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Foreword

Wafer-scale integration has long been the dream of system designers. Instead of
chopping a wafer into a few hundred or a few thousand chips, one would just connect
the circuits on the entire wafer. What an enormous capability wafer-scale integration
would offer: all those millions of circuits connected by high-speed on-chip wires.
Unfortunately, the best known optical systems can provide suitably fine resolution
only over an area much smaller than a whole wafer. There is no known way to
pattern a whole wafer with transistors and wires small enough for modern circuits.

Statistical defects present a firmer barrier to wafer-scale integration. Flaws appear
regularly in integrated circuits; the larger the circuit area, the more probable there
is a flaw. If such flaws were the result only of dust one might reduce their numbers,
but flaws are also the inevitable result of small scale. Each feature on a modern
integrated circuit is carved out by only a small number of photons in the lithographic
process. Each transistor gets its electrical properties from only a small number of
impurity atoms in its tiny area. Inevitably, the quantized nature of light and the
atomic nature of matter produce statistical variations in both the number of photons
defining each tiny shape and the number of atoms providing the electrical behavior
of tiny transistors. No known way exists to eliminate such statistical variation, nor
may any be possible.

Proximity communication, or coupled data communication in general, may make
possible the long-sought dream of wafer scale integration. Proximity communica-
tion permits assembly of wafer-scale systems from small parts. We can make circuit
chips small enough for low defect rates, cast aside bad chips, and reassemble the
good chips into wafer-scale systems.

Two properties of proximity communication suit it to wafer-scale use. First, qual-
ity: the connections between chips are nearly as good as wires on a single chip. As
this book describes, proximity connections are fast, occupy small area, and consume
little energy. Second, and I think much more important, is replacement: proximity
communication permits one to replace chips in a big system. Together, quality and
replacement make wafer-scale integration possible. Because I think replacement is
so important, Im going to devote a few more lines to it.

vii



viii Foreword

What makes replacement possible? Proximity communication needs neither
welds nor solder. The parts are joined electrically only by the electric fields between
them. These fields pass right through the top layers of glass that protect the chips.
Within error limits, the communication is also insensitive to chip separation and chip
alignment. If one chip in a wafer-scale assembly of hundreds of chips proves unsuit-
able because of a hidden defect, or through aging, or simply for product upgrade,
no physical bonds prevent its replacement.

I believe that replacement will prove most useful for test. A complete system
could serve as a jig that would test fresh chips in their real environment. Each fresh
chip would spend only long enough in the complete system for a thorough test. A
test jig smaller than a complete system might also serve to test only a single type of
chip, providing it an environment indistinguishable from a full system. Such a test
jig would have full speed access to every connection to or from the fresh chip. I see
a huge potential for replacement to simplify and improve test.

I also see that replacement may permit a profound change in the business al-
liances that produce products. Without the ability to replace, one bad chip destroys
an entire multi-chip module, making specialization in module assembly a poor busi-
ness. Because one bad chip spoils the entire module, a contractor who assembles
multi-chip modules must take responsibility not only for defects in his own process,
but also for defects in separate chips. This dual responsibility is a very high barrier
to contract assembly.

Board-level assembly houses are common because they avoid this dual barrier in
two ways. First, not only is board-level assembly an old art with a well known low
defect density but also it uses packaged and well tested parts. Second and more im-
portant, at the board-level some, albeit limited, replacement is possible. It is possible
to remove and reuse at least the high-value chips on a board-level assembly, greatly
reducing the high cost of bad parts. I believe that because proximity communication
permits replacement it will also foster wafer-scale assembly houses.

Bob Johnson, formerly technical head of Burroughs, talked about using conduc-
tive grease to connect the ordinary pads on chips placed face-to-face. A large area of
thin grease between facing pads would provide a connection. The thinner and much
longer layer of grease reaching to other pads would produce small but manageable
cross talk. I merely replaced Johnson’s grease with electric fields. Robert Drost’s
fiendishly clever diagonal arrangement of pads greatly reduces cross talk.

Bob Bosnyak designed and measured some early proximity communication test
chips. I recall one flawed ring oscillator test chip built for us by the MOSIS foundry
service. The flaw turned out to be total omission of the metal plates on adjacent
levels of metal that were to form the bulk of Bosnyak’s test structure. Nevertheless,
the test chip worked, albeit at a mystifying small fraction of its intended speed. The
mystery vanished when we discovered the omitted plates. MOSIS rebuilt the test
chip for free.

The late Bob Proebsting, a pioneer and life-long designer of fine memory parts,
contributed to us much knowledge about sense amplifiers. For a period, the authors
of this book were, in effect, Proebsting’s post-doc students. As usual in such rela-
tionships, both the brilliant teacher and the apt students took much delight from the
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process. It was my joy to assemble such a mass of brainpower and to watch both its
progress and the continuing delight of its participants.

