sense amplifiers.

The use of the write buffer by the Direct RDRAM
device has several implications from the perspective
of the memory-access protocol. First, a column write
command places write data temporarily in the write
buffer, butaddresses of subsequent columnread com-
mands are not checked against addresses of pending
data in the write buffer by the Direct RDRAM device.
The interesting result is that a column read command
that immediately follows a column write command
to the exact same location in a Direct RDRAM device
will read stale data from the sense amplifiers while
the most recent data is held in the write buffers. The
use of the write buffer by the Direct RDRAM device
thus requires the memory controller to keep track of
the addresses of column write commands that have
not yet been retired from the write buffer to enforce
memory consistency.

The use of write buffers to alleviate the write-to-
read turnaround time directly increases the com-
plexity of the DRAM device as well as the complexity
of the DRAM memory controller. In the case of the
DRAM device, die area devoted to the write buf-
fer increases the die cost of the DRAM device. From
the perspective of the memory-access protocol, the
memory controller has to manage a new retire-write-
data command, further increasing its complexity.

12.4.2 Technical and Pseudo-Technical Issues
of Direct RDORAM

In the late 1990s, the Direct RDRAM memory sys-
tem was chosen by Intel Corp. as the next-genera-
tion memory system that would replace the 100-MHz
SDRAM memory system. However, due to a number
of issues, Direct RDRAM memory systems failed to
gain market acceptance and did not replace SDRAM
as the mainstream memory system. Instead, a more
moderate evolutionary path of DDRx SDRAM mem-
ory systems replaced the SDRAM memory system.
The issues that prevented Direct RDRAM memory
systems from gaining market acceptance consisted
of a number of technical issues that were primarily

engineering trade-offs and a number of non-technical
issues that were related to the licensing of the Direct
RDRAM memory system by Rambus Corp. to DRAM
device manufacturers and system design houses.
In this chapter, the focus is placed on the techni-
cal issues rather than the business decisions that
impacted the failure of the Direct RDRAM memory
system to achieve commodity status. Moreover, the
challenges faced by Direct RDRAM memory systems
in attempting a revolutionary break from the com-
modity SDRAM memory system are quite interesting
from the perspective that future memory systems that
attempt similar revolutionary breaks will have to over-
come similar challenges faced by the Direct RDRAM
memory system. Consequently, the engineering
trade-offs that increased the cost of implementation
or reduced the performance advantage of the Direct
RDRAM memory systems are examined in detail.

Die Size Overhead

In practical terms, the Direct RDRAM memory sys-
tem increased memory device complexity to obtain
higher pin-bandwidth and increased data transport
efficiency. For example, the baseline Direct RDRAM
device contained 16 or 32 dependent banks, requir-
ing separate bank control circuitry and arrays of sense
amplifiers. Each Direct DRAM device also contained
circuitry to carefully manage the electrical character-
istics of the Direct RDRAM device. The high-speed RSL
signaling interface further required separate I/0O volt-
agerings for the Direct RDRAM device. Collectively, the
sophisticated architectural features and electrical con-
trol circuitry added significantly to the die cost. Con-
sequently, Direct RDRAM devices were approximately
20~30% larger than SDRAM devices at the 64-Mbit
node. This die size overhead resulted from a combina-
tion of the required circuit overhead and the fact that
these first-generation devices were designed for speed
rather than die size. Fortunately, the circuit overhead
of Direct RDRAM devices was relatively constant in
terms of the number of transistors. Consequently,
the die size overhead of Direct RDRAM devices, as
a percentage of die area, decreases with increasing
DRAM device capacity. At the 128-Mbit density node,
Toshiba produced an SDRAM device with a die size of
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91.7 mm?, while its Direct RDRAM device on the same
process had a die size of 103 mm?, making the die
size overhead 12% for Toshiba at the 128-Mbit node.
The die size overhead for Direct RDRAM devices was
expected to drop below 10% for the 256-Mbit density
node and decrease further at higher density nodes.

Sophisticated System Engineering Requirement

The high system-level signaling rates of the Direct
RDRAM memory system required careful control and
understanding of the electrical characteristics of the
memory controller I/0 interface, the system board,
the memory modules, and the DRAM device package
and 1/0 interface. Analogously, the issues in imple-
menting Direct RDRAM memory Systems were simi-
lar to the issues that necessitated the PC100 standard,
and the solutions were similar: significant amounts
of engineering resources had to be devoted to design
a high data rate memory system. Consequently,
system manufacturers were reluctant to devote the
engineering resources required to implement Direct
RDRAM memory systems. In particular, some low-
cost-focused system manufacturers lacked the engi-
neering resources required to design low-cost Direct
RDRAM memory systems.

One issue that illustrated the importance of engi-
neering resources in the deployment of cost-effective
Direct RDRAM memory systems is the issue of multi-
layer system boards. The Direct RDRAM memory
system architecture required matching signal flight
times for parallel signals on various command and
data busses. To minimize crosstalk and ensure signal
integrity, first-generation proof-of-concept system
boards that implemented Direct RDRAM memory
systems were designed on 8-layer PCBs, and many
second-generation system boards that shipped com-
mercially with Direct RDRAM memory systems were
designed on 6-layer PCBs. Compared to commodity
systems that used 4-layer PCBs, the 6-layer system
board further increased cost to the early implementa-
tion of Direct RDRAM memory systems. Finally, with
the passage of time and the devotion of engineering
resources by Rambus and various system manufac-
turers, the system-level cost issue of Direct RDRAM
memory systems was eventually brought to parity

with commodity systems as Direct RDRAM memory
systems on 4-layer PCBs were proven to be practical.

Advanced Packaging and Testing Equipment
Requirement

The high signaling rate Direct RDRAM device
required careful control of the electrical characteristics
of the DRAM device package and I/0 interface. Con-
sequently, Direct RDRAM devices could not use simi-
lar low-cost TSOPs and SOJ packages that were used
for SDRAM devices. Instead, Direct RDRAM devices
were shipped with BGA packages that minimized
the impedance contributions of the pin interface of
the package. Figure 12.30 illustrates one type of BGA
packaging used for Direct RDRAM devices. Unfortu-
nately, the use of the BGA package further added cost
to DRAM device and memory module manufactur-
ers that were not accustomed to the new packaging.
For example, memory module manufacturers could

Direct memoty
RDRAM moduie
device in PCB
WBGA

package

FIGURE 12.30: Edge view of a Wirebond Ball Grid Array (WBGA)
Direct RDRAM device mounted on a memory module.
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not visually inspect the solder connections between
the BGA package and the memory module as they
could with SOJ and TSOPs. Consequently, new equip-
ment had to be purchased to handle the new packag-
ing, further increasing the cost delta between Direct
RDRAM memory systems and the then-commodity
SDRAM and DDR SDRAM memory systems.

Heat Density—Heat Spreade—Enforced Idle
Cycles

In the classical mesh topology of SDRAM and
DDRx SDRAM memory systems, multiple DRAM
devices are connected in parallel to form a given
rank of memory. Moreover, high data rate DDR2 and
DDR3 SDRAM devices do not contain enough banks
in parallel in a single rank configuration to fully
saturate the memory channel. Consequently, the
on-chip and in-system data movements associated
with any given command issued by the memory con-
troller are always distributed across multiple DRAM
devices in a single rank and also typically across dif-
ferent ranks in standard 64- or 72-bit-wide SDRAM
and DDRx SDRAM memory systems. In contrast, the
Direct RDRAM memory system is architected for high
bandwidth throughput, and a single Direct RDRAM
device provides full bandwidth for a given channel
of Direct RDRAM devices. However, the ability of the
single Direct RDAM device to provide full bandwidth
to the memory channel means that the on-chip and
in-system data movements associated with a giv-
en command issued by the memory controller are
always limited to a single DRAM device. More-
over, Figure 12.31 illustrates that in the worst-case

DRDRAM
Memory
controller

16 bit wide data bus

memory-access pattern, a sustainable stream of
row activation and column access commands can
be pipelined to a single device in a given channel of
the Direct RDRAM memory system. Consequently,
localized hot spots associated with high access rates
to a given device can appear and disappear on dif-
ferent sections of the Direct RDRAM channel. The
localized hot spots can, in turn, change the electrical
characteristics of the transmission lines that Direct
RDRAM memory systems rely on to deliver com-
mand and data packets, thus threatening the func-
tional correctness of the memory system itself. To
counter the problem of localized hot spots in Direct
RDRAM memory systems, Rambus Corp. deployed
two solutions: heat spreaders and new command
issue rules designed to limit access rates to a given
Direct RDRAM device. Unfortunately, the use of heat
spreaders on the RIMMs further increased the cost
of the Direct RDRAM memory system, and the new
command issue rules further increased controller
complexity and decreased available memory band-
width in the Direct RDRAM memory system.

Low Request Rate Systems

The Direct RDRAM memory system provided a
revolutionary approach to memory system archi-
tecture that required significant cost adders in many
different components of the memory system. Conse-
quently, first-generation Direct RDRAM memory sys-
tems were significantly more expensive than SDRAM
memory systems. However, these first-generation
Direct RDRAM memory systems were used in Pen-
tium IIl-based computer systems, and these Direct

Direct
RDRAM
device

Address and command

clock from master

clock to master

FIGURE 12.31: Worst-case memory-access pattern can create localized hot spots in DRDRAM system topology.
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RDRAM memory systems did not illustrate signifi-
cant performance benefits over SDRAM-based mem-
ory systems to justify their cost premium.

Figure 12.32 shows that in the memory-access
sequence of a Direct RDRAM memory system, the
controller first sends a packet command to the Direct
RDRAM device, and then the DRAM device buffers the
command, decodes it, moves the data to the I/O inter-
face, and then bursts that data over 8 half cycles back
to the controller. Memory access in the Direct RDRAM
memory system thus suffers from the additional
latency components of command transmission to the

DRAM device and data burst time back to the control-___

ler. Consequently, the SDRAM-memoty System has
E)v/v_e_r/idle—systeﬁi"lﬁféncy as compared to the Direct

" RDRAM memory system. Figure 12.32 illustrates that

the advantage of the Direct RDRAM memory system is
that its higher bandwidth and higher efficiency allows
it to return data with lower average latency when it is
coupled with a processor that has a high rate of mem-
ory access. Unfortunately, first-generation Direct
RDRAM memory systems were primarily coupled to
uniprocessor Pentium III-based systems that did not
and could not sustain a high rate of memory access.
Potentially, Direct RDRAM memory systems coupled
to advanced high-frequency, multi-threaded, and
multi-core processors would have provided the tan-
gible performance benefit that could justify the cost

premium. Unfortunately, the average consumer could
not envision the advanced processors that were yet
to come, but could readily observe that the Direct
RDRAM memory system did not present significant
performance advantage over SDRAM memory sys-
tems when attached to Pentium III-based systems.

