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Abstract—Based on a variety of optimization criteria, recent re- - A
A ; ~, 1
search has suggested that optical interconnects are a viable alter- | l\ A-
native to electrical interconnects for board-to-board, chip-to-chip, L] A_A/ 11000
and on-chip applications. However, the design of modern high-per- / 3
formance computing systems must account for a variety of perfor- A-A
mance scaling factors that are not included in these analyses.

We will give an overview of the performance scaling that has
driven current computer design, with a focus on architectural de-
sign and the effects of these designs on interconnect implementa-
tion. We then discuss the potential of optics at each of these inter-
connect levels, in the context of extant electrical technology.
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|. INTRODUCTION 1985 ) 19|90 ) 19I95 ) 20|00 ) 20'05 ) 2010
O PTICAL INTERCONNECTS outperform electrical in- Year
terconnects for long-distance applications. Even for digrg 1. Access time (nanoseconds) and density (megabit/chip) for commodity

tances as short as 300 meters (m) at bandwidths over 1 GQRAM chips by year of introduction. (Note: T_Row_Cycle is the row cycle
fiber is now the default interconnect choice. Recent researti for DRAM, which determines the memory access time and latency).
[1]-[7] has also suggested that optics has clear advantages even

atvery short distances, yet optical interconnects are not common II. A SHORT TOUR OF COMPUTER DESIGN

in computers. A. Scaling Overview

_ The reason optigal interconne_cts are not widely impler_nentedpOWer laws compactly express important properties of many
in modern computing systems is due to computer architeCtyfgrral and engineered systems [8]-[10]. We assert that there

design and how interconnects are balanced within those c@pe three key empirical-power law scaling relationships for com-
straints. We will discuss these issues in this paper and explgifter systems:

that despite the fact that optical interconnects have clear ad—l) You can have twice as many transistors for your next de-

vantages in time of flight and bandwidth density, these are sign (Moore’s law).

not the only design constraints that must be considered. Asp) A processor should have at least enough memory that it

a consequence, the overall optimization of modern computers  takes one second to touch every word (Amdahl’s law).

has generally precluded the use of highly integrated optical 3) There are many more short wires than long wires (Rent's

interconnects. We will discuss the historical scaling of logic, rule).

memory, and wires, analyze access time and density of dynamijgse Jaws guide the design of successful computers.

random access memory (DRAM), walk through the steps andy ogic, memory, and wires respond very differently to scaling

timing relations for memory access, and estimate the capfswn minimum feature size. Approximately, logic speed in-

bilities of electrical interconnects at several levels. With thigregses exponentially, memory density increases exponentially,

background, we shall characterize what would be required f@iid wires are sensitive to ratios of physical dimensions. The

optical interconnects to displace wires at the backplane, boagthck cycle for microprocessors has decreased frops Tor

and chip level. early 8-bit chips, to 333 ps for recent designs. DRAM density
has increased from 1 kb/chip to 1 Gb/chip, while raw DRAM

Manuscript received November 22, 2002; revised February 7, 2003. ?Ccess time has d_ecreased from abOUtHSBZO 50 nS..Flg. 1 .
D. Huang, T. Sze, and R. Lytel are with Sun Microsystems, San Diego, lustrates the scaling of DRAM access time and chip density

92121 USA. _ _ _ over time. When normalized to processor clock cycles, access
A. Landin and H. L. Davidson are with Sun Microsystems, Menlo Park, CA . . . L .

94025 USA (e-mail: hid@sun.com). time to a main memory built with DRAM chips is becoming ex-
Digital Object Identifier 10.1109/JSTQE.2003.812506 ponentially worse with lithographic scaling, and the number of

1077-260X/03$17.00 © 2003 IEEE


min
강조

min
강조

min
강조


HUANG et al. OPTICAL INTERCONNECTS: OUT OF THE BOX FOREVER? 615

. has produced tremendous competitive pressure on the price and
/ ] nature of DRAM. Parts produced in the highest volume gener-
‘\‘\ ] ally have the lowest unit cost. Because the PC provides a univer-
100+ & ] sally accepted target specification for memory chips, the lowest
] 410 cost per bit for a system can be obtained by designing with such
] commodity parts.