Portland, Oregon, September 2009 Ivan Sutherland
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Chapter 1
Introduction to Coupled Data Technologies

Ron Ho, Robert Drost

1.1 Life has been good

The past quarter-century has seen an explosive growth in the performance of com-
puter systems. One of the first widely popular personal computers was a mid-1980s
IBM PC, running on a 4.77 MHz Intel 8088 processor, stuffed with 256 KB of
system memory (plus another 384 KB on an expansion card), displaying 640x200
black-and-white graphics, and storing data on 360 KB 5.25-inch floppy disks. In
2009, a typical workstation configuration sold by Sun Microsystems, the Ultra 24
Workstation, used a 3 GHz Intel Quad Core 2 processor with 8 GB of memory,
displayed 2560x1600 graphics on a 30-inch LCD monitor using an Nvidia Quadro
NVS 290 accelerator card, with up to 1.8 TB of Serial-Attached SCSI drives spin-
ning at 15 krpm.

Both systems cost around $4000 in contemporary dollars.

The enormous advancement in price-performance between these computer sys-
tems came from improvements in many different technologies, including storage
media, displays, software systems, and so on. But certainly a large part of it was
because VLSI semiconductors, and high-end microprocessors and memories in par-
ticular, have gotten faster.

Figure 1.1 shows the historical performance of microprocessors, normalized to
the SpecINT2000 benchmark [1], and how it has seen a remarkable 35% cumulative
annual growth rate over the past twenty-five years — a growth curve seen by virtually
no other industry. The natural question prompted by this chart is, “can this growth
curve continue?” Or, for the readers of this book, “what must designers do to enable
it to continue?”

This growth in performance is popularly, though somewhat incorrectly, fully at-
tributed to “Moore’s Law.” This is what Carver Mead at CalTech called Gordon

Dr. Ron Ho and Dr. Robert Drost
Sun Microsystems Research Labs, 16 Network Circle, Menlo Park, CA 94025, USA, e-mail:
{ron.ho},{robert.drost} @sun.com

R. Ho and R. Drost (eds.), Coupled Data Communication Techniques for High-Performance 3
and Low-Power Computing, Integrated Circuits and Systems, DOI 10.1007/978-1-4419-6588-2 1,
© Springer Science+Business Media, LLC 2010
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Fig. 1.1 Processor performance scaling over the past twenty-five years [3].

Moore’s now-famous 1965 extrapolation of transistor density scaling [2]. Moore
had argued that when optimized for lowest total cost, integrated circuit chips would,
over time, contain an ever-growing number of transistors. Too few transistors per
chip, and the fixed overhead of manufacturing and packaging the chips would dom-
inate their cost; too many transistors, and random defects would excessively re-
duce the yield of good chips and hence increase their cost. But the right number of
transistors—the number that minimized cost—-would continue to grow, as wafer sizes
increase and transistor dimensions decrease.

In reality, transistor density scaling has only partly fueled the growth in computer
systems performance. Equally important have been rapid advances in raw transistor
speeds and in aggressive design techniques, as we discuss next.

1.2 Faster computers tomorrow

For a new computer system to out-perform an old computer system on the same
software program, it must demonstrate improvements in the product of three terms:
seconds per logic gate, logic gates per clock cycle, and clock cycles per instruc-
tion [4]. The product of these three gives program execution rate, in seconds per
instruction.

The number of seconds per logic gate (approximately 10~!! seconds, or 10 ps, in
a modern 40 nm process technology) has been scaling down roughly linearly with
technology for many years: a technology with half the drawn transistor dimensions
as another could be expected to be twice as fast. Each new generation reduces di-
mensions by 70%, so this doubling of speed arrives two generations, or every five
to six years.
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While this improvement trend has held steady for several technology generations,
designers expect it to slow down soon. This is because maintaining transistor per-
formance directly conflicts with reducing transistor power, and power has become
a primary design constraint in today’s systems. As a result, transistor designers will
likely choose to reduce what they have long jokingly called their “technology enti-
tlement,” and live with devices that are only slightly faster each process generation.

But even if the delay of logic gates does not reduce as many designers expect, it
provides at best a 2x improvement every five to six years, or approximately a 13%
annual growth rate. More must be done to match the 35% historical growth rate in
computer performance.

The number of logic gates per clock cycle, when combined with the seconds per
logic gate, gives clock frequency, which is 2-5 GHz in modern processors. Logic
gates per clock cycle directly measure the aggressiveness of the processor design: a
CPU with thirty gates per clock cycle is much less aggressive than one with only ten
gates per clock cycle; its designers have much more time per cycle to perform com-
putation or communication. What is the limit to this design aggressiveness? Over
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Fig. 1.2 Scaling of logic gates per clock as a function of technology generation.

the past twenty years, the number of logic gates per cycle has fallen as the aggres-
siveness of designs has increased. Pre-Pentium processors used around 100 gates
per cycle. Today, the industry has settled in the range of 15-30 gates per cycle. Col-
lectively we now understand that achieving the lower end of that range is possible
but disproportionately expensive: building so-called “short-tick” machines requires
much more effort and care in clock distribution, parasitic extraction, timing verifi-
cation, and min-path methodology. For example, a modern processor has a clocking
overhead of nearly two gates per cycle, so a ten gate-per-clock design would thus
have only eight gate delays in which to do work, barely enough time to complete
a 64-b integer addition. While doable, such designs consume not only extra design
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resources and non-recurring engineering (NRE) costs but also significantly extra
power in the design.