Different Devices for Different Systems

In a Direct RDRAM memory system, a single Direct
RDRAM device returns a dualoct for a given col-
umn access command. However, memory systems
dmig@dﬁpfdiébﬁtﬁauire additional data storage
locations to store check bits. In traditional commod-
ity memory systems, the check bits are stored in addi-
tional DRAM devices as the width of the data bus is
increased from 64 to 72 bits. Consequently, the same
DRAM devices can be used in desktop computers that
do not require error correction and in high-end serv-
ers that do. In contrast, the 16-bit data bus width of
the Direct RDRAM memory system means that it was
not practical to create an analogous memory system
where a single logical channel of memory consists of
9 physical channels of Direct RDRAM devices in par-
allel. Aside from the extraordinary cost of 9 physical
channels of Direct RDRAM memory, a single column
access command to such a memory system would
move 144 bytes of data, a granularity that is too large

Bus Clock | [ ﬂ lower
A SDRAM loaded
Col Command T I¢ HHHH . . memory | System
Ly & higher idle latency
Data Bus e e @ S system latency
1 1 & T 17 1§ 1t 1 F -
;\(—J\_—V—_/\—V_J =
command loac data §
transmission DRAM transmission
time data movement time g’- Direct RDRAM
time % memory
controller data moved §
issues column into controller < -
command Rate of memory access higher

(@ Column Access command sent to DRAM device
@ Data (dualoct) returned by DRAM device

FIGURE 12.32: Longer idle system latency and lower loaded system latency for a Direct RDRAM system.
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FIGURE 12.33: Basic topology of the XDR memory system.
for the cacheline sizes of all mainstream processors.?
Consequently, different versions of Direct RDRAM
devices had to be designed for error correcting mem-
orysystems and systems that did not require error cor-
rection. At the 64-Mbit density node, 64-Mbit Direct
RDRAM devices with 18-bit-wide data busses were
available alongside 72-Mbit Direct RDRAM devices
with 18-bit-wide data busses. Similarly, 144-, 288-,
and 576-Mbit Direct RDRAM devices were available
alongside 128-, 256-, and 512-Mbit devices in each
density node, respectively. The different versions
of Direct RDRAM devices split the volume demand
for Direct RDRAM devices, providing yet another
obstacle that hindered cost-reduction efforts in
Direct RDRAM memory systems.

Lessons for Future Memory Systems

The Direct RDRAM memory system introduced a
high level of complexity and new cost adders into the
memory system, but the fact that it was coupled to
a relatively low-frequency Pentium IlI-based system
meant that it did not demonstrate its best-case per-
formance advantage over lower cost SDRAM and DDR
SDRAM memory systems. Consequently, itmet a great
deal of resistance and encountered numerous obsta-
cles in its way of reaching high volume production

status, approaching price paritywith SDRAM memory
systems and demonstrating a tangible performance
advantage in production systems. Ultimately, the
Direct RDRAM memory system failed to reach com-
modity status. However, the technical challenges
faced by Direct RDRAM memory systems were impor-
tant lessons that Rambus Corp. heeded in the design
of its next-generation high bandwidth memory
system, the XDR memory system.

12.43 XDR Memory System

Rambus Corp., having learned valuable lessons
from the drawbacks of the Direct RDRAM memory
system, proceeded to design its next-generation high
bandwidth memory system that avoided many of
the technical pitfalls that hindered acceptance of the
Direct RDRAM memory system. The Extreme Data
Rate (XDR) memory system has been designed to
further increase DRAM device and memory system
signaling rate, yet at the same time to reduce system
design complexity and DRAM device overhead.

Topology

Figure 12.33 illustrates the basic system topol-
ogy of the XDR memory system. The figure shows

9ntel’s Itanium and IBM’s server-oriented POWER processors do have 128-byte cachelines, but neither system seriously

contemplated such a memory system.
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that in the XDR memory system, as in DDRx SDRAM
systems, the command-and-address busses operates
at a relatively lower data rate as compared to the data
bus. In the XDR memory system, the command and
address datapath is a path-length-matched, unidirec-
tional datapath that the XDR memory controller uses
to broadcast command and address information to
DRAM devices. Figure 12.33 also shows that the XDR
controller uses FlexPhase to do skew compensation
on the datapath—removes skew on read data coming
into the controller and adds skew to ensure that write
data reaches DRAM device interface in sync.

Device Architecture

Figure 12.34 illustrates the device organization
of an XDR device. The XDR DRAM device is char-
acterized by numerous features that distinguish it
from the Direct RDRAM device. For example, the
XDR DRAM device has a prefetch length of 16, so
the minimum burst length is 16. However, the XDR
device architecture has been designed with vari-
able device data bus width control so that a device
may be configured with a data bus width as low as 1
bit. Consequently, the minimum granularity of data
movement in such a device may be as small as 16
bits. Figure 12.34 also shows that the XDR device
is internally organized into two different, odd and
even, bank sets.

Finally, Figure 12.34 shows that the XDR device
differs from the Direct RDRAM device in that unlike
the Direct RDRAM device, the XDR DRAM device has
a common command bus that is used by row access
commands as well as column access commands.
Moreover, unlike the Direct RDRAM device, the XDR
DRAM device does not have a write buffer. Instead,
it relies on the differing bank sets and an intelligent
controller to alleviate the write-to-read data bus
turnaround issue.

Signaling

Figure 12.35 shows the octal data rate signaling
system that Rambus Corp. introduced with the XDR
memory system. In this signaling system, a relatively
slow master clock signal (400~800 MHz) is shared by

both the memory controller and the DRAM device. The
DRAM device and the memory controller use current
mirrors to transmit differential signals that are locked
in-phase with the system clock signal, but operate at
four times the frequency of the system clock signal.
Data is transmitted on both edges of the signal, so 8
1-bit symbols per pin pair are transmitted in every
clock cycle. The low voltage swing, point-to-point,
differential signaling enables high bandwidth in com-
modity ASIC and DRAM processor technologies at the
cost of higher power consumption.

FlexPhase

In the XDR memory system, Rambus Corp. uses
a system of bit-adjustable DLL circuitry to remove
bit-to-bit signal skew from the high-speed parallel
data bus. This system of bit-adjustable DLL circuitry
is referred to as FlexPhase. Figure 12.35 shows how
Rambus uses the FlexPhase circuit to account for dif-
ferences in signal flight time. FlexPhase takes care
of data-to-data skew, and it can be recalibrated to
lock in new phase differentials to account for ther-
mal drifts between cold and warm systems. Figure
12.35 shows that the FlexPhase circuitry is placed
in the controller interface. In this manner, the Flex-
Phase technology removes the path-length matching
requirement from the XDR memory system without
increasing the cost of the DRAM device. In this case,
the additional cost is paid for in terms of increased
controller sophistication.

XDR Early Read Alfter Write

To counter the various drawbacks of a write buffer
in Direct RDRAM devices, Rambus did not include
write buffers in the design of its next-generation,
high-performance XDR DRAM device. Instead, XDR
DRAM devices are architected to support a feature
that Rambus refers to as the Early Read After Write
(ERAW) feature. Essentially, XDR devices avoid the
large write-to-read command overhead by using sepa-
rate internal paths for banks separated into odd and
even sets. In this organization, a read command can
proceed in parallel with a write command, as long as
the read and write commands are directed to banks in
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Ex. 1070, p. 493



494  Memory Systems: Cache, DRAM, Disk

- T T T ; —.1 T T T 3
ignal A 3.2 Gbps é %
400 MHz system clock signal [ lateh z % | Data Ra'::e | latch I
I e |
! AR |
\l__‘—____
i—[ |—i — |
| i l
3.2 Gbps Data Rate ; : oL ;
é % | 3:2Gbps | é 4 |
Data Rate T
(wame= = : |
; latch ~ —{{ {—: :—{ - latch :
| controller | | DRAM |
Llﬁerf_aci P S oY device, |

FIGURE 12.35: Octal data rate signaling using per-bit FlexPhase de-skewing and PLL in an XDR memory system.

different bank sets. Figure 12.36 shows that although
the write-to-read turnaround overhead still occupies
several cycles, the overhead is much smaller than if the
write and read commands are issued to the same set
of banks.

12.5 Low Latency

The proliferation of low-cost commodity DRAM
devices means that high-speed, low-latency SRAM
devices have been pushed into increasingly small
niches as design engineers seek to use DRAM devices
wherever they can to reduce system cost. However,
even as DRAM devices replace SRAM in more
and more applications, the desire for lower-than-
commodity-DRAM latency characteristics remains.
Consequently, DRAM device manufacturers have
been developing specialty low-latency DRAM devices
as semi-commodity, moderately low-latency replace-
ments for SRAM replacement application. Two fami-
lies of DRAM devices, the Reduced Latency DRAM
(RLDRAM) and Fast Cycle DRAM (FCRAM), have
been designed specifically to target the low-latency
SRAM replacement market.

12.5.1 Reduced Latency DRAM (RLDRAM)

RLDRAM is a low-latency DRAM device with ran-
dom access latency as low as 10-12 ns and row cycle
times as low as 20 ns. The first-generation RLDRAM
device was designed by Infineon to meet the
demands of the market for networking equipment.
Subsequently, Micron was brought in as a partner to
co-develop RLDRAM and provide a second source.
However, Infineon has since abandoned RLDRAM
development, and Micron proceeded ahead to
develop the second-generation RLDRAM I1. RLDRAM
and RLDRAM II were designed for use in embedded
applications. Primarily, RLDRAM is designed for the
network market. However, it may also be used for
other applications where cost is less of a concern,
low latency is a highly desirable feature, and smaller-
than-commodity-DRAM capacity is not an issue. For
example, RLDRAM maybe used as alargelookup table
or alarge off-chip cache. RLDRAM has been designed
with an SRAM-like mentality in that it is designed for
SRAM-like random access to any part of the DRAM
device; row address and column addresses are com-
bined together and sent as a single access command.
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FIGURE 12.36: Read following write in an XDR DRAM device that supports ERAW.

12.5.2 Fast Cycle DRAM (FCRAM)

In contrast to RLDRAM, Fujitsu and Toshiba’s
FCRAM achieves low-latency data access by seg-
menting the data array into multiple subarrays, only
one of which is driven during a row-activation com-
mand. The sub-row activation process effectively
decreases the size of an array and improves access
time. Unlike RLDRAM, FCRAM was designed with a
DDRx SDRAM-like mentality, where row access com-
mands and column access commands are sent sepa-
rately, and the FCRAM command set was designed
specifically to mimic the DDRx SDRAM command
set. The purpose of the commonality is to enable
controller designs that can use either FCRAM or
commodity DDRx SDRAM devices. Finally, differing

from RLDRAM devices, FCRAM was designed with a
DIMM specification.