Memory manufacturers periodically test the waters by in-
troducing a part with half the number of bits per bit line as
their mainstream component. These new devices have generally
failed in the marketplace. Furthermore, there is little motivation

_/ ] for large increases of DRAM bandwidth when the devices them-
10 / ’\ ] selves are slow, and latency ultimately limits performance.

el
j )

No. of Clock Cycles from Memory to CPU
NE
Clock Period (ns)

. * In summary, DRAM latency is a significant design constraint,
— —————————————r limited by the device design optimization. Optical interconnects
1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 cannot solve this DRAM access problem.
Year

Fig. 2. Processor clock period (nanoseconds) and main memory Iater%y Slmple Machines

g@uﬁgfro?ﬁrﬁ'%%ku%gﬁs from memory to CPU) of a typical computer plotted s, of the analysis of the potential of optical interconnects
has focused on tradeoffs between bandwidth, power, circuit

) ) ) area, and signal integrity. Let us consider some of the design
clock cycles required to fetch from main memory has increasggdeoffs for a single-processor machine.

from a few clock cycles to between 20 and 400. Fig. 2 illustrates o |arge fraction of the work done by a computer merely pro-

DRAM access time as a function of processor clocks. duces memory addresses and moves bits back and forth. For ex-
ample, in a single-accumulator computer, it takes four memory
B. The Reason DRAM Is Slow accesses to perform a single operation on two inputs: one to

DRAM is slow because of the physics of the DRAM storaggtch the instruction, two to fetch the operands, and one to write
mechanism, the commodity nature of DRAM technology, arRck the result.
the complexity of the memory hierarchy. The potential advan- Fortunately, locality in programs can be exploited to maxi-
tages that optical interconnects may have with respect to bamize the return for this effort. A small section of a program,
width density and time of flight do not address these fundgerhaps an inner loop and some operands, might recirculate in
mental issues. the processor’s registers for many clock cycles. Instructions that

The basis of DRAM is the single 1-T cell, an analog samplaere executed frequently do not need to be repeatedly fetched.
and hold, where a bit is represented by charge on a capacltdermediate results of sequential sums do not have to be written
[11], [12]. The size of this charge is compared with a referente memory, only to be immediately returned to the processor.
charge by a clocked, latched, differential sense amplifier. TAé1e number of instruction fetches and writes required to exe-
storage capacitor is either buried under the access transistoGuie a particular piece of code can be greatly reduced by taking
built into the interconnect stack over the transistor. The chargdvantage of such locality. This idea can be applied more gen-
is gated from the storage capacitor onto a bit line by a cont@ially.
signal. Many storage cells and a reference cell share each bifrom the beginning, computer engineers have faced the
line. The capacitor, bit line, and input capacitance of the sertsadeoff between memory speed, memory density, and memory
amplifier form a capacitive divider. The maximum number ofost. Faster memory tends to be less dense and more expensive.
bits per bit line is limited by the ratio between the capacitané@ne response has been to place a small fast memory, called a
of the storage node and the capacitance of the bit line and inpathe, in the path between the processor and main memory.
stage of the sense amplifier. This ratio, and the voltage stor@dntemporary designs employ up to three levels of cache, each
for a 1, set the amplitude of the signal. When the charge in ttager and slower than the previous one. A cache retains copies
storage capacitor is gated onto the bit line, the charge spreadebyecently fetched memory locations. If the processor should
resistance—capacitande@-limited diffusion, which results in request a value already present in the cache, the local copy
access time depending quadratically on the number of bits iemquickly delivered and latency is reduced. If the processor
bit line. should request a value that is not in the cache (cache miss), a

The economics of integrated circuit production encourage daemory access is required which results in increased latency.
signers to place as many bits on a line as possible, thereby kior well-behaved programs, these methods result in a notion of
creasing the ratio of memory array to support circuit area, atdistance from the processor.” The control complexity, access
increasing the number of bits of memory that can be placed time, and cost required increase rapidly with size and number
a chip of a given size. of levels of cache memory.

The personal computer (PC) and the Internet now control theNotwithstanding, this hierarchy of memory system success-
economics of DRAM manufacturing. More memory is sold fofully exploits the locality of the program in single-processor ma-
use in PCs than any other single application. This vast markdtines. With multiprocessors, things are different.
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Fig. 3. Time needed for the steps of a main memory access in two different
size multiprocessor servers [13].

D. Architectural Issues in Multiprocessor Systems

The 1990s saw a dramatic increase in the popularity and com-
mercial success of the symmetric multiprocessor, or multipro- _ .
. . . . Fig. 4. Mechanical arrangement of the front half of the cabinet of a Sun
cessor server, notwithstanding that in the mid 1980s, most of {fiosystems SF 12 K-15 K. (a) Uniboard (also shown in Fig. 4) the main
academic architecture community asserted that this architectOQr& board. Each system can contain up to 18 of these boards. (b) I/O adapter

ity limitati i~Bpard or MaxCPU board, a two-CPU board alternative to 1/0. Each system
was doomed by Scalablllty limitations of the shared elecmcggn have up to 18 of these boards. (c) and (d) System controller board and the

bus—the traditional backbone of both single-processor and mlstem controller peripheral board. (e) and (k) Frames and expander boards that
tiprocessor systems. What has allowed this success is an evellgw boards designed for smaller cabinets to be used in the SF15K chassis.