Therefore, the number of logic gates per cycle will most likely not fall any fur-
ther. Combined with the argument above for seconds per logic gate, this predicts
slow changes in clock frequency, on the order of 13% per year and likely even
lower.

Therefore, the way to continue to improve processor performance must come
from reducing the number of cycles per instruction. This arises through increased
parallelism: pipelined or superscalar execution, vector processing, and speculation
all aim to increase the number of operations concurrently executed!. At a larger
scale, processors with multiple cores and a shared memory can be used to divide a
complex problem into separate threads. Historically, such techniques have provided
the balance of the performance gains shown in Figure 1.1, with designers increas-
ingly leveraging and targeting parallelism.

However, increased parallelism—and reduced cycles per instruction—has a cost:
processors by necessity also grow increasingly complex. Larger instruction win-
dows to winnow out code independencies require larger queues and communication
structures. Multiple execution pipes require more area for more adders, multipliers,
and registers, as well as the switches to access these added functional blocks. Pro-
cessors packed with multiple cores need to fit not only those cores on the die, but
also correspondingly more cache to keep them all fed.

This last point bears repeating: suppose we increase the number of cores on a
chip. If we keep the memory-to-core ratio constant, then each core still has the
same amount of cache available to it, and therefore has a consistent cache miss rate.
However, because of the growing number of cores, the total aggregated miss rate for
the chip will go up and put pressure on the fixed off-chip I/O bandwidth; as a result,
when increasing the number of cores on a chip we must in fact disproportionately
increase the cache size as well, to lower miss rates and to continue to fit inside the
available total chip I/O.

Thus far the transistor density scaling provided by Moore’s Law has kept up with
the need for ever-complex architectures and systems, and allowed us to continue to
find and to exploit parallelism on a chip. In other words, the improvements in clock
cycles per instruction provided by Moore’s Law scaling have combined with the
historical improvements in seconds per logic gate and logic gates per clock to give
the trends in Figure 1.1.

! In this discussion we gloss over important distinctions between instruction-level parallelism and
task-level parallelism. While they are remarkably different at an architectural level, at a physi-
cal level both require similar increases in integration and hence increased transistor counts in a
package.
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1.2.1 The end of Moore’s Law

“Is Moore’s Law ending?” is a perennially-asked question in industry journals
and conferences. For several very good reasons involving seemingly fundamental
physics, feature size scaling has “always” been on its last legs. Yet the industry has
stubbornly insisted on solving these problems and continually shrinking transistors
and wires.

Today, foundries pattern structures with dimensions of a few 10s of nm using
light with a wavelength of 193 nm. By rights, this ought to be impossible. Yet it
is done, by using optical proximity correction, phase-shifting masks, off-axis illu-
mination, spacer masks, and some extremely expensive diffractive lenses. Atomic
thinness limits in oxide gate insulators are overcome by employing metallic gates
and high-permittivity liners, which happily also help reduce gate leakage currents.
And a combination of mostly-air dielectrics that reduce wires parasitics, and thick
deposited metals that reduce wire resistance, have helped to keep wires from overly
constraining chip performance.

Will these improvement trends continue in the next ten to twenty years? While
the answer “no” has been proven wrong time and time again, recent economic limi-
tations have now supplanted technology as the likely true limit for Moore’s Law. Es-
pecially given the financial realities of the current global economic crisis, the semi-
conductor industry can no longer continue to enjoy a fully elastic market that sup-
ports ever-increasing global financial investment. Worse yet, new fabrication plants
will each cost over 1% of the total semiconductor market, thus limiting the number
of new technologies able to come on-line each year.

Gordon Moore himself pointed out that his “law” will eventually end, although he
was hopeful that new technologies would delay that date—and from his talk in 2003
to the present, they certainly have. However, any industry that constantly relies on
exponential growth to continue will eventually be disappointed.

Thus, Moore’s Law of transistor scaling has historically combined with logic
gate scaling and clock rate scaling to enable faster and faster computers. Looking
forward, Moore’s Law is the only scaling trend left, as gate scaling and clock rate
scaling are both slowing down for design and integration reasons, and even Moore’s
Law will not survive through the next few technology generations.

What is a designer of high-end computer systems to do?

1.2.2 The arguments against-and for—-multiple chips

Designers can achieve more complex systems either by exploiting Moore’s Law
scaling for a single chip or by aggregating the functionality across multiple chips.
An example of the former is a recent Xeon microprocessor from Intel that occupies
nearly 7 cm? in area and contains as many as eight full processors and a propor-
tionally large cache [5]. An example of the latter would be an IBM Power processor
with five chips integrated on a multi-chip module (MCM).