12.6 Interesting Alternatives

12.6.1 Virtual Channel Memory (VCDRAM)

Virtual channel adds a substantial SRAM cache to
the DRAM that is used to buffer large blocks of data
(called segments) that might be needed in the future.
The SRAM segment cache is managed explicitly by
the memory controller. The design adds a new step
in the DRAM-access. protocol: a row activate opera-
tion moves a page of data into the sense amplifiers;
“prefetch” and “restore” operations (data-read and
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data-write, respectively) move data between the sense
amps and the SRAM segment cache one segment at
a time; and column read or write operations move a
column of data between the segment cache and the
output buffers. The extra step adds latency to read
and write operations, unless all of the data required
by the application fits in the SRAM segment cache.

12.6.2 Enhanced SDRAM (ESDRAM)

Like EDO DRAM, ESDRAM adds an SRAM latch
to the DRAM core, but whereas EDO added the latch
after the column multiplexor, ESDRAM adds it before
the column multiplexor. Therefore, the latch is as

wide as a DRAM page. Though expensive, the scheme
allows for better overlap of activity. For instance, it
allows row precharge to begin immediately without
having to close out the row (it is still active in the
SRAM latch). In addition, the scheme allows a write-
around mechanism whereby an incoming write can
proceed without the need to close out the currently
active row. Such a feature is useful for write-back -
caches, where the data being written at any given
time is not likely to be in the same row as data that
is currently being read from the DRAM. Therefore,
handling such a write delays future reads to the same
row. In ESDRAM, future reads to the same row are not
delayed.
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In modern computer systems, processors and I/0
devices access data in the memory system through
the use of one or more memory controllers. Memory
controllers manage the movement of data into and
out of DRAM devices while ensuring protocol compli-
ance, accounting for DRAM-device-specific electrical
characteristics, timing characteristics, and, depend-
ing on the specific system, even error detection and
correction. DRAM memory controllers are often con-
tained as part of the system controller, and the design
of an optimal memory controller must consist of sys-
tem-level considerations that ensure fairness in arbi-
tration for access between different agents that read
and store data in the same memory system.

The design and implementation of the DRAM
memory controllers determine the access latency and
bandwidth efficiency characteristics of the DRAM
memory system. The previous chapters provide a
bottom-up approach to the design and implemen-
tation of a DRAM memory system. With the under-
standing of DRAM device operations and system
level provided by the previous chapters, this chapter
proceeds to examine DRAM controller design and
implementation considerations.

13.1 DRAM Controller Architecture

The function of a DRAM memory controller is
to manage the flow of data into and out of DRAM
devices connected to that DRAM controller in the
memory system. However, due to the complexity of
DRAM memory-access protocols, the large num-
bers of timing parameters, the innumerable combi-
nations of memory system organizations, different

DRAM Memory

Controller

workload characteristics, and different design goals,
the design space of a DRAM memory controller for
a given DRAM device has nearly as much freedom in
the design space as the design space of a processor
that implements a specific instruction-set architec-
ture. In that sense, just as an instruction-set architec-
ture defines the programming model of a processor,
a DRAM-access protocol defines the interface pro-
tocol between a DRAM memory controller and the
system of DRAM devices. In both cases, actual per-
formance characteristics depend on the specific
microarchitectural implementations rather than the
superficial description of a programming model or
interface protocol. That is, just as two processors that
support the same instruction-set architecture can
have dramatically different performance characteris-
tics depending on the respective microarchitectural
implementations, two DRAM memory controllers
that support the same DRAM-access protocol can
have dramatically different latency and sustainable
bandwidth characteristics depending on the respec-
tive microarchitectural implementations. DRAM
memory controllers can be designed to minimize
die size, minimize power consumption, maximize
system performance, or simply reach a reasonably
optimal compromise of the conflicting design goals.
Specifically, the Row-Buffer-Management Policy, the
Address Mapping Scheme, and the Memory Transac-
tion and DRAM Command Ordering Scheme are par-
ticularly important to the design and implementation
of DRAM memory controllers.

Due to the increasing disparity in the operating fre-
quency of modern processors and the access latency
to main memory, there is a large body of active and
ongoing research in the architectural community
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devoted to the performance optimization of the
DRAM memory controller. Specifically, the Address
Mapping Scheme, designed to minimize bank address
conflicts, has been studied by Lin et al. [2001] and
Zhang et al. [2002a]. DRAM Command and Memory
Transaction Ordering Schemes have been studied by
Briggs et al. [2002], Cuppu et al. [1999], Hur and Lin
[2004], McKee et al. [1996a], and Rixner et al. [2000].
Due to the sheer volume of research into optimal
DRAM controller designs for different types of DRAM
memory systems and workload characteristics, this
chapter is not intended as a comprehensive sum-
mary of all prior work. Rather, the text in this chapter
describes the basic concepts of DRAM memory con-
troller design in abstraction, and relevant research on
specific topics is referenced as needed.

Figure 13.1 illustrates some basic components of
an abstract DRAM memory controller. The memory
controller accepts requests from one or more micropro-
cessors and one or more I/0 devices and provides the
arbitration interface to determine which request agent
will be able to place its request into the memory control-
ler. From a certain perspective, the request arbitration
logic may be considered as part of the system control-
ler rather than the memory controller. However, as the
cost of memory access continues to increase relative
to the cost of data computation in modern processors,
efforts in performance optimizations are combining

DRAM memory controller

transaction scheduling and command scheduling
policies and examining them in a collective context
rather than separate optimizations. For example, a
low-priority request from an I/O device to an already
open bank may be scheduled ahead of a high-priority
request from a microprocessor to a different row of
the same open bank, depending on the access history,
respective priority, and state of the memory system.
Consequently, a discussion on transaction arbitration
is included in this chapter.

Figure 13.1 also illustrates that once a transaction
wins arbitration and enters into the memory con-
troller, it is mapped to a memory address location
and converted to a sequence of DRAM commands.
The sequence of commands is placed in queues that
exist in the memory controller. The queues may be
arranged as a generic queue pool, where the control-
ler will select from pending commands to execute, or
the queues maybe arranged so that there is one queue
per bank or per rank of memory. Then, depending on
the DRAM command scheduling policy, commands
are scheduled to the DRAM devices through the elec-
trical signaling interface.

In the following sections, the various components
of the memory controller illustrated in Figure 13.1
are separately examined, with the exception of the
electrical signaling interface. Although the electrical
signaling interface may be one of the most critical

queue bank
pool management
CpU |t arbiter o @
= €9
Vo request £%
O) =
streams G =
————— < i >
transact_ion address command electrical DRAM
scheduling translation scheduling signalling access

FIGURE 13.1: lllustration of an abstract DRAM memory controller.
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components in modern, high data rate memory
systems, the challenges of signaling are examined sep-
arately in Chapter 9. Consequently, the focus in this
chapter is limited to the digital logic components of
the DRAM memory controller.

13.2 Row-Buffer-Management Policy

In modern DRAM devices, the arrays of sense
amplifiers can also act as buffers that provide tempo-
rary data storage. In this chapter, policies that man-
age the operation of sense amplifiers are referred to
as row-buffer-management policies. The two primary
row-buffer-management policies are the open-page
policy and the close-page policy, and depending on
the system, different row-buffer-management poli-
cies can be used to optimize performance or minimize
power consumption of the DRAM memory system.

13.21 Open-Page Row-Buffer-Management
Policy

In commodity DRAM devices, data access to and
from the DRAM storage cells is a two-step process that
requires separate row activation commands and col-
umn access commands.! In cases where the memory-
access sequence possesses a high degree of temporal
and spatial locality, memory system architects and
design engineers can take advantage of the locality
by directing temporally and spatially adjacent mem-
ory accesses to the same row of memory. The open-
page row-buffer-management policy is designed to
favor memory accesses to the same row of memory
by keeping sense amplifiers open and holding a row
of data for ready access. In a DRAM controller that
implements the open-page policy, once a row of data
is brought to the array of sense amplifiers in a bank of
DRAM cells, different columns of the same row can

be accessed again with the minimal latency of f;ag. In
the case where another memory read access is made
to the same row, that memory access can occur with
minimal latency since the row is already active in the
sense amplifier and only a column access command
is needed to move the data from the sense amplifiers
to the memory controller. However, in the case where
the access is to a different row of the same bank, the
memory controller must first precharge the DRAM
array, engage another row activation, and then per-
form the column access.

13.2.2 Close-Page Row-Buffer-Management
Policy

In contrast to the open-page row-buffer-manage-
ment policy, the close-page row-buffer-management
policy is designed to favor accesses to random loca-
tions in memory and optimally supports memory
request patterns with low degrees of access locality.
The open-page policy and closely related variant
policies are typically deployed in memory systems
designed for low processor count, general-purpose
computers. In contrast, the close-page policy is typi-
cally deployed in memory systems designed for large
processor count, multiprocessor systems or specialty
embedded systems. The reason that an open-page
policy is typically deployed in memory systems of low
processor count platforms while a close-page policy
is typically deployed in memory systems of larger
processor count platforms is that in large systems,
the intermixing of memory request sequences from
multiple, concurrent, threaded contexts reduces the
locality of the resulting memory-access sequence.
Consequently, the probability of row hit decreases
and the probability of bank conflict increases in these
systems, reaching a tipping point of sorts where a
close-page policy provides better performance for
the computer system. However, not all large processor

1In some DRAM devices that strive to be SRAM-like, the row-activation command and the column-access command are
coupled into a single read or write command. These devices do not support the open-page row-buffer-management poli-
cies. Typically, these DRAM devices are designed as low-latency, random-access memory and used in speciality embedded

systems.
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count systems use close-page memory systems. For
example, Alpha EV7’s Direct RDRAM memory system
uses open-page policy to manage the sense amplifi-
ers in the DRAM devices. The reason for this choice
is that a fully loaded Direct RDRAM memory system
has 32 ranks of DRAM devices per channel and 32
split banks per rank. The large number of banks in
the Direct RDRAM memory system means that even
in the case where a large number of concurrent pro-
cesses are accessing memory from the same memory
system, the probability of bank conflicts remains low.
Consequently, Alpha EV7’s memory system demon-
strates that the optimality in the choice of row-buffer-
management policies depends on both the type and
the number of the processor, as well as the parallel-
ism available in the memory system.