tion of the interconnect away from the shared bus to more eI%%hggzblg‘gé’(g'ng”cirﬂ)er';?;‘ngaggiézf‘ centerplane, power centerplane, logic
orate topologies, point-to-point links and switches that allow far

more efficient signaling. These point-to-point links maintain the

required logical functionality and provide increased bandwidth. Cache coherence protocol is another significant factor for
Memory operations still logically appear to happen in the sanfi@emory latency. When large caches are placed close to each
sequential, atomic fashion like a shared bus connecting all pR§ocessor, a significant fraction of memory accesses can be sat-
cessors to a single memory. isfied with data from other processors’ caches, rather than from

Fig. 3 shows how the memory-read latency is spent [Rain memory. To reduce latency for these accesses, it is helpful
a medium size and a large size contemporary commerdi@|broadcast requests directly to all processors, as well as to
multiprocessor. DRAM access and the wire latencies are onlyf#&in memory. For example, if several processors are cooper-
small fraction of the total read latency, while transfers throug#ing on a single program, it is likely that several processors
switches and actions to maintain access ordering and cat¥ikneed to access the same word in memory. If more than one
coherence, are a significant fraction. In a large server, tha@@cessor has recently accessed a word, there will be copies in
two categories represent over half the access latency. Therre than one cache. One processor may modify the word while
are several reasons for significant switching delays. They a@dlifferent processor still has the previous value in cache. Pre-
caused both by a desire to locate switching elements clogting incorrect program execution in such cases requires an
to the devices that source the data, and from wanting to u&éicient mechanism for invalidating the word across the whole
common part in both large and small systems. computer. This mechanism is called broadcast snooping, and its

Fig. 3 also illustrates that switching delays are related to tee@mplexity grows nonlinearly with the number of processors.
size of the system. Using a standard chip package, there ai/ith the improvements in the interconnect topology mentioned
limited number of data ports available per switch chip. Ther@bove, the limitation on coherence through broadcast snooping
fore, to increase the size of a system (i.e., number of procésthe bandwidth with which caches can be accessed and inter-
sors), switches are inserted in the path to accommodate addgated for snoop results, and not in the bandwidth of the in-
tional point-to-point connections. A drawback is that significarierconnect medium, which limits the potential of optics at this
latency is spent in additional switch stages. interconnect level.

A potential advantage of optical interconnects at the back-An example of a modern multiprocessor server [13] is shown
plane level is that if higher density optical input/output (I/O)n Fig. 4. This particular system is the SunFire 12 K-15 K family
can be provided to a switch chip, a reduction in the numband can accommodate up to 96 processors. Fig. 5 shows a de-
of switch stages would be possible. This could significantly réailed view of the central processing unit (CPU) board, which
duce latency in large servers. The switches would still be elemsntains four processors and 32 GB of DRAM. The switch chips
trical, and their bandwidth and port count would limit possiblesed to maintain memory coherency are located on the CPU
topologies. boards as well as on the centerplane.
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Fig. 5. Sun CPU board, or Uniboard, consists of four CPUs with associaF rd [16]

E-cache DIMMS, two dual CPU data switches, 32 SDRAM DIMMS for a tota
of 32 GB of memory, and address and data switch ASICs for off-board access.

This board corresponds to Fig. 4(a). cost of lost yield. Additionally, as manufacturers gain experi-
ence with these new processes the crossover layer count de-
I1l. ELECTRICAL AND OPTICAL INTERCONNECTS clines.

Several justifications can be put forward for the use of op- One alternative to laminated circuit boards is multilayer ce-

tical interconnects in multiprocessor systems. These fall intd@MiC circuit boards, which are available with alumina and low
number of broad categories. temperature glass—ceramic bodies. Traces are formed by screen

1) Optics will speed up memory access printing metal inks on sheets of unfired ceramic. Line and space

2) It will become impossible to route enough bandwidt idths are 5Qum. This process inherently supports buried vias.
through a backplane, circuit board, or module hese boards are used for integrated circuits packages, and for

3) Unfavorable wire scaling will make clock distribution andm"tiChip modules. This technology has .the additional penefit
signal wiring increasingly difficult, that the copper traces have a lower resistance per unit length
. . . o than the alumina of standard FR-4.
In this sectlon,. we consider these applications at the backplane(,:eramic boards are available with up to 100 layers and in
board, and chip level. sizes up to 15 cm on a side. All the integrated circuits required to
build a 32-way parallel processor, except for the main memory

A. Circuit B Wiring Densi . i
Circuit Board Wiring Density chips and I/O adapters, can be mounted on a single board [15].
Two factors control the wiring density on a circuit board,

the pitch of the signal lines and via construction [14]. Standag! Electrical Wiring Limitations

printed circuit boards are constructed from etched copper 1‘0|I_|_0 maintain signal integrity, the signal speed is limited by

traces on FR-4 laminate with plated through holes. These boaéds it board material losses. and wirina density on a circuit
can be manufactured with trace width and spaces between traéfécsu' AN 'al ' wiring 'y reul
of 100 zm. oard is limited by noise control.