13.2.3 Hybrid (Dynamic) Row-Buffer-
Management Policies

In modern DRAM memory controllers, the row-
buffer-management policy is often neither a strictly
open-page policy nor a strictly close-page policy, but
a dynamic combination of the two policies. That is,
the respective analyses of the performance and power
consumption impact of row-buffer-management poli-
cies illustrate that the optimality of the row-buffer-
management policy depends on the request rate and
access locality of the memory request sequences. To
supportmemory request sequences whose request rate
and access locality can change dramatically depending
on the dynamic, run-time behavior of the workload,
DRAM memory controllers designed for general-pur-
pose computing can utilize a combination of access
history and timers to dynamically control the row-buf-
fer-management policy for performance optimization
or power consumption minimization,

Previously, the minimum ratio of memory read
requests that must be row buffer hits for an open-
page memory system to have lower read latency than
a comparable close-page memory system was com-
puted as fgp / (fgep + fgp). The minimum ratio of row
buffer hits means that if a sequence of bank conflicts
occurs in rapid succession and the ratio of memory
read requests that are row buffer hits falls below a
precomputed threshold, the DRAM controller can

switch to a close-page policy for better performance.
Similarly, if a rapid succession of memory requests to
a given bank is made to the same row, the DRAM con-
troller can switch to an open-page policy to improve
performance. One simple mechanism used in mod-
ern DRAM controllers to improve performance and
reduce power consumption is the use of a timer to
control the sense amplifiers. That is, a timer is set to
a predetermined value when a row is activated. The
timer counts down with every clock tick, and when
it reaches zero, a precharge command is issued to
precharge the bank. In case of a row buffer hit to an
open bank, the counter is reset to a higher value and
the countdown repeats. In this manner, temporal
and spatial locality present in a given memory-access
sequence can be utilized without keeping rows open
indefinitely.

Finally, row-buffer-management policies can be
controlled on a channel-by-channel basis or on a
bank-by-bank basis. However, the potential gains
in performance and power savings must be traded
off against the increase in hardware sophistication
and design complexity of the memory controller. In
cases where high performance or minimum power
consumption is not required, a basic controller can
be implemented to minimize die size impact of the
DRAM memory controller.

The definition of the row-buffer-management
policy forms the foundation in the design of a DRAM
memory controller. The choice of the row-buffer-
management policy directly impacts the design of
the address mapping scheme, the memory com-
mand reordering mechanism, and the transaction
reordering mechanism in DRAM memory control-
lers. In the following sections, the address mapping
scheme, the memory command reordering mecha-
nism, and the transaction reordering mechanism are
exploredinthe contextoftherow-buffer-management
policy used.

13.2.4 Performance Impact of Row-Buffer-
Management Policies

A formal analysis that compares the performance of
row-buffer-management policies requires an in-depth
analysis of system-level queuing delays, the locality
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TasLe 13.1 Current specification for 16 256-Mbit Direct RDRAM devices in 32-bit RIMM modules

Condiition Spemﬂcatmn . .
One RDRAM device per channel in Read balance | in NAP mode

One RDRAM device per channel in Read, balance in standby mode
)ne RDRAM device per channe! in Read, balance in active mode

1195 mA
2548 mA
3206 mA

and rate of request arrival in the memory-access
sequences. However, a first-order approximation of the
performance benefits and trade-offs of different poli-
cies can be made through the analysis of memory read
access latencies. Assuming nominally idle systems, the
read latency in a close-page memory system is simply
trep T Icas Comparably, the read latency in an open-
page memory system is as little as fcag or as much as
tp + trep + foas.? In this context, fgagis the row buffer
hitlatency, and fgp + fgrep + foas is the row buffer miss
(bank conflict) latency. If x represents the percentage
of memory accesses that hit in an open row buffer, and
1 — x represents the percentage of memory accesses
that miss the row buffer, the average DRAM-access
latency in an open-page memory system is X * (fgas)
+ (1-%) * (fzp + trep + fcag)- Taking the formula and
equating to the memory read latency of tpcp + fcag in
a close-page memory system, the minimum percent-
age of memory accesses that must be row buffer hits
for an open-page memory system to have lower aver-
age memory-access latency than a close-page memory
system can be solved for.

Solving for %, the minimum ratio of memory read
requests that must be row buffer hits for an open-
page memory system to have lower read latency is
simply tgp/ (tcp + frp)- That is, as tzp approaches
infinity;> the percentage of row buffer hits in an open-
page memory system must be nearly 100% for the

open-page memorysystemto havelower (idle system)
memory read latency than a comparable close-page
memory system. Alternatively, as the tgp approaches
zero,* an open-page system will have lower DRAM
memory-access latency for any non-zero percentage
of row buffer hits. Given specific values for fpp and
frp Specific requirements of row buffer hit versus row
buffer miss ratio can be computed, and the result-
ing ratio can be used to aid in design decisions of a
row-buffer-management policy for a DRAM memory
system.

13.2.5 Power Impact of Row-Buffer-
Management Policies

The previous section presents a simple mathemat-
ical exercise that compares idle system read latencies
of an abstract open-page memory system to a com-
parable close-page memory system. In reality, the
choice of the row-buffer-management policy in the
design ofa DRAM memory controller is a complexand
multifaceted issue. A second factor that can influence
the selection of the row-buffer-management policy
may be the power consumption of DRAM devices.”
Table 13.1 illustrates the operating current ratings
for a Direct RDRAM memory system that contains a
total of 16 256-Mbit Direct RDRAM devices. The act of
keeping the DRAM banks active and the DRAM device

%That is, assuming that the probability of having to wait for #35 of the previous row activation is equal in open-page and
close-page memory systems. If the probability of occurrence is the same, then the latency overheads are the same and can

be ignored.
3Or increase to a significantly higher multiple of tg¢p.
40r decrease to a small fraction of ey,

5Commodity DRAM devices such as DDR2 SDRAM devices consume approx1mate1y the same amount of power in active
standby mode as it does in precharge standby mode, so power optimality of the paging policy is device-dependent.
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in active standby mode requires a moderate amount
of current draw in Direct RDRAM devices. Table 13.1
illustrates that a lower level of power consumption in
Direct RDRAM devices can be achieved by keeping all
the banks inactive and the DRAM device in a power-
down NAP mode.

The power consumption characteristics of different
DRAM device operating modes dictate that in cases
where power consumption minimization is impor-
tant, the optimality of the row-buffer-management
policy can also depend on the memory request rate.
That is, the close-page row-buffer-management
policy is unambiguously better for memory request
sequences with low access locality, but it is also better
for power-sensitive memory systems designed for
request sequences with relatively low request rates.
In the power-sensitive memory systems, Table 13.1
shows that for Direct RDRAM devices, it may be better
to pay the cost of the row activation and precharge
current for each column access than it is to keep the
rows active for an indefinite amount of time waiting
for more column accesses to the same open row.

13.3 Address Mapping (Translation)

Many factors can impact the latency and sustain-
able bandwidth characteristics of a DRAM memory
system. Aside from the row-buffer-management
policy, one factor that can directly impact DRAM
memory system performance is the address mapping
scheme. In this text, the address mapping scheme is
used to denote the scheme whereby a given physical
address is resolved into indices in a DRAM memory
system in terms of channel ID, rank ID, bank ID, row
ID, and column ID. The task of address mapping is
also sometimes referred to as address translation.

In a case where the run-time behavior of the appli-
cation is poorly matched with the address mapping
scheme of the DRAM memory system, consecutive
memory requests in the memory request sequence
may be mapped to different rows of the same bank
of DRAM array, resulting in bank conflicts that
degrade performance. On the other hand, an address
mapping scheme that is better suited to the locality
property of the same series of consecutive memory

requests can map them to different rows of different
banks, where accesses to different banks can occur
with some degree of parallelism. Fundamentally,
the task of an address mapping scheme is to mini-
mize the probability of bank conflicts in temporally
adjacent requests and maximize the parallelism in
the memory system. To obtain the best performance,
the choice of the address mapping scheme is often
coupled to the row-buffer-management policy of
the memory controller. However, unlike hybrid row-
buffer-management policies that can be dynami-
cally adjusted to support different types of memory
request sequences with different request rates and
access locality, address mapping schemes cannot be
dynamically adjusted in conventional DRAM mem-
ory controllers.

Figure 13.2 illustrates and compares the conven-
tional system architecture against a novel system
architecture proposed by the Impulse memory con-
troller research project. The figure shows that in the
conventional system architecture, the processor oper-
ates in the virtual address space, and the TLB maps
application addresses in the virtual address space
to the physical address space without knowledge or
regard to the mapping scheme in the DRAM memory
address. The Impulse memory controller from the
University of Utah proposes a technique that allows a
system to utilize part of the address space as shadow
addresses. The shadow addressing scheme utilizes a
novel virtual-to-physical address translation scheme
and, in cooperation with the intelligent memory con-
troller, eliminates bank conflicts between sequences
of streaming requests by dynamically remapping
address locations in the address space.

Essentially, the Impulse memorycontrollerassumes
the system architecture where the memory controller
is tightly integrated with the TLB. With full under-
standing of the organization of the DRAM memory
system, the Impulse memory controller is better able
to minimize bank conflicts in mapping application
request sequences from the virtual address space to
the DRAM address space.

However, Impulse memory controller research
is based on a novel system architecture, and the
technique is not currently utilized in contemporary
DRAM memory controllers within the context of
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FIGURE 13.2: Comparison of conventional system architecture and the Impulse memory controller architecture.

conventional system architectures.® As a result, the
discussion in the remaining sections of this chapter
is focused on the examination of a DRAM control-
ler in the context of conventional system architec-
tures, and the address mapping schemes described
herein are focused on the mapping from the physical
address space into DRAM memory system organiza-
tion indices.

13.3.1 Available Parallelism in Memory System
Organization

In this section, available parallelism of channels,
ranks, banks, rows, and columns is examined. The
examination of available parallelism in DRAM mem-
ory system organization is then used as the basis of
discussion of the various address mapping schemes.

Channel

Independent channels of memory possess the
highest degree of parallelism in the organization of
DRAM memory systems. There are no restrictions
from the perspective of the DRAM memory sys-
tem on requests issued to different logical channels
controlled by independent memory controllers. For
performance-optimized designs, consecutive cach-
eline accesses are mapped to different channels.”

Rank

DRAM accesses can proceed in parallel in differ-
ent ranks of a given channel subject to the availability
of the shared address, command, and data busses.
However, rank-to-rank switching penalties in high-
frequency, globally synchronous DRAM memory

SFully Buffered DIMM memory systems present an interesting path to an unconventional system architecture that the
Impulse memory controller or an Impulse-like memory controller may be able to take advantage of. That is, with mul-
tiple memory controllers controlling multiple, independent channels of Fully Buffered DIMMs, some channels may be
designated for general-purpose access as in a conventional system architecture, while other channels may be used as high
bandwidth, application-controlled, direct-access memory systems.

"The exploxation of parallelism in the memory system is an attempt to extract maximum performance. For low-power
targeted systems, different criteria may be needed to optimize the address mapping scheme.
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systems such as DDRx SDRAM memory systems
limit the desirability of sending consecutive DRAM
requests to different ranks.

Bank

Similar to the case of consecutive memory accesses
to multiple ranks, consecutive memory accesses can
proceed in parallel to different banks of a given rank
subject to the availability of the shared address, com-
mand, and data busses. In contemporary DRAM
devices, scheduling consecutive DRAM read accesses
to different banks within a given rank is, in general,
more efficient than scheduling consecutive read
accesses to different ranks since idle cycles are not
needed to switch between different bus masters on
the data bus. However, in most DRAM devices with-
out a write buffer or separate internal datapaths for
separate read and write data flow, a column read
command that follows a column-write command is
more efficiently performed to different ranks of mem-
ory as compared to a column-read command that
follows a column-write command to different banks
of the same rank. In modern computer systems, read
requests tend to have higher spatial locality than write
requests due to the existence of write-back caches.
Moreover, the number of column-read commands
that immediately follow column-write commands
can be minimized in advanced memory controllers by
deferring individual write requests and instead group
schedule them as a sequence of consecutive write
commands. Consequently, bank addresses are typi-
cally mapped lower than rank addresses in most con-
trollers to favor the extraction of spatial locality from
consecutive memory read accesses over the reduction
of write-to-read turnaround times to open rows.

Row

In conventional DRAM memory systems, only
one row per bank can be active at any given instance

in time provided that additional ESDRAM-like or
VCDRAM:-like row buffers are not present in the
DRAM device. The result of the forced serialization
of accesses to different rows of the same bank means
that row addresses are typically mapped to the high-
est memory address ranges to minimize the likeli-
hood that spatially adjacent consecutive accesses are
made to different rows of the same bank.

Co[umn

In open-page memory systems, cachelines with
sequentially consecutive addresses are optimally
mapped to the same row of memory to support
streaming accesses. As a result, column addresses are
typically mapped to the lower address bits of a given
physical address in open-page memory systems. In
contrast, cachelines with sequentially consecutive
addresses are optimally mapped to different rows
and different banks of memory to support streaming
accesses in close-page memory systems. The map-
ping of sequentially consecutive cachelines to dif-
ferent banks, different ranks, and different channels
scatters requests in streaming accesses to different
rows and favors parallelism in lieu of spatial locality.
The result is that in close-page memory systems, the
low address bits of the column address that denote
the column offset within a cacheline are optimally
mapped to the lowest address bits of the physical
address, but the remainder of the column address is
optimally mapped to the high address ranges compa-
rable to the row addresses.

13.3.2 Parameter of Address Mapping Schemes

To facilitate the examination of address mapping
schemes, parametric variables are defined in this sec-
tion to denote the organization of memory systems.
For the sake of simplicity, a uniform memory system
is assumed throughout this chapter. Specifically, the
memory system under examination is assumed to

80verhead-free scheduling of consecutive column accesses to different banks of a given rank of DRAM devices has long
been the most efficient way to schedule memory commands. However, constraints such as burst chop in DDR3 SDRAM
devices and tgayy constraints in 8-barikk DDRx SDRAM devices is now shifting the overhead distribution. Consequently,
rank parallelism may be more favorable than bank parallelism in future DDRx SDRAM memory systems.
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TaeLe 13.2 Summary of system configuration variables

: »Deﬁéndeﬁbe

independent
Independent
Independent
Independent
Independent
Independent
Independent
Dependent

escription.

Number of channels in system
Number of ranks per channel
Number-of banks per.rank
Number of rows per bank
Number of columns per row
Number of hytes per column
Number of bytes per cacheline
Number of cachelines per row

have K independent channels of memory, and each
channel consists of L ranks per channel, B banks
per rank, R rows per bank, C columns per row, and V
bytes per column. The total size of physical memory
in the system is simply K * L * B * R * C * V. Further-
more, it is assumed that each memory request moves
data with the granularity of a cacheline. The length
of a cacheline is defined as Z bytes, and the number
of cachelines per row is denoted as N. The number of
cachelines per rowis adependentvariable that can be
computed by multiplying the number of columns per
row by the number of bytes per column and divided
through by the number of bytes per cacheline. That
is, N = C*V/ Z. The organization variables are sum-
marized in Table 13.2.

Ingeneral, the value of system configuration param-
eters can be any positive integer. For example, a mem-
ory system can have six ranks of memory per channel
and three channels of memory in the memory system.
However, for the sake of simplicity, system parameters
defined in this chapter are assumed to be integer pow-
ers of two, and the lowercase letters of the respective
parameters are used to denote that power of two. For
example, there are 2b = B banks in each rank, and
2! = L ranks in each channel of memory. A memory
system that has the capacity of K*L*B * R* C *V bytes
can then be indexed withk +1+b + r + ¢ + vnumber
of address bits.

13.3.3 Baseline Address Mapping Schemes

In the previous section, the available parallelism
of memory channels, ranks, banks, rows, and col-
umns was examined in abstraction. In this section,
two baseline address mapping schemes are estab-
lished. In an abstract memory system, the total size of
memory is simply K* L * B * R * C *V. The convention
adopted in this chapter is that the colon (:) is used to
denote separation in the address ranges. As a result,
k:l:b:r:c:v not only denotes the size of the memory,
but also the order of the respective address ranges in
the address mapping scheme. Finally, for the sake of
simplicity, C *Vis replaced with N * Z. That is, instead
of the number of bytes per column multiplied by the
number of columns per row, the number of bytes per
cacheline multiplied by the number of cachelines per
row can be used equivalently. The size of the memory
system is thus K * L * B * R * N * Z, and an address
mapping scheme for this memory system can be
denoted as k:l:b:rin:z.

Open-Page Baseline Address Mapping Scheme

In performance-optimized, open-page memory
systems, adjacent cacheline addresses are striped
across different channels so that streaming bandwidth
can be sustained across multiple channels and then
mapped into the same row, same bank, and same rank.?

9Again, assume a uniform memory system where all channels have identical configurations in terms of banks, ranks, rows,

and columns.
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The baseline open-page address mapping scheme is
denoted as r:l:b:n:k:z.

Close-Page Baseline Address Mapping Scheme

Similar to the baseline address mapping scheme
for open-page memory systems, consecutive cach-
eline addresses are mapped to different channels in
a close-page memory system. However, unlike open-
page memory systems, mapping cachelines with
sequentially consecutive addresses to the same bank,
same rank, and same channel of memorywill resultin
sequences of bank conflicts and greatly reduce avail-
able memory bandwidth. To minimize the chances of
bank conflict, adjacent lines are mapped to different
channels, then to different banks, and then to differ-
ent ranks in close-page memory systems. The base-
line close-page address mapping scheme is denoted
asrn:kbkez.

13.3.4 Parallelism vs. Expansion Capability

In modern computing systems, one capability
that system designers often provide to end-users is
the ability to configure the capacity of the memory
system by adding or removing memory modules. In
the context of address mapping schemes, thememory
expansion capability means that respective channel,
row, column, rank, and bank address ranges must be
flexibly adjustable in the address mapping scheme
depending on the configuration of the DRAM mod-
ules inserted into the memory system. As an exam-
ple, in contemporary desktop computer systems,
system memory capacity can be adjusted by adding
or removing memory modules with one or two ranks
of DRAM devices per module. In these systems, rank
indices are mapped to the highest address range in
the DRAM memory system. The result of such a map-
ping scheme means that an application that utilizes
only a subset of the memory address space would
typically make use of fewer ranks of memory than
are available in the system. The address mapping
scheme that allows for expansion capability thus
presents less rank parallelism to memory accesses.
Similarly, in cases where multiple channels can be
configured independently and the memory system

supports asymmetrical channel configurations,
channel indices are also mapped to the high address
ranges, and parallelism presented by multiple chan-
nels may not be available to individual applications.
As aresult, some high-performance systems enforce
configuration rules that dictate symmetrical channel
configurations.

In the respective baseline address mapping
schemes described previously, channel and rank
indices are mapped to the low-order address bits.
However, in a flexible, user-configurable memory
system, the channel and rank indices are moved
to the high-order address bits. The result is that
an expandable open-page memory system would
utilize an address mapping scheme that is compa-
rable to the ordering of kilr:b:n:z, and the kil:irin:
b:z address mapping scheme would be used in an
expandable, close-page memory system. In these
address mapping schemes geared toward memory
system expendability, some degrees of channel and
rank parallelism are lost to single threaded work-
loads that use only a subset of the contiguous physi-
cal address space. The loss of parallelism for single
threaded workloads in memory systems designed
for configuration flexibility is less of a concern for
memory systems designed for large multi-processor
systems. In such systems, concurrent memory
accesses from different memory-access streams
to different regions of the physical address space
would make better use of the parallelism offered by
multiple channel and multiple ranks than the single
threaded workload.

13.3.5 Address Mapping in the Intel 82955X
MCH

In this section, Intel’s 82955X Memory Control-
ler Hub (MCH) is used as an example to illustrate
address mapping schemes in a high-performance,
multi-channel, multi-rank memory system. The
82955X MCH contains two memory controllers that
can independently control two channels of DDR2
SDRAM devices. Each channel in the 82955X MCH
supports up to four ranks of DRAM devices, and
Table 13.3 summarizes six possible rank configura-
tions supported by the 82955X MCH. In practical
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terms, system boards that utilize the 82955X MCH
can support one or two memory modules in each
channel, and each memory module is composed
of one or two identically configured ranks listed in
Table 13.3.

The 82955X MCH supports address mapping
schemes that are optimized for an open-page mem-
ory system. The interesting aspect of the 82955X MCH
is that it supports different mapping schemes that are
respectively targeted to obtain higher performance
or configuration flexibility, and the 82955X MCH can
deploy different mapping schemes depending on the
organization of the memory modules inserted into
the system. Specifically, the 82955X MCH can sup-
port the two channels configured with symmetric
or asymmetric organizations of memory modules.
Moreover, the 82955X MCH uses rank configuration
registers to perform address mapping on a rank-
by-rank basis. The topics of channel symmetry and
per-rank address mapping in the 82955X MCH are
examined in detail in the following sections.