In order to route signals between layers on a board, the tra-The ideal operational region for circuit boards is within the

ditional via process requires a hole to be drilled completel§"V dielectric loss region. As shown in Fig. 6, dielectric loss
through the board. In areas where it is necessary to bring many R4 laminate rises rapidly above 1 GHz, where it rapidly
closely spaced connections to the surface of the printed circdcOmes larger than skin effect losses. Frequency-dependent
board (PCB) to connect to a chip, for example under a procesgb?S?S reduce 5|gnal-to-nqls§ ratio and introduce timing errors.
or dual in-line memory module (DIMM) socket, the via holed\t high data rates, where bit time is very small, even a miniscule
may block half the available space for wiring on every layer dfming error significantly reduces the timing margin. Since di-
the board. Additional wiring layers may be required to mak@lectric loss is afundamental material property caused by dipole
routing possible. rotations in the polymer, it can only be reduced by changing

A generic PC is built on a six-layer board, with two layerghe material not by changing the shape of the conductor. To im-
dedicated to power distribution. A server board, with its greatBfove bandwidth density, both lower loss materials and signal
complexity, may need a twenty-layer board. processing techniques can be used.

Alternative methods for forming vias do not block all the Low-loss laminate materials like Rogers 4000 have been de-
layers at each location. Laminate boards may incorporate burieoped for printed circuit boards. The raw material is five times
or blind vias. Boards so produced are generally more expensiwere expensive than FR-4, and more difficult to process into
than conventional boards, because of lower yield. Howeverhigh layer count boards. However, it does provide higher band-
crossover occurs when decreased board-layer count offsetswidth density. Fig. 7 compares the bandwidth density on circuit
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T C. Bandwidth Density to Memory
—+— Roger 3dB Loss

g1 ~>~ Roger 6dB Loss While the use of optical interconnects will not help with
2.1.4- —— FR4 6dB Loss memory access latency significantly, it may help to relieve
o wiring congestion to memory.
?1‘2' Modern large computers have more than four DIMM slots
g 1 a— T 1 per processor and a single cabinet may house more than 100
%0 8 / bkk‘\k“\ke\q ] processors. The board in Fig. 5 is from a computer currently in
2 production. It has 32 DIMM sockets, which produces a diffi-
§o.s- cult routing situation under the sockets. To route each memory
Eoal | connector contact on the surface of the printed circuit board to
E — the memory controller, it must be spread out on multiple layers.
So.2 { i The vias that connect the surface of the PCB to lower layers

0 - ——o blocks wiring channels on some, or all, of the layers of the board.

0 5 10 15 20 A similar problem occurs under the application-specified inte-

idth (il grated circuits (ASICs), which are visible in the photograph.

Fig. 7. Bandwidth density as a function of trace width for different circuit [t is possible to imagine using optics instead of a circuit board
board laminates and permissible insertion losses [16]. to connect a memory chip to a controller. A free-space optical
system would not have wiring congestion problems. It would

Crosstalk versus edge-to-edge spacing require adding optical I/O to each DIMM, or to each memory

8 chip. Therefore, to be competitive at the DIMM level, optical

7 '\\ I/0 would have to cost about the same as the circuit board and
g6 S connector that are replaced. The motivation would be to relieve
:.; : _ | wiring congestion, not to reduce time of flight.
§ N \‘.g‘
S 2 D. Backplanes

; Backplanes are a possible insertion point for optical inter-

connects. We will review electrical backplanes, and discuss two
possible implementations of optical backplanes.