Symmetric and Asymmetric Dual Channel Modes

In the case that the two channels are populated
with memory modules with symmetrically matched
capacities, the 82955X MCH can operate in symmetric
dual channel mode. In the symmetric dual channel
mode, sequentially consecutive cacheline addresses
are mapped to alternating channels so that requests
from a streaming request sequence are mapped to
both channels concurrently. In the case where the

TaBLE 13.3 DDR2 SDRAM rank configurations

Device Configuration:

bank countxrow n;
. count x col countx _device density x

size (col size in bytes)  device count
4x8192x512x2 | 256 Mbitx4

Rank A
Capacity

82955X MCH is configured with different capacities
of memory modules in the two channels, the 82955X
MCH operates in asymmetric dual channel mode.
In the asymmetric dual channel mode, the physical
address is mapped from 0 MB to the capacity of chan-
nel 0 and then to the full capacity of channel 1. In this
mannet, requests from a streaming request sequence
are mapped to one channel at a time unless the array
address space spans both channels.

Figure 13.3 illustrates a symmetric configuration
and an asymmetric configuration for the 82955X
MCH. The figure shows that in the symmetric config-
uration, both channel 0 and channel 1 are populated
with a single-rank, 512-MB memory module that
occupies rank 0 and a single-rank, 256-MB memory
module that occupies rank 1. Although the 256-MB
memory modules in rank 1 of both channels are not
identical in organization, the fact that they are iden-
tical in capacity is sufficient for the 82955X MCH to
utilize the symmetric dual channel mode. In contrast,
the asymmetric configuration example shows that
the two channels are populated with memory mod-
ules with different capacities and different numbers
of ranks. In the asymmetric configuration, the physi-
cal address space extends from 0 to 512 MB in chan-
nel 0 and then from 512 to 1536 MB in channel 1.

Address Mapping Configuration Registers

The 82955X MCH uses configuration registers to
support different address mapping schemes for per-
formance optimization or configuration flexibility.

size (BxRx c x’,\l)ﬂ.,v'
4x 8192 x512x8

48192 %1024 x8
4 %8192 x1024x 8
8x8192 %1024 %8
4%16384 1024 %8

4x8192x1024x2 | 512 Mbitx4
4x8192x1024x1 | 256 Mbitx8
8x8192x1024x2 | 1 Ghitx4

416384 x1024x1 | 512 Mbitx 8
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FIGURE 13.3: Symmetric and asymmetric channel configurations in the 82955X MCH.

Two types of configuration registers are used in the
82955X MCH to aid it in the task of address mapping:
rank address boundary registers and rank architec-
tural registers.

The function of the rank address boundary register
is to define the upper address boundaries for a given
rank of DRAM devices. There are four rank address
boundary registers per channel. In asymmetrical
channel model, each register contains the highest
addressable location of a single channel of memory.
In symmetrical channel mode, cacheline addresses
are interleaved between the two channels, and the
rank address boundary registers contain the upper
address boundaries for a given rank of DRAM devices
for both channels of memory. The rank architectural
registers identity the size of the row for the DRAM
devices inserted into the system. In the 82955X MCH,
there are four rank architectural registers per chan-
nel, with one register per rank.

Per-Rank Address Mapping Schemes

The address mapping configuration registers are
set at system initialization time by the 82955X MCH,
and they contain values that reflect the capacity and
organization of the DRAM devices in the memory
system. With the aid of the rank address boundary
configuration registers, the 82955X MCH can unam-

biguously resolve a physical address location to a
given rank of memory. Then, with the aid of the rank
architectural registers, the organization of the DRAM
devices to the given rank of memory is also known,
and the physical address can be further separated
into row, bank, and column addresses. That is, the
address mapping scheme in the 82955X MCH is gen-
erated on a rank-by-rank basis.

Figure 13.4 illustrates the address mapping
scheme of 82955X MCH. The figure shows that in
single channel or asymmetric dual channel mode,
the 82955X MCH maps the three least significant
bits of the physical address as the byte offset of the
8-byte-wide memory module. Then, depending
on the number of columns on the memory mod-
ule, the next 9 or 10 bits of the physical address are
used to denote the column address field. The bank
address then follows the column address, and the
most significant address bits are used for the row
address.

In the 82955X MCH, the channel address is
mapped to different address bit fields, depend-
ing on the operating mode of the memory control-
ler. Figure 13.4 does not show the channel address
field for the single channel or asymmetric channel
mode, since each channel is a contiguous block of
memory, and the channel address is mapped to the
highest available physical address bit field. However,
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Per channel, per-rank address mapping scheme for single/asymmetric channel mode

cammtiy| row aount x bank count , g oloal address
(KAB)ycolumn count x column sizel 3130292827 2625242322212019181716 15614 1312 j1 1098765-4‘321 0
128 8192X4X512X8 1098765 432101112j0 1|87 6 5 43 2 1 0]x x x
256 8192 x4 x 1024 x 8 12109 8 76 543210111 0|9 87 65432 10|xxx
512 | 16384x4x1024x8 1312109 876 543210111 0987 6543210]|xxx
512 8192 x 8 x 1024 x 8 1211109876 5432 10f0 1 2|9876543210]|xxx
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FIGURE 13.4: Per-rank address mapping schemes in the 82955X MCH.

in symmetric dual channel mode, the cacheline
addresses are interleaved between the two chan-
nels, and the channel address is mapped to the
low range of the address bit fields. Specifically, Fig-
ure 13.4 shows that the address mapping schemes
shown for the single/asymmetric channel mode and
the dual channel symmetric mode are essentially
the same, and the only difference between the two
sets of address mapping schemes is that the 6th bit
in the physical address is used to denote the chan-
nel address, and the respective addresses in the dual

channel mode are shifted over by 1 bit position to
the left.

Quick Summary of Address Mapping in the
82955X MCH

Figure 13.4 serves as a concrete example that illus-
trates some interesting aspects of address mapping
schemes used in contemporary memory controllers.

In particular, the address mapping schemes illus-
trated in Figure 13.4 for the 82955X MCH are classical
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open-page-optimal address mapping schemes. For
example, Figure 13.4 shows that in the single/asym-
metric channel mode, the address mapping scheme
in the 82955X MCH can be represented as kl:r:b:n:z,
and in the symmetric dual channel mode, the address
mapping scheme can be represented as Lr:b:nikiz. In
both cases, the column address fields are mapped
to the low address ranges so that spatially adjacent
memoryaddress locations can be directed to the same
open page. Similarly, in the various address mapping
schemes illustrated in Figure 13.4, the 82955X MCH
shows that the side effect of granting the end-users
the ability to configure the memory system with dif-
ferently organized memory modules is that rank par-
allelism to spatially adjacent memory accesses is lost.
Although the rank address field is not explicitly illus-
trated in Figure 13.4, the use of the address bound-
ary registers and per-rank address mapping schemes
means that the rank address field is mapped to the
high address ranges above the row address field.

Figure 13.4 shows that the 82955X MCH has been
cleverly designed so that most of the bit positions are
directed to the same address fields regardless of the
organization of the memory modules in the memory
system. For example, Figure 13.4 shows that physi-
cal address bits 16 through 26 are used to denote
row addresses 0 through 10 in the single/asymmetric
channel mode, regardless of the number and type of
memory modules placed in the memory system. In
this manner, only a few bit positions will have to be
dynamically adjusted depending on the organiza-
tion of the memory system, and bit positions shown
with the grey background in Figure 13.4 are always
directed to the same address fields.

Finally, the address mapping scheme in the 82955X
MCH means that single threaded streaming applica-
tions often cannot take advantage of the parallelism
afforded by multiple ranks and the two channels
in asymmetric channel mode. Fortunately, multi-
processor and multi-threaded processor systems
with concurrently executing contexts can access dif-
ferent regions of memory and may be able to take
advantage of the parallelism afforded by the multiple

ranks and multiple channels in asymmetric channel
mode. However, the amount of achievable parallel-
ism depends on the specific access request sequences
and the locations of the data structures accessed by
the concurrently executing process contexts.

13.3.6 Bank Address Aliasing (Stride Collision)

One additional issue in the consideration of an
address mapping scheme is the problem of bank
address aliasing. The problem of bank address alias-
ing occurs when arrays whose respective sizes are rel-
atively large powers-of-two are accessed concurrently
with strided accesses to the same bank. Figure 13.4
shows that in a system that uses 1-GB DDR2 SDRAM
memory modules with the 82955X MCH in dual chan-
nelmode, the bank address for each access is obtained
from physical address bit positions 14 through 16.
That is, in this system configuration, all contiguously
allocated arrays that are aligned on address boundar-
ies that are integer multiples of 217 bytes from each
other would have array elements that map to identi-
cal banks for all corresponding array elements.

For example, the task of array summation, where
the array elements of arrays A and B are added
together and then stored into array C, requires that
the corresponding elements of A, B, and Cbe accessed
concurrently. In the case where arrays A, B, and C are
contiguously allocated by the system and mapped to
integer multiples of 128-kB address boundaries from
each other, then array elements Al[i], B[i], and C[i],
would be mapped to different rows within the same
bank for all valid array indices i, resulting in multiple
bank conflicts for each step of the array summation
process in the system described above.

Ingeneral, thebankaddress aliasing problem canbe
alleviated by several different methods. One method
that can alleviate the bank address aliasing problem
is the conscientious application of padding or offsets
to large arrays so that bank conflicts are not generated
throughout concurrent array accesses to those large
arrays.!? A second method that can alleviate the bank
address aliasing problem is the conscientious design

104 simple offset insertion increased STREAM Triad bandwidth by 25% in a test system with an Intel i875P system controller.
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of a memory management unit that can purposefully
allocate large arrays to non-contiguous pages in the
physical address space. In this manner, the chance of
a bank conflict changes from a guaranteed event that
occurs for every single access to the array to a proba-
bilistic event that depends on the number of banks
and ranks in the memory system. Finally, improved
address mapping schemes have been proposed to
alleviate the bank address aliasing problem, and they
are described in the following section.

Hardware Solution to the Address Aliasing Problem

The bank address aliasing problem has been inves-
tigated by Lin et al. [2001} and Zhang et al. [2000].
The schemes proposed by Lin and Zhang are simi-
lar to schemes applied to different memory systems.
The basic idea of taking the row address and bit-
wise XOR'ed with the bank address to generate new
bank addresses that are not aligned for concurrent
accesses to large arrays is commeon to both designs.
However, the generous rank and bank parallelism in
the fully configured Direct RDRAM memory system
allowed Lin to create a 1:1 mapping that permutes
the available number of banks through the entire
address space in the system configuration exam-
ined. In contrast, Zhang illustrated a more modest
memory system where the page index was larger
than the bank index. The mapping scheme described
by Zhang is shown in Figure 13.5. Figure 13.5 shows
that the problem for the scheme described by Zhang
is that there are relatively few banks in contemporary
SDRAM and DDRx SDRAM memory systems, and

for a DRAM memory system with 2P banks, there are
only 2P possible permutations in a 1:1 mapping that
maps a physical address to the memory address. In
the bank address permutation scheme for the con-
ventional SDRAM-type memory system proposed by
Zhang, the address aliasing problem is simply shifted
to a larger granularity. That is, withotit the bank per-
mutation scheme illustrated in Figure 13.5, arrays
aligned on address boundaries of 20+P) bytes would
suffer abank conflict on every pair of concurrent array
accesses. The implementation of the bank permuta-
tion scheme means that arrays aligned on address
boundaries of 207P) bytes no longer suffer from the
same address aliasing problem, but arrays that are
aligned on address boundaries of 20+P*b) bytes con-
tinue to suffer a bank conflict on every pair of concur-
rent array accesses. Essentially, there are not enough
banks to rotate through the entire address space in
a contemporary memory system to completely avoid
the memory address aliasing problem.

13.4 Performance Optimization

The performance characteristic of a modern DRAM
memory controller depends on implementation-
specific DRAM command and memory transaction
ordering policies. A DRAM controller can be designed
to minimize complexity without regard to perfor-
mance or designed to extract the maximum perfor-
mance from the memory system by implementing
aggressive DRAM command and memory transaction
ordering policies. DRAM command and transaction

page index bank index ) | page offset
b
T "
i
—(r)
! b
page indéex new bank index | page offset

FIGURE 13.5: Address mapping scheme proposed by Zhang et al. [2000].
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ordering policies have been studied by Briggs et al.
[2002], Cuppu et al. [1999], Hur and Lin [2004], McKee
etal. [1996], Lin et al. [2001], and Rixner et al. [2000]. In
studies performed by Briggs et al., Cuppu et al., McKee
et al., Lin et al., and Rixner et al., various DRAM-cen-
tric scheduling schemes are examined. In the study
performed by Hur et al,, the observation is noted that
the ideal DRAM scheduling algorithm depends not
only on the optimality of scheduling to the DRAM
memory system, but also on the requirement of the
application. In particular, the integration of DRAM
memory controllers with the processor core onto the
same silicon die means that the processor core can
interact directly with the memory controller and pro-
vide direct feedback to select the optimal DRAM com-
mand scheduling algorithm.

The design of a high-performance DRAM memory
controller is further complicated by the emergence
of modern, high-performance, multi-threaded pro-
cessors and multi-core processors. While the use of
multi-threading has been promoted as a way to hide
the effects of memory-access latency in modern com-
puter systems, the net effect of multi-threaded and
multi-core processors on a DRAM memory system
is that the intermixed memory request stream from
the multiple threaded contexts to the DRAM memory
system disrupts the row locality of the request pat-
tern and increases bank conflicts [Lin et al. 2001]. As
aresult, an optimal DRAM controller design not only
has to account for the idiosyncrasies of specific DRAM
memory systems, application-specific requirements,
but also the type and number of processing elements
in the system.

fowp* tswn - Icmp

cmd&addr -———- write0 }-—---————————-
bank “i” of rank “m”
bank “j” of rank “m”

—————————————————— [~ data restore |

—— _rowxopen |

The large number of design factors that a design
engineer must consider underlines the complexity
of a high-performance DRAM memory controller.
Fortunately, some basic strategies exist in common
for the design of high-performance DRAM mem-
ory controllers. Specifically, the strategies of bank-
centric organization, write caching, and seniors
first are common to many high-performance DRAM
controllers, while specific adaptive arbitration algo-
rithms are unique to specific DRAM controllers and
systems.

13.4.1 Wirite Caching

One strategy deployed in many modern DRAM
controllers is the strategy of write caching. The basic
idea for write caching is that write requests are typi-
callynon-critical in terms of latency, but read requests
are typically critical in terms of latency. As a result, it
is typically desirable to defer write requests and allow
read requests to proceed ahead of write requests, as
long as the memory ordering model of the system
supports this optimization and the functional cor-
rectness of programs is not violated. Furthermore,
DRAM devices are typically poorly designed to sup-
portback-to-back read and write requests. In particu-
lar, a column read command that occurs immediately
after a column write command typically incurs a large
penalty in the data bus turnaround time in conven-
tional DDRx SDRAM devices due to the fact that the
column read command must await the availability
of the internal datapath of the DRAM device that is
shared between read and write commands.

Ievp

time

rank “m?” utilization

| WOgating |

data burst
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fcwp tRurst

twtr
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FIGURE 13.6: Write command following read command to open banks.
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FIGURE 13.7: Per-bank organization of DRAM request queues.

Figure 13.6 repeats the illustration of a column
read command that follows a write command and
shows that, due to the differences in the direction of
data flow between read and write commands, sig-
nificant overheads exist when column read and write
commands are pipelined back to back. The strategy
of write caching allows read requests that may be
critical to application performance to proceed ahead
of write requests, and the write caching strategy can
also reduce read-write overheads when combined
with a strategy to burst multiple write requests to the
memory system consecutively. One memory con-
troller that utilizes the write caching strategy is Intel’s
18870 system controller which can buffer upwards of
8B of write data to prioritize read requests over write
requests. However, in systems that implement write
caching, significant overhead in terms of latency or
hardware complexity may exist due to the fact that
the address of all pending read requests must be
checked against the address of cached writes, and
the memory controller must provide the consistency
guarantee to ensure the correctness of memory-
access ordering.

13.4.2 Request Queue Organizations

To control the flow of data between the DRAM
memory controller and DRAM devices, memory
transactions are translated into sequences of DRAM
commands in modern DRAM memory controllers. To
facilitate the pipelined execution of these DRAM com-
mands, the DRAM commands may be placed into a
single queue or multiple queues. With the DRAM com-
mands organized in the request queuing structure, the
DRAM memory controller can then prioritize DRAM
commands based on many different factors, includ-
ing, but not limited to, the priority of the request, the
availability of resources to a given request, the bank
address of the request, the age of the request, or the
access history of the agent that made the request.

One organization that can facilitate the pipelined
execution of DRAM commandsin ahigh-performance
DRAM memory controller is the per-bank queuing
organization.'’ In the per-bank queuing structure,
memory transaction requests, assumed to be of equal
priority, are sorted and directed to different queues
on a bank-by-bank basis. Figure 13.7 shows one
organization of a set of request queues organized on a

UThe per-bank request queuing construct is an abstract construct. Memory controllers can utilize a unified queue with
sophisticated hardware to perform the transaction reordering and bank rotation described herein, albeit with greater

difficulty.
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per-bank basis. In the organization illustrated in
Figure 13.7, memory transaction requests are trans-
lated into memory addresses and directed into dif-
ferent request queues based on their respective bank
addresses. In an open-page memory controller with
request queues organized comparably to Figure 13.7,
multiple column commands can be issued from a
given request queue to a given bank if the column
access commands are directed to the same open row.
Inthe case where a givenrequest queuehas exhausted
all pending requests to the same open row and all
other pending requests in the queue are addressed
to different rows, the request queue can then issue a
precharge command and allow the next bank to issue
commands into the memory system.

Figure 13.7 shows that one wayto schedule requests
from the per-bank queuing structure is to rotate the
scheduling priority in a round-robin fashion from
bank to bank. The round-robin, bank-rotation com-
mand scheduling scheme can effectively hide DRAM
bank conflict overhead to a given bank if there are suf-
ficient numbers of pending requests to other banks
that can be processed before the scheduling priority
rotates back to the same bank. In a close-page mem-
ory controller, the round-robin bank-rotation scheme
maximizes the temporal distance between requests to
any given bank without sophisticated logic circuits to
resolve against starvation. However, the round-robin
scheme may not always produce optimal scheduling,
particularly, for open-page memory controllers. In
open-page memory controllers, the address mapping
scheme maps spatially adjacent cachelines to open
rows, and multiple requests to an open row may be
pending in a given queue. As a result, a weight-based
priority scheduling scheme, where the queue with
the largest number of pending requests, is prioritized
ahead of other queues with fewer pending requests,

may be more optimal than a strictly round-robin
priority scheduling scheme.'

The per-bank queue organization may be favored
in large memory systems where high request rates are
directed to relatively few banks. In memory systems
where there are relatively lower access rates to a large
number of banks in the system, dedicated per-banks
queues are less efficient in organizing requests. In
these memory systems, the queue structure may
be more optimally organized as a pool of general-
purpose queue entries where each queue entry can
be directed to different banks as needed.

13.4.3 Refresh Management

One issue that all modern DRAM controllers must
deal with to ensure the integrity of data stored in
DRAM devices is the refresh function. In the case
where a modern memory system is inactive for a
short period of time, all DRAM devices can make
use of a DRAM device controlled self-refresh mode,
where the DRAM memory controller can be tempo-
rarily powered down and placed into a sleep state
while the DRAM device controls its own refresh func-
tion. However, the entry into and exit out of the self-
refresh mode is typically performed under the explicit
control of the DRAM memory controller, and the self-
refresh action is not engaged in during normal opera-
tions in most modern DRAM devices.

One exception to the explicit management of the
refresh function by the memory controller can be
found in some pseudo-static DRAM devices such
as MobileRAM, where temperature-compensated
self-refresh is used as part of the normal operat-
ing mode to minimize refresh power consumption.
Moreover, the hidden self-refresh removes the com-
plexity of refresh control from the memory controller

12The bank-centric organization assumes that all requests from different agents are of equal priority and access rates from
different agents are comparable. In practical terms, additional safeguards must be put in place to prevent the scenario
where a constant stream of requests to an open row starves other requests to different rows. In some controllers, a limit

is placed on the maximum number of consecutive column commands that can be scheduled to an open row before the
open row is closed to prevent starvation and to ensure some degree of fairness to requests made to different rows of the

same bank.

13Weight—based schemes must also be constrained by age considerations to prevent starvation.
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FIGURE 13.8: Priority-based scheduling for refresh requests.

and contributes to the illusion of the MobileRAM
DRAM device as a pseudo-static memory device. The
timing and interval of the DRAM refresh action in
these devices are hidden from the memory control-
ler. Therefore, in the case where a memory request
from the memory controller collides with the hidden
refresh action, the pseudo-static DRAM device asserts
await signal to inform the memory controller that the
data return from the pseudo-static DRAM device will
be delayed until after the self-refresh action within the
pseudo-static DRAM device is completed and the wait
signalis deasserted by the pseudo-static DRAM device.
However, a wait signal from the pseudo-static DRAM
device that can delay state transition in the memory
controller effectively introduces a slow signal path
into the memory controller and effectively limits the
operating frequency of the memory controller. Conse-
quently, the explicit wait state signal that enables the
hiddenself-refresh functioninnormal operatingmode
is only used in relatively low-frequency, pseudo-static
DRAM-based memory systems designed for battery-
operated mobile platforms, and the refresh function
in DRAM devices targeted for high-frequency DRAM
memory systems remains under the purview of the
DRAM memory controller.