1) Electrical Backplanes:The circuit boards used in current
Kbrver designs are up to 0.6 m wide and may contain as many
as 40 layers of wiring. Such a board might have 48 connectors,
each with 700 signal pins. The insertion force required to seat
boards for two materials and four acceptable values of attejhe of the connectors is almost one hundred pounds.
uation over a range of trace widths. Higher attenuation valuesCurrently, there are two broad classes of backplanes. Con-
require more complex driver and receiver circuits. With Rogegntional busses use a traditional multidrop bus topology. The
4000 more than 1-Gb/s/mil bandwidth density can be obtainether system is connected point-to-point, and uses electronic
with modest transceiver technology while only 400 Mb/s/mil iswitching to manage traffic. In some cases, both topologies are
available with FR-4. used in the same machine to allow independent optimization of

Signal processing techniques can be used to increase batifferent paths.
width on FR-4 boards. By using driver and receiver cells that Conventional bus topologies can operate at 400 MHz, or a
employ preemphasis, equalization techniques, and multilels more, for 25-cm distances. If extraordinary effort is taken to
signaling and coding, deterministic jitter can be reduced, antinimize the effects of connectors and stubs, large backplanes
timing and voltage margins can be increased. Although, thign operate at 1.5 Gb/s. Depending on implementation details
does require more transistors per 1/0, the continued drop in tréinis possible to transport from 5 to 20 GB/s on a bus topology
sistor cost over time makes these techniques increasingly attia@ckplane [17].
tive. These methods will extend the useful lifetime of FR-4 PCB Point-to-point connections are displacing busses in new de-
technology. signs. With this topology, using off the shelf components, it is

Crosstalk is a major source of noise that can limit wiring defossible to realize 3-Gb/s data rates over a 75-cm length of dif-
sity. Generally it should be limited to 5% of the signal swingferential trace on FR-4 circuit board [18], [19]. By using this
in order to maintain signal integrity. Fig. 8 shows near-eri§chnology, one could obtain a total of 25 TB/s on a backplane.
crosstalk as a function of edge-to-edge line spacing for a partidi® board would contain 8:410° nets. _ o
ular FR-4 multilayer board. In this example, the edge-to-edgeThere are several tiers of SERDES integrated circuits
spacing between traces should be greater than:%éor long ay_aﬂable in the marketplace. Thg lower tu_er is implemented in
runs. For a 100¢m trace width, the center-to-center trace pitcR/lICON complementary metal-oxide-semiconductor (CMOS).
is 250,m, equal to the center-to-center fiber spacing in a fibetC€ Pipolar circuits are popular for the 10-GB/s range. Both

”be.n cable. In this case, fibers have no advantage In W'r'nglhttp://www.teradyne.com/prods/tcs/products/connectors/backplane/vhdm/
density at the same data rate. operchar.html#mechanical

3 4 5 6 7 8 9 10 11
Edge-to-edge spacing (mil)

Fig. 8. Crosstalk versus trace spacing for typical FR-4 multilayer circuit boa
construction [16].
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silicon and IlI-V compound semiconductor circuits have beeasf a VCSEL and automatically switch it to another channel.
operated at 40 Gb/s. CMOS continues to move up in operatilmgtead of SONET’s link reestablishment requirement of 1 ms,
frequency, displacing the more exotic technologies. the optical interconnect link would have to be reestablished in a
Once the SERDES circuits have been chosen, the selectioffies? processor clock cycles. Clearly, there is a tradeoff between
an optical or electrical medium for a backplane will depend arumber of redundant channels and latency for reestablishment
the relative properties of the transmission medium, availabilitf service.
of connectors, predicted reliability, the confidence of engineersAn advantage of optical connectors is that they can be denser
and managers in each technology, and cost. than electrical ones. Multirow ribbon fiber connectors with a
2) Optical Backplane Technologies and Limita©.25-mm pitch have 36 times the signal density of current back-
tions: Optical “backplanes” that are in use today are mongane connectors Polymer waveguides have been demonstrated
like patch panels than backplanes. They are an assemblywith 0.030-mm pitctt
transceivers connected by fiber ribbon “routed” through fiber As anexample, a bare board backplane that can accommodate
patch cords. 48 slots, 125 input and output per slot CPU board, costs about
Many different optical backplane constructions have be&b000 [27]. The total cost including all the connectors, hard-
suggested and demonstrated, including glass fibers embeddede, mechanical structure, other components, and assembly is
in polymer sheets, polymer light guides [20], lens and mirr@bout twice as much. If the board material is changed to a fluoro-
systems [21], [22], diffractive optical elements [23], and activearbon laminate, and uses buried vias, the cost of the board itself
pointing with microelectromechanical systems devices. Thesgghtincrease by five times. According to the SIA roadmap, the
approaches have focused on demonstrating the viability of emst per pin of connectors should not be very sensitive to band-
optical platform and not on use in a computer system. width. In this case, the total cost would rise to approximately
Two key constraints mentioned earlier are the size of the ca#80 000. For optics to replace this design competitively, the cost
inet, which bounds the number of processors and amountpar channel must drop 20 times from current values. This is ac-
memory that fits inside while meeting acceptable thermal amdllly a very encouraging number. It was not long ago that a
mechanical requirements, and the routing density beneath haihgle channel 1-Gb/s fiber link was $1000.
bandwidth chips such as DRAM, processors, and ASICs. Glas® transition to optical backplanes might be encouraged by ac-
fibers in polymer sheets need to be laid over a PCB, limiting heaimulating difficulties with the electrical ones. Signal integrity,
flow and interfering with chip placement. Lens and mirror sygoutability, total delivered bandwidth, cost, and mechanical is-
tems, diffractive optical elements, and active pointing devicasies all become more difficult as backplane performance in-
either eliminate heatsink area on top of the board or block wirirggeases.
channels by routing the optical path through the board. 3) Optical Backplane Technology Disruptiorfhere is
Among the demonstrated technologies, polymer or fib@enore motivation to implement a potentially risky and costly
lightguides embedded in the circuit board have the most poterew technology when it provides a feature that cannot be
tial to be implemented with current design approaches. Thevetained in the old one. Optical interconnects could fall in this
is continuing progress in reducing loss in these waveguidestegory, but the tradeoffs are difficult to understand.
and in improving their ability to survive the mechanical and Massive fanout, and freedom from wiring congestion, are
thermal stress that they would be exposed to in manufacturiadvantages claimed for optical interconnects. In exchange for
and during long-term use. Inexpensive optical launch into tliee optical components part of the backplane, multiple routing
waveguide, and right angle turns within the board, have nchips, and some protocol overhead could be eliminated.
been satisfactorily demonstrated. A well-designed cache can invalidate one entry during each
Another problem with optical backplanes is that they assurpeocessor clock cycle. When more than one processor performs
reliable optical transmitters and receivers. Most multichannalwrite on the same clock cycle, the invalidate operations end
optical modules are based on vertical-cavity surface-emitting serialized in each cache. In this case, optics provides per-
lasers (VCSELSs) because of their relatively high reliabilitformance not available from an electrical interconnect, but the
low power consumption, and high modulation speeds. Howther critical elements of the system such as electrical chips used
ever, the average failures-in-time (FIT) rate (failures pet 1@or cache invalidate cannot scale accordingly. The increased
device hours) of an oxide or implant VCSEL is about 20 [24handwidth of optical interconnects are not useful because the
According to the Semiconductor Industry Association (SIAyest of the system cannot absorb them.
the average FIT rate of a mature processor is about 50, wherea&n example of a unique optical solution is global clock distri-
the average FIT rate of a high-speed backplane pin is ®@tion in backplane design. Each slot in the backplane requires
[25]. Clearly, if the proposal is to take each of the 500 or sat least one copy of the system clock. Buffers and crosstalk
high-speed pins from a bus, and replace the backplane cadd jitter. For historical reasons, the system clock is usually
nector pin with a VCSEL, the overall reliability of a computedistributed at a low frequency and used as the reference input
would drop by a factor of 100 per connector. for on-chip frequency synthesizers that generate the local high-
One possible solution is to use redundant VCSELs to ispeed clocks. This frequency multiplication introduces addi-
prove the reliability of the optical interconnect. We have showtonal jitter and circuit complexity. An alternative method would
that simply adding one redundant channel to a 500-VCSHile to provide a moderate power optical signal at the highest
array can improve reliability by close to an order of magnitude
[26]. This would require circuits that could detect the decay 2nttp://www.optical.crosslinks.com/pdf/PitchLinkDataSheet. pdf
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clock frequency in the system, and distribute many copies wittis turned on. VCSEL performance and lifetime are very tem-
an optical splitter. The timing relationships of a passive opticpkrature sensitive, as is photodetector leakage. We expect that
splitter are very stable. This would introduce less jitter than tlspecial design and qualification would be required for VCSELs

usual digital fanout tree. intended to operate while directly attached to a processor.
There are two research directions that may enable directly in-
E. Chip-to-Chip Connections tegrating light emitting devices into CMOS. One is nanoporous

silicon; the other uses rare earth element doping. One par-

The processor complex in a modern machine contains a sm@llilarly interesting method for producing well-controlled
group of chips, typically a processor, a switch, and a numbergénoporous silicon is ion implantation [28]. There is a great
cache memory devices. The processor chip may have as mgsl of ongoing research on methods for producing quantum
as 5000 connections. One- to two-thirds are typically for powagonfinement structures in silicon, including nanowires and
the remainder are high-speed signals. There are two commgmoparticles. This work, and related work in photonic bandgap
methods for constructing these complexes. Typically, the pr@evices may result in totally new devices. A very recent result,
cessor is mounted face down in a package, which transforps], [30] describes efficient light emission from rare-earth
the 0.25-mm typical pitch of the solder ball connections on thihped oxide layers on silicon. These layers were grown by
chip to a 1-mm grid suited for connection to a circuit boardh chemical-vapor-deposition process modified to introduce
A chip 2 cm on a side may require a package 5 cm on a si@kcess silicon in the form of dispersed 300-nm particles. These
Cache memory chips and switches are mounted in similar pagl¢vices are excited by tunnel current through the oxide and
ages nearby on the board. In other designs, several procesgpegate at 2 V.
and all their associated switches and cache memory will be lo-Although there is potential of using optoelectronic devices at
cated on a single multilayer ceramic circuit board. These boatgie chip-to-chip level, currently cost and manufacturing issues
are very similar in technology to the packages used for indivigrevent current technologies to be directly implemented at this
ually mounted processors. level. Research areas that will allow direct integration of opto-