To ensure the integrity of data stored in DRAM
devices, each DRAM row that contains valid data
must be refreshed at least once per refresh period,
typically 32 or 64 ms in duration.!* In terms of a
DRAM device that requires 8192 refresh commands

every refresh period, mathematics dictate that an
all-banks-concurrent refresh command must be
issued to the DRAM device once every 7.8 us for the
device with a 64-ms period requirement. Fortunately,
DRAM refresh commands can be deferred for short
periods of time to allow latency-critical memory read
requests to proceed ahead. Consequently, the DRAM
controller need not adhere to a strict requirement of
having to send an all-banks-concurrent refresh com-
mand to the DRAM device every 7.8 ps. To take advan-
tage of the fact that refresh commands can be deferred
within a reasonable timing window, Figure 13.8 shows
an organization of the queuing structure where the
microprocessor request stream is separated into read
and write request queues and the request commands
are placed into the refresh queue at a constant rate of
one refresh command every 7.8 ps. In the structure
illustrated in Figure 13.8, each refresh request is attrib-
uted with a count that denotes the number of cycles
that the request has been deferred. In this manner,
in the case that the refresh request is below a preset
deferral threshold, all read and write requests will have
priority over the refresh request.!® In the case where
the system is idle with no other pending read or write
requests, the refresh request can then be sent to the
DRAM devices. In the case where the system is filled
with pending read and write requests but a DRAM
refresh request has nearly exceeded the maximum
deferral time, that DRAM refresh request will then
receive the highest scheduling priority to ensure that

143ome DRAM devices contain additional registers to define the ranges of rows that need to be refreshed. In these devices,
the refresh action can be ignored for certain rows that do not contain valid data.

15The maximum refresh request deferral time is defined in the device data sheet for DRAM devices. In modern DRAM
devices such as DDR2 SDRAM devices, the period DRAM refresh command can be deferred for as long a 97.8-ps refresh

command intervals.
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 Densty  BankCount  RowCount
256 Mbit 8192
512 Mbit 16384

1 Gbit 16384

2 Gbit 30768

4 Gbit 65536

TaBLE 13.4 Refresh cycle times of DDR2 SDRAM devices
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the refresh request occurs within the required time
period to ensure data integrity in the memory system.

One feature under consideration that could fur-
ther increase the complexity of future DRAM memory
controllers is the functionality of per-bank refresh.
Table 13.4 illustrates that fgg(, the refresh cycle time,
is increasing with each generation of higher density
DRAM devices, and the bandwidth overhead of the
refresh functionality grows proportionally.'® One pro-
posal to minimize the bandwidth impact of DRAM
refresh is to replace or supplement the all-banks-
concurrent refresh command with separate refresh
commands that refresh one rowin one bank at a time
as opposed to refreshing one row in all banks within a
rank of DRAM devices concurrently.'”

The performance benefit of the separate per-bank
refresh command can be easily computed since each
per-bank refresh command need only respect the
frc row cycle time constraint rather than the fgpc
refresh cycle time constraint. However, one caveat of
the per-bank refresh command proposal is that the
fine-grained control of the refresh function on a per-
bank basis means that the complexity of the DRAM
memory controller must increase proportionally
to deal with separate refresh requests to each bank,

and the queueing structure required may be far more
complex than the sample queuing structure illus-
trated in Figure 13.7. Finally, the all-banks-concur-
rent refresh command also serves as a time period
where the DRAM device can perform housekeeping
duties such as signal recalibration between DRAM
devices and the memory controller. Without the all-
banks-concurrent refresh command, DRAM devices
would lose the guaranteed time period where circuits
within the DRAM devices are active, but the interface
of the DRAM devices are idle to perform these types
of housekeeping duties.

13.4.4 Agent-Centric Request Queuing
Organization

In previous sections, techniques to maximize
bandwidth utilization and decrease effective read
latency were examined. However, one issue that was
left out of previous discussions is that regardless of
the performance techniques deployed, an overrid-
ing consideration in the design of a modern DRAM
memory controller is one of fairness. That is, in any
transaction request reordering mechanism, anti-
starvation safeguards must exist to ensure that no

I8There are more than 8192 rows in higher density DDR2 SDRAM devices, but the number of refresh commands per
64-ms time period remains constant. For example, the 4-Gbit DDR2 device must refresh 8 rows of data with each refresh

command.

17The refresh command is a relatively energy-intensive operation, The instantaneous power draw of large, multi-rank
memory systems, where all ranks are refreshed concurrently with a single refresh command, could significantly increase the
peak power consumption profile of the memory system. To limit the peak power consumption profile, some DRAM memory
controllers are designed to refresh each rank of DRAM devices separately and scheduled some time apart from each other.
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request can be deferred for an indefinite period of
time. The anti-starvation safeguards are particularly
important in the context of multiple agents that
share use of the same memory system. In particular,
the issues of fairness and performance optimization
for multiple agents with drastically different request
rates and address sequences must be carefully traded
off against each other. For example, a microprocessor
running a typical application may require relatively
low bandwidth, but read requests from the processor
must be considered as latency critical. In contrast,
a graphics processor that is connected to the same
memory system may require a large amount of guar-
anteed bandwidth, but individual memory transac-
tion requests from the graphics processor may be
deferred in favor of requests from the microprocessor.
Finally, memory transaction requests from relatively
low-bandwidth and low-priority I/O devices may be
deferred, but these requests cannot be deferred for
an indefinite period of time so as to cause starvation
for the I/O devices. That is, in the context of multiple
agents that share a common memory system, better
performance may be measured in terms of achiev-
ing an equitable balance in the usage of the memory
system rather than obtaining the absolute maximum
bandwidth from the DRAM devices.

The conflicting requirements of fairness and
performance are important considerations that must
be accounted for by the DRAM memory controller’s
scheduling mechanism. Fortunately, the schedul-
ing mechanism used to deal with the DRAM device
refresh requirement can be broadly extended to deal
with a broad range of agents that require low latency
or guaranteed bandwidth. Thatis, DRAM refresh com-
mands can be considered as a sequence of requests
from an agent that requires some amount of guar-
anteed bandwidth from the DRAM memory system.
This agent, along with a number of other agents that
require differing amounts of guaranteed bandwidth,
must share the memory system with other agents that
have no fixed requirements in terms of bandwidth,
but must have low average access latency.

Figure 13.9 shows an organization of the queu-
ing structure where the memory controller selects
between requests from low-latency agents and guar-
anteed bandwidth agents. Figure 13.9 shows that
requests from low-bandwidth and guaranteed band-
width agents are directed to a two-level queuing struc-
ture, where requests are first sent to a pending queue
and then moved to a scheduling queue under respec-
tive rate-controlled conditions. The rate controls
ensure that the non-latency critical request agents

—> l | —»
low latency agents
— B | —
guaranteed bandwidth — m——]—
agents (i.e. refresh) > \l
—>
low bandwidth, o y T
low priority agents N . :
priority
f based
scheduling
pending rate scheduling to DRAM
queues control queues

FIGURE 13.9: Sample system-level arbiter design.
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cannot saturate the memory system with requests
at the expense of other agents. In the queuing struc-
ture illustrated in Figure 13.9, requests from the low-
latency agents are typically scheduled with the highest
priority, except when the scheduling queue for the
guaranteed bandwidth agents are full. To ensure that
the bandwidth guarantees are met, the scheduling
priority must favor the guaranteed bandwidth agents
in the case where the shared scheduling queue for the
guaranteed bandwidth agents is full.

In the previous section, DRAM-centric request
scheduling algorithms are examined in the context of
obtaining the highest performance from the DRAM
memory system, given that all requests are equal in
importance and that requests can be freely reordered
for better performance. However, in a system where
multiple agents must share the use of the memory sys-
tem, not all requests from different agents are equal
in importance. As a result, to obtain better perfor-
mance in the system as a whole, both DRAM-centric
and agent-centric algorithms must be considered.
Figure 13.9 thus illustrates a two-level scheduling
algorithm to ensure fairness and system throughput.

13.4.5 Feedback-Directed Scheduling

Inmodern computer systems, memory accessis per-
formed by the memory controller on behalf of proces-
sorsorintelligentI/O devices. Memory-accessrequests
are typically encapsulated in the form of transaction
requests that contain the type, address, and data for
the request in the case of write requests. However, in
the majority of systems, transaction requests typically
do not contain information to allow amemory control-
ler to prioritize the transactions based on the specific
requirements of the workload. Rather, memory con-
trollers typically rely on the type, the access history, the
requesting agent, and the state of the memory system
to prioritize and schedule the memory transactions.
In one recent study performed by Hur and Lin [2004],
the use of a history-based arbiter that selects among
different scheduling policies is examined in detail. In
this study, the memory-access request history is used
to select from different prioritization policies dynami-
cally, and speedups between 5 and 60% are observed
on some benchmarks.

The exploration of a history-based DRAM transac-
tion and command scheduling algorithm by Hur and
Lin is enabled by the use of a processor with an inte-
grated DRAM controller, the IBM POWERS5. The trend
in the integration of memory controllers and proces-
sors means that the memory controllers will gain
access to transaction scheduling information that
they could not access as stand alone controllers.

As more processors are designed with integrated
DRAM memory controllers, these processors can
communicate directly with the DRAM memory con-
trollers and schedule DRAM commands based not
only on the availability of resources within the DRAM
memory system, but also on the DRAM command-
access history. In particular, as multi-threaded and
multi-core processors are integrated with DRAM
memory controllers, these DRAM memory control-
lers not only have to be aware of the availability of
resources within the DRAM memory system, but
they must also be aware of the state and access his-
tory of the respective threaded contexts on the pro-
cessor in order to achieve the highest performance
possible.

13.5 Summary

An analogy that may be made for the trans-
action queuing mechanism of a modern, high-
performance DRAM memory controller is one that
compares the transaction queuing mechanism of a
high-performance DRAM controller to the instruc-
tion Reorder Buffer (ROB) of high-performance
microprocessors that dynamically convert assem-
bly instructions into internal microoperations that
the processor executes out of order. In the ROB,
the microprocessor accepts as input a sequence of
assembly instructions that it converts to microop-
erations. In the transaction queue of the memory
controller, the transaction queue accepts read and
write requests that it must convert to DRAM com-
mands that the memory controller then attempts to
execute. Similar to the microoperations in the ROB,
DRAM commands can be scheduled subject to the
ordering constraints of the transaction requests and
availability of the resources.
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