The choice of implementation method depends on many fagectronic devices with processors will ease the integration chal-
tors beyond performance. One is the cost difference betwdenges.

a single processor and a module containing several processor

ch_ips, and the associated cost. for an upgrade or in case qj BOn-Chip Wiring

failure. Acceptable manufacturing yield depends on the avail-
ability of tested unpackaged integrated circuits, and robust re-On-chip wiring conveniently sorts along two dimensions.
work technology. There have been many proposals for replacidge is local versus global, the othelR€ or resistance—induc-
chip-to-chip connections in this part of a computer with opticdince—capacitance propagation mode [31], [32].

interconnects. Most have involved grafting laser diodes ontoLocal wires connect transistors to gates. Global wires con-
the silicon, optics to direct light to the correct destinations, amebct functions across the chip. The lengths of local wires scale
grafted or directly integrated photodetectors. with the lithography resolution. Global wires scale with the edge

Alignment of the integrated circuits to the optical systertength of the chip. The maximum edge length has remained near
remains an open issue. Passive alignment works for multimagiem for several generations, a dimension limited by the field of
fiber. Single-mode fiber devices are still manufactured withiew of popular projection aligners.
active alignment technigues. The accuracy of machine-visionThe thickness of both the wire and dielectric layers in the in-
guided equipment used for automatic wirebonding and matgeconnect stack on an integrated circuit are controlled by depo-
alignment is adequate for placing transferred optoelectrorsition technology. Thickness could be controlled to much less
devices onto a silicon chip. The equipment used for placinigan 1,m long before lithography reacheduin. Until lithog-
chips in packages is less precise; therefore, the cost of alignmaghy reached about O:8n, almost all the wires and insulating
waveguides to a chip with active optoelectronic componentslégers in the metal stack on integrated circuits were between
an open issue. about 0.5 and Lm in thickness. Meanwhile, thieRCtime con-

The materials used for supporting an array of chips that estant of wires improved with the square of lithographic scaling.
optically interconnected must be selected very carefully. Coef-In practice, itis very difficult to control etching processes well
ficient of thermal expansion mismatch and residual stress fr@nough to yield wires and via holes more that are twice as tall
manufacturing or assembly will cause thermal and tempoiad they are wide. Local wires are now almost square in cross
drift of beam pointing. The bimetal inherent between the bubkection, and the width and dielectric thickness track the lithog-
silicon of a chip and its metal system is sufficient to change tmaphy dimension. This models nicely as a square coaxial cable.
warp of a 2-cm square chip, packaged on a polymer substra@apacitance per unit length depends only on the ratio between
by 100um for a 100°C temperature excursion. conductor dimensions and the dielectric constant, resulting in a

An additional important consideration is the operating teninear reduction in capacitance for the short wires that scale with
perature of the optical devices. Current generation CMOS lithography. Wires that scale with chip edge length have fixed
guaranteed to meet lifetime requirements at a junction tempeapacitance.
ature of 105°C. For deep submicrometer very-large-scale in- Wire resistance follows the ratio of length to cross section.
tegration this may be reduced to 9Q. At the other extreme, Both the width and thickness of local wires track the lithog-
a computer may at thermal equilibrium in room at© when raphy dimension. Average length drops directly with scaling,
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강조


HUANG et al. OPTICAL INTERCONNECTS: OUT OF THE BOX FOREVER? 621

while area decreases with the square of scaling. Under the$é¢he synchronous nature of the processor. On the other hand,
constraints, th®Cproduct of minimum cross section wires in-clever circuit and logic techniques can provide acceptable clock
creases with process shrinks. synchronization across a large chip. An asynchronous design

Semiconductor process engineers responded by changshgde could be extended to cover a whole processor or system.
from aluminum to copper metallization, resetting the curves tbeither of these approaches continues to be adequate, there is
less resistance per square. The next step, currently underwajitie motivation to add optical components to distribute a clock.
to use insulators with a lower dielectric constant than silica. For For waveguides, the ratio of the index of refraction of a semi-
deep submicrometer processes the situation is even worse. ¢tveductor material near an absorption edge to that of silica or air
resistance per unit length is increasing even faster than woigdnuch larger than the ratio between the core and cladding in
be expected from the reduction in cross section, because ¢ghglass optical fiber. This requires semiconductor optical wave-
surface of copper wires must be covered with a diffusion barriguide to have a cross section comparable to wide global wires,
for adequate reliability. The resistivity of the barrier materiakvhich suggests that the wiring density will not be improved.
is much higher than that of copper. The diffusion barrier hasTde only benefit will be its potential of carrying very high-fre-
minimum useful thickness, and thus becomes a larger fractignency signal, which is limited by the electronics circuit. Also,
of the cross section with each process shrink. the waveguide will have very high loss compared with glass op-

The evolutionary endpoint of local wires is not obvioustical fibers, but short lengths, likely on the order of a centimeter.
Electron transport in normal metals at room temperature Asuseful waveguide based on chip interconnect system will also
dominated by scattering mechanisms. Quantum mechaniequire compact corner turning elements. Micromachined mir-
predicts ballistic transport of electrons in a cold perfect latticeors and photonic bandgap structures have been suggested.
Single-walled carbon nanotubes (SWNT), rather surprisingly, An alternative method is free-space optics, which launches
have shown ballistic transport over distances of several nlight vertically into an optical system that images each source
crometers at room temperature [33]. Quantum effects causerdo one or more destinations. Both microlens array and bulk
contact resistance near 12 R. They can sustain at least fiveoptics have been used in previous demonstrations. The issues
orders of magnitude higher current density than small metaith this approach are the blocking of thermal path and the tight
wires [34]. If it becomes possible to build wires with similaralignment tolerance requirement for high-density connection.
properties in an integrated circuit process, short wires will not Another implementation issue is, traditionally, the routing of
limit scaling for many technology generations. logic signals and power on a chip bury every point on the sur-

Global wires are harder. SWNT do not help tremendously btace under multiple layers of metal. Providing windows for pho-
yond a few micrometers. Inserting repeaters in the line is th@detectors integrated directly in the silicon at the clock points
most common approach. The scaling properties are well undappears to have overwhelming advantages in terms of stray ca-
stood [35], [36]. pacitance and process complexity compared with placing the

The distribution of wire lengths on chip is still following detectors on the top surface, and wiring them down. Therefore,
Rent’s rule. This very naturally leads to placing local wirespecial design rules and processes would have to be enforced to
in minimum width metal in the lower layers of the stack, an@rovide windows for the photodetectors.
using wider lines in the upper levels for global wires. Upper On-chip interconnects are facing some significant hurdles.
layer metal is usually thicker, but the constant capacitance péowever, at the small dimensions that must be addressed, op-
unit length scaling is still enforced. Thicker and wider wires dtics will have difficulty to show clear advantages over electronic
permit longer absolute distance between repeaters. routing solutions.

Optics has been suggested as a replacement for both local
and global wires at the extremes of scaling [1]-[7]. Waveguide
and free space have been proposed to use for wiring and clock
distribution. Scaling laws still dominate computer design. Clocks are

If global wires were defined to be those longer than 10fetting faster, memory is getting larger, and the number of
times the lithography resolution, a 100-nm process would havery short wires is exploding. Chip size and backplane length
detector pairs with 1@sm center-to-center spacing, whichcontinue to change slowly. According to the International
might not be possible in a foreseeable future. A detector wilfechnology Roadmap for Semiconductors, silicon and copper
reasonable responsivity at high speed will require a relatigealing should continue for at least another ten years, perhaps
large absorption area, approximately 50—180. Additionally, longer. This implies that the barriers for entry opportunities of
crosstalk control is likely to be very difficult for that geometryoptical technologies will remain stable or increase. Optics, then,
Therefore, it is not clear what can be gained from on-chip most likely to gain a foothold in computer system design
optical wiring. in uses where it is already ubiquitous, viz., point—point and

Another possible application for optical interconnects igwltiplexed communications between signaling and receiving
clock distribution. The accumulated skew through the cloagkodes at the box, board, or card level. It will greatly ease the
tree on a deep submicrometer CMOS chip can easily becotrensition if the optical technology can enable a new capability.
larger than the clock cycle. This problem already exists at theGiven the assumption that the bandwidth demand at the back-
system level, on circuit boards, and on many chips. Althougtiane level scales as some fraction of the processor clock, back-
several engineering workarounds are popular, a potentwéne bandwidth demand continues to increase. As the band-
no-skew optical clock distribution is highly desirable becauseidth signal density on electrical backplanes increases, elec-

IV. SCALING INTO THE FUTURE
